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Abstract

”Downsizing” engines with a turbo-charger is considered a promising way to realize the

reduction of CO2 emissions and the improvement of fuel efficiency. Understanding high

pressure engine combustion and knock is a prerequisite of developing any ”Downsiz-

ing” Spark Ignition (SI) engine. Nevertheless, the lack or inconsistent of experimental

data about dynamic behaviours of premixed flame and autoignition at elevated pressure

hinder further research. The aims of this study are developing an optical experimental

boosted spark-ignition engine, and applying advanced diagnostic tools for investigation

of flame propagation and autoignition.

In this study, the optical engine LUPOE (Leeds University Ported Optical Engine)

was employed, which was supercharged using electronically controlled exhaust valves.

The controlled exhaust valves can increase the back pressure and extend the inlet boost-

ing time, to raise the initial pressure without changing the inlet flow rate. This new exper-

imental boosting configuration enables the intake mass flow rate and the initial pressure

to be independently varied. New engine control and data acquisition systems also were

developed to fulfill the requirements of the high pressure experiments.

This new boosting method has further been deployed to investigate the influence of

a highly boosted initial environment (inlet pressure was up to 2.5 bar) on the flame devel-

opment. These studies have been conducted at almost the same conditions of turbulence

intensity. The turbulence intensities, and the integral length scales, were measured by us-

ing two dimensional Particle Image Velocimetry (PIV). The turbulent flame development

was recorded with high speed CH* chemiluminescence. In addition to the image analy-

sis, ”reverse” thermodynamic analysis was applied to derive the in-cylinder charge state

and mass burning rate. The results show that an inlet pressure rise from 1.6 bar to 2.0 bar

decreases the flame burning velocity weakly. However, it has different effects upon the

flame acceleration at the early stage, and flame deceleration when the flame approaches

the side walls. Burning velocity still shows a slight raise with the pressure increasing at

the ”fully developed” stage. The structure of the flame at high pressure and its response

to pressure effects also were investigated. A laser sheet visualization technique was ap-

plied, and a new image processing algorithm was developed to derive the detailed cross

section flame front topology. Wrinkle and curvature of the flame front were character-

ized to compare the flame shapes under different boosted initial pressures. ”Self-similar”

properties of flames were evaluated with mean progress variables. The results show that

the initial pressure has only a slight effect on the flame structure. Flames at high pressure

have the same ”self-similar” properties as that observed at low pressure.

Further analysis and modelling of turbulent combustion requires information on

the laminar flame speed. In order to gain the iso-octane laminar flame speed at high igni-
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tion temperatures and pressures up to 600 K and 15 bar, the LUPOE engine was operated

at extremely low engine speeds, i.e. at an engine speed of 100 rpm. A turbulent-free

condition was attained and confirmed by PIV measurement, the flame speeds in engine-

relevant conditions were collected. By comparing these data with the laminar burning

velocities from the correlations calculation and chemical mechanisms simulation, the

measured burning velocities could be twice faster than that of unstretched and stable

flame. This is possibly caused by flame surface wrinkling, induced by hydrodynamic

instabilities at high pressure.

Finally, knock characteristics were examined in the strongly boosted SI engine. Im-

ages of different knock development processes provide a detailed understanding of the

pressure oscillation in relation to in-cylinder phenomena. It was found that the extreme

knock events, observed during the strongly charged operation, occurred at lower pres-

sures, and larger mass fractions burned compared with knock at the normally aspirated

operation. The gas dynamics of autoignition, and flame-autoignition interaction played

an important role for the pressure oscillations. The reaction front initiated by the au-

toignition events propagated at velocities much lower than the speed of sound at the

extreme knock onset.

iv



Contents

Contents v

List of Figures ix

List of Tables xxii

1 Topic introduction and scope of thesis 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Scope of the current work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Background to SI engine combustion 6

2.1 Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.1 Reynolds decomposition of velocity . . . . . . . . . . . . . . . . . . 7

2.1.2 Turbulent length scales . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.3 The spectrum of turbulence . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.4 Influence of pressure on turbulence . . . . . . . . . . . . . . . . . . 14

2.2 Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Laminar premixed flames . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1.1 Laminar burning velocity . . . . . . . . . . . . . . . . . . . 17

2.2.1.2 Flame stretch . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1.3 Flame instability . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.2 Turbulent premixed flames . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.2.1 Flamelet concept and flame brush thickness . . . . . . . . 24

2.2.2.2 Combustion diagram . . . . . . . . . . . . . . . . . . . . . 24

2.2.2.3 Flame development and turbulent burning velocity . . . 27

2.2.2.4 Influence of pressure on flame propagation . . . . . . . . 29

2.2.2.5 Flame Chemiluminescence . . . . . . . . . . . . . . . . . . 32

2.3 Autoignition and knock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

v



CONTENTS

2.3.1 Types of abnormal combustion . . . . . . . . . . . . . . . . . . . . . 33

2.3.2 Autoignition chemistry and the octane number of fuel . . . . . . . 36

2.3.3 Reaction front development from autoignition sites . . . . . . . . . 38

2.4 Optical experimental engines . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3 Experimental engine and boosting system 43

3.1 LUPOE 2D research engine . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Air and fuel system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3 Boosting system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3.1 Initial design of boosting system . . . . . . . . . . . . . . . . . . . . 48

3.3.2 Supercharging system with intake and exhaust valves . . . . . . . 50

3.3.3 Selection of the exhaust system valve . . . . . . . . . . . . . . . . . 52

3.4 Engine control and data acquisition system . . . . . . . . . . . . . . . . . . 54

3.4.1 Input signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.2 Exhaust valve control scheme . . . . . . . . . . . . . . . . . . . . . . 57

3.4.3 Micro-control code structure . . . . . . . . . . . . . . . . . . . . . . 58

3.4.4 Data acquisition system timing . . . . . . . . . . . . . . . . . . . . . 60

3.5 Pressure data processing and analysis . . . . . . . . . . . . . . . . . . . . . 61

3.5.1 Re-sample of pressure data . . . . . . . . . . . . . . . . . . . . . . . 61

3.5.2 LUSIEDA reverse thermodynamic analysis . . . . . . . . . . . . . . 61

4 Optical measurements and data processing 66

4.1 Flow field measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.1.1 PIV experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1.2 Image evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.3 Data post processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Flame imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2.1 CH* chemiluminescence imaging . . . . . . . . . . . . . . . . . . . . 77

4.2.1.1 Luminescent flame image processing . . . . . . . . . . . . 82

4.2.2 Two-dimensional laser sheet visualization . . . . . . . . . . . . . . 86

4.2.2.1 Flame front detection . . . . . . . . . . . . . . . . . . . . . 86

4.2.2.2 Flame contour processing . . . . . . . . . . . . . . . . . . . 90

5 Iso-octane burning velocity in SI engine 93

5.1 Effects of engine speeds on turbulence . . . . . . . . . . . . . . . . . . . . . 94

5.2 Direct measurement of burning velocities . . . . . . . . . . . . . . . . . . . 100

5.2.1 Pressure results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.2 Laser sheet visualization results . . . . . . . . . . . . . . . . . . . . 100

vi



CONTENTS

5.2.3 CH* chemiluminescence image results . . . . . . . . . . . . . . . . . 102

5.2.4 Experimental conditions . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2.5 Burning velocities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3 On a turbulence free burning velocity in engines . . . . . . . . . . . . . . . 109

5.4 Laminar flame speed correlations and simulation . . . . . . . . . . . . . . 115

5.4.1 Experimental data review . . . . . . . . . . . . . . . . . . . . . . . . 115

5.4.2 Evaluation of modelling methods . . . . . . . . . . . . . . . . . . . 117

5.5 Comparison of experimental and numerical results . . . . . . . . . . . . . 123

6 Flame development in a boosted engine 126

6.1 Engine operation condition . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.2 Flow characteristics in boosted LUPOE 2D engine . . . . . . . . . . . . . . 129

6.2.1 Individual cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.2.2 Compression stroke process . . . . . . . . . . . . . . . . . . . . . . . 130

6.2.3 Effects of inlet flow rate and pressure . . . . . . . . . . . . . . . . . 134

6.3 Engine combustion experimental results . . . . . . . . . . . . . . . . . . . . 140

6.3.1 Observations of turbulent flame propagation . . . . . . . . . . . . . 140

6.3.2 Pressure traces and mean flame radius . . . . . . . . . . . . . . . . 143

6.4 Combustion regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.5 Effect of initial pressure on flame development . . . . . . . . . . . . . . . . 149

6.5.1 Experimental observation on burning velocity . . . . . . . . . . . . 150

6.5.2 Burning rate and flame thickness . . . . . . . . . . . . . . . . . . . . 155

6.5.3 Further discussion on flame development . . . . . . . . . . . . . . . 157

6.6 Effect of initial pressure on flame structure . . . . . . . . . . . . . . . . . . 161

6.6.1 Mean progress value and self-similar structure . . . . . . . . . . . . 162

6.6.2 Flame wrinkle and curvature . . . . . . . . . . . . . . . . . . . . . . 164

7 Autoignition in a boosted SI engine 170

7.1 Knock map of LUPOE 2D boosted engine . . . . . . . . . . . . . . . . . . . 170

7.2 Observations of autoignition . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.2.1 End gas self-ignition . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7.2.2 Extreme knock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.2.3 Abnormal combustion in a skip-fired cycle . . . . . . . . . . . . . . 180

7.3 Knock onset and intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

7.4 Influence of intake pressure on the knock characteristics . . . . . . . . . . 186

7.5 Comparison of self-ignition and extreme knock . . . . . . . . . . . . . . . . 191

8 Conclusions and Recommendations 199

vii



CONTENTS

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

8.1.1 Conclusions of Iso-octane flame speed experiments . . . . . . . . . 200

8.1.2 Conclusions of high pressure turbulent flame experiments . . . . . 202

8.1.3 Conclusions of autoignition and extreme knock experiments . . . . 204

8.1.4 Recommendations for future work . . . . . . . . . . . . . . . . . . . 206

Appendix A: Photograph of the LUPOE 2D engine 209

Appendix B: Equation 3.1 derivation 210

Appendix C 211

References 212

viii



List of Figures

2.1 Reynolds decomposition for time dependent flow. . . . . . . . . . . . . . . 9

2.2 Transversal and longitudinal spatial velocity correlations. . . . . . . . . . . 11

2.3 Energy spectrum of homogeneous isotropic turbulence using generalized

PSD function 2.18 for stoichiometric octane-air based on Kolmogorov length

scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Schematic representation of structure of a one dimensional premixed flame. 16

2.5 Infinitely thin flame model and finite flame thickness model for a one di-

mensional unstretched flame propagating from left to right. . . . . . . . . 18

2.6 Strain and curvature effects on a stretched propagating flame. . . . . . . . 21

2.7 Illustration of hydrodynamic flame instability. . . . . . . . . . . . . . . . . 23

2.8 Illustration of effects of thermo-diffusion flame instability on laminar prop-

agating flame speeds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.9 Flamelet concept: the turbulent premixed flame consists an array of lami-

nar flame sheets, subjected to stretch and wrinkling in a turbulent flow. . . 25

2.10 Borghi combustion regime diagram with possible engine combustion region. 26

2.11 The influence of various physical mechanisms on the turbulent burning

velocity with root mean square (rms) velocity and the Lewis number Le,

reproduced after Lipatnikov [2013]. . . . . . . . . . . . . . . . . . . . . . . . 28

2.12 Emission spectrum detected at the SI engine (Merola et al. [2009]). . . . . . 33

2.13 Autoignition at a solid surface (cylinder wall) or in the gas phase (unburnt

mixture). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.14 Illustration of pressure curves of pre-ignition, extreme knock, knock, and

normal combustion, in the LUPOE 2D boosted engine running at speed

of 750 rpm and spark timing 2o bTDC, stoichiometric iso-octane fuel. The

intake and head temperature was kept at 323 K. Initial pressure was 2.0 bar. 35

ix



LIST OF FIGURES

2.15 Ignition delay time of heptane (MON=RON=0) and iso-octane (MON=ROM=100)

at different pressure and temperature. The data are calculated using CHEMKIN

II package (Robert [1989]) with chemical reaction mechanism from Jerzem-

beck et al. [2009]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.16 Conditions for the occurrence of developing detonations in terms of ξ, and

ε. Supersonic and subsonic autoignitive deflagrations occur in the regions

marked P and B respectively. Cited from (Kalghatgi and Bradley [2012]). . 39

2.17 Two kinds of configuration of optical engines: optical access through the

cylinder head (Hicks et al. [1994]), optical access through the piston (Stone

[1999]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.18 Peak motoring pressure and maximum engine speed achieved in this study

comparison with previously spark ignition optical engines. . . . . . . . . . 42

3.1 3D view of the LUPOE 2D engine layout with the details of the optical head. 45

3.2 Schematic diagram the LUPOE 2D engine modified from Roberts [2010]. . 45

3.3 Schematic diagram of the LUPOE 2D engine air/fuel flow system modified

from Roberts [2010]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4 Schematic diagram of the LUPOE 2D seeding system, cited from Wu [2006]. 48

3.5 3D view of the LUPOE 2D engine breathing system with liners and its

position (The liners are modified from Conway [2013]). . . . . . . . . . . . 49

3.6 Illustration of two methods to super-charge an engine: (a) Increasing the

inlet flow rate, (b) increasing the air charging time. The black line is the

increasing of the initial inlet pressure measured without piston movement. 50

3.7 Illustration of the initial pressure calculation model with piston movement 51

3.8 (a) Photograph of the installed exhaust system valve on the LUPOE 2D

boosted engine. (b) The result of response time test of the selected solenoid

valve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.9 Schematic diagram of the LUPOE 2D boosted engine control and data ac-

quisition system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.10 Schematic diagram of the engine skip firing and multi-trigger sequence. . 55

3.11 Dynamic pressure re-alignment using the absolute pressure signal. . . . . 57

3.12 Illustration of exhaust vale control scheme. . . . . . . . . . . . . . . . . . . 58

3.13 Flow chart for the micro-controller code for exhaust valve control. . . . . . 59

3.14 The LUPOE 2D boosted engine timing captured by the data acquisition

system. EVC: Exhaust valve close, EVO: Exhaust valve open; FVC: Fuel

valve close. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.15 Flow chart of pressure signal processing . . . . . . . . . . . . . . . . . . . . 62

x



LIST OF FIGURES

3.16 Illustration of engine combustion models in the LUSIEDA . . . . . . . . . 63

3.17 Flowchart showing the sequence of events during a firing cycle analysis in

LUSIEDA, reproduced from Roberts [2010]. . . . . . . . . . . . . . . . . . . 64

3.18 Samples of the flame radii derived from LUSIEDA and CH* chemilumines-

cence image (left), and the flame thickness calculated using the difference

between these two flame radii. The data are from the LUPOE 2D boosted

engine running at a speed of 750 rpm and a spark timing 2o bTDC, stoi-

chiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1 A schematic diagram of PIV experiment setup, image evaluation process,

and a 2D velocity vector field from LUPOE 2D engine running at 750 rpm. 68

4.2 The configuration of lens for laser sheet generation. . . . . . . . . . . . . . 70

4.3 Experiment set up of high speed flame imaging acquisition system. . . . . 78

4.4 Structure of IRO intensifier adopted from Lavision [2012], CMOS sensor

camera was used in this study. . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.5 Calibration grid plate imposed by a generated uniform grid plate (green

square points) based on three selected points. . . . . . . . . . . . . . . . . . 79

4.6 Typical images of different flame imaging methods: (A) 430 nm filter, (B)

470 nm filter, (C) 560 nm filter, (D) Natural light (E) Laser sheet method (F)

Schlieren: the images of (A-F) are from LUPOE 2D boosted engine running

at a speed of 750 rpm and spark timing 2o bTDC, stoichiometric iso-octane

fuel, (F) is taken from Mandilas [2008]. . . . . . . . . . . . . . . . . . . . . . 81

4.7 A developing flame captured in the optical LUPOE 2D boosted engine via

CH* chemiluminescence technique. The engine was run at a speed of 750

rpm and spark timing 2o bTDC, with stoichiometric iso-octane fuel. Initial

pressure was 2.0 bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.8 Flame front propagation trace derived from Figure 4.7 (left), definition of

mean flame radius and entrainment burning velocity calculation (right). . 83

4.9 Left: Pseudo-colour image of local CH* chemiluminescence flame taken

from square region of a weakly wrinkled flame from the LUPOE 2D boosted

engine running at a speed of 100 rpm and spark timing 10obTDC, stoichio-

metric iso-octane fuel. Right: Normalized luminous intensity distribution

along the flame radius direction indicated as a line in the left image. . . . 85

xi



LIST OF FIGURES

4.10 Left: Pseudo-colour image of local CH* chemiluminescence flame taken

from square region of a moderate turbulent flame in the LUPOE 2D boosted

engine running at a speed of 750 rpm and spark timing 2o bTDC, stoichio-

metric iso-octane fuel. Right: Normalized luminous intensity distribution

along the flame radius direction indicated as a line in the left image. . . . 85

4.11 Experimental setup of laser sheet method with a snapshot image from top

view of the engine head . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.12 Right: Pseudo-colour image of the laser sheet method taken from square

region of a turbulent flame (Left) from LUPOE 2D boosted engine running

at a speed of 750 rpm and spark timing 2o bTDC, stoichiometric iso-octane

fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.13 Luminous intensity along the flame radius direction taken as a line in the

Figure 4.12. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.14 Laser sheet image processing: Step 1 is to find approximate flame front

position, Step 2: local image process including: (1) Chop image; (2) Bina-

rization; (3) Image expansion; (4) Binarization and flame front detection. . 89

4.15 Illustration of flame contour sampling using a cumulative angle. The global

flame shape with chopped region position is shown in this figure, the ar-

rows are normal directions of local fitted curves using third order polyno-

mials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.1 A snapshot of the flow velocity field captured by PIV at 2o bTDC position

at an engine speed of 100 rpm, illustrated in the form of vector (left) and

scalar (right) maps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 The velocity probability density functions (pdf) of the flow velocity field

shown in Figure 5.1. The inlet and exhaust pipe positions and their coor-

dinates were plotted in the corner. . . . . . . . . . . . . . . . . . . . . . . . 95

5.3 Flow fields of the mean velocity magnitude from PIV measurements at 2o

bTDC for different engine speeds from 100 rpm to 300 rpm. . . . . . . . . 96

5.4 Flow fields of the RMS velocity from PIV measurement at 2o bTDC for

different engine speeds from 100 rpm to 300 rpm. . . . . . . . . . . . . . . 97

5.5 Mean and standard deviation (represented as error bar) of the mean veloc-

ity fields shown in Figure 5.3. Ux: mean velocity in X direction, Uy: mean

velocity in Y direction, S: velocity magnitude. Ux and Uy are at the same

speed, shifted for illustration only. . . . . . . . . . . . . . . . . . . . . . . . 98

xii



LIST OF FIGURES

5.6 Mean and standard deviation (represented as error bar) of the RMS veloc-

ity fields shown in Figure 5.4. u’x: RMS velocity in X direction, u’y: RMS

velocity in Y direction, S: RMS velocity magnitude. u’x and u’y are at the

same speed, shifted for illustration only. . . . . . . . . . . . . . . . . . . . . 98

5.7 Longitudinal and transverse integral length scales based on spatial analy-

sis at 2o bTDC with engine speed increasing. . . . . . . . . . . . . . . . . . 99

5.8 Pressure cycles from one engine run at a speed of 100 rpm for different

equivalence ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.9 Comparison of flame contours at engine speeds of 100 rpm and 750 rpm,

these flame contours were derived from laser sheet images at the 2oCA and

10oCA after ignition, respectively, with stoichiometric iso-octane fuel. . . . 101

5.10 Typical CH* chemiluminescence images (colour inverse) at different equiv-

alence ratios at the engine speed of 100 rpm, pressure is 12 bar and the

temperature was estimated 600 K at the spark timing. The dotted circle

has the same area as the flame. . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.11 Local flame propagation with image intensities as magnitude derived from

Figure 5.10 at the third direction in Figure 5.12. . . . . . . . . . . . . . . . . 104

5.12 Local flame thickness development at 5 directions along the flame radius

derived from 5.10 at different equivalence ratios. . . . . . . . . . . . . . . . 104

5.13 Pressure change with crank angle (left) and flame radius (right) at spark

timing 10o bTDC and an engine speed of 100 rpm with different equiva-

lence ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.14 Engine volume change with crank angle and flame radius. . . . . . . . . . 106

5.15 The flame speed as a function of stretch rate for a stoichiometric flame at

an engine speed of 100 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.16 Flame radii development at different equivalence ratios at an engine speed

of 100 rpm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.17 Mean burning velocities of iso-octane-air mixture at an engine speed of

100 rpm, the initial pressure is 12 bar and temperature is 600 K at the spark

moment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.18 Mean pressure trace at different engine speeds and equivalence ratios with

the same pressure at spark timing. The histories of pressure and tempera-

ture at these engine conditions are shown in (d). . . . . . . . . . . . . . . . 110

5.19 Typical CH* chemiluminescence images (colour inverse) captured at stoi-

chiometric equivalence ratio at different engine speeds. . . . . . . . . . . . 111

5.20 Typical CH* chemiluminescence images (colour inverse) captured at equiv-

alence ratio 1.2 at different engine speeds. . . . . . . . . . . . . . . . . . . . 112

xiii



LIST OF FIGURES

5.21 Extrapolation of flame speeds using mean burning velocities from different

engine speeds at equivalence ratios 0.8, 1.0 and 1.2. The error bar is the

standard deviation of burning velocities at each condition. . . . . . . . . . 113

5.22 Comparison of flame brush thickness derived from Figure 5.19 for stoi-

chiometric ϕ = 1.0 and Figure 5.20 for rich mixture ϕ = 1.2. . . . . . . . . . 114

5.23 Comparison of experimental conditions in this study with available exper-

iment data of iso-octane laminar burning velocity from bomb experiments

in the literature (Bradley et al. [1998]; Galmiche et al. [2012]; Jerzembeck

et al. [2009]; Kelley et al. [2011]). . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.24 Laminar burning velocity correlations and experimental data compared at

1 bar and 353 K across a range of equivalence ratios. . . . . . . . . . . . . . 120

5.25 Laminar burning velocity correlations and experimental data compared at

10 bar and 353 K across a range of equivalence ratios. . . . . . . . . . . . . 120

5.26 Laminar burning velocity correlations and experimental data compared at

10 bar and equivalence ratio 1 across a range of temperatures. . . . . . . . 122

5.27 Laminar burning velocity correlations and experimental data compared at

373 K and equivalence ratio 1 across a range of pressures. . . . . . . . . . . 122

5.28 Laminar burning velocity expressions and experimental data compared at

15 bar and 600 K across a range of equivalence ratios. . . . . . . . . . . . . 124

6.1 Initial inlet pressure map with different inlet flow rates and exhaust valve

operation times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.2 A snapshot of flow velocity field captured by PIV for the condition Pi20,

illustrated in the form of vector (left) and scalar (right) maps. . . . . . . . . 131

6.3 The velocity probability density functions (pdf) of the flow velocity field

shown in Figure 6.2. The inlet and exhaust pipe positions and their coor-

dinates are plotted in the corner. . . . . . . . . . . . . . . . . . . . . . . . . 131

6.4 The energy density spectrum of turbulent flow shown in Figure 6.2 with

the position of engine bore size, integral length scale Li, and Taylor length

scale Lλ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.5 Flow fields of mean (left) and RMS (right) velocity during compression

stroke at 40o bTDC, 20o bTDC, 10o bTDC, 2o bTDC (from top to bottom),

in the LUPOE 2D boosted engine running at a speed of 750 rpm, the inlet

initial pressure was 1.6 bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

xiv



LIST OF FIGURES

6.6 Flow fields of mean velocity at 2o bTDC in the LUPOE 2D boosted engine

running at a speed of 750 rpm, the initial pressure for the test cases Pi20,

Pi20ref are 2.0 bar; Pi18, Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow

rate for the three cases Pi16, Pi18, Pi20 equals 5.2 g/s, for the case Pi18ref,

it is 6.48 g/s, and Pi20ref equals 7.77 g/s. . . . . . . . . . . . . . . . . . . . 135

6.7 Flow fields of RMS velocity at 2o bTDC in the LUPOE 2D boosted engine

running at a speed of 750 rpm, the initial pressure for the test cases Pi20,

Pi20ref are 2.0 bar; Pi18, Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow

rate for the three cases Pi16, Pi18, Pi20 equals 5.2 g/s, for the case Pi18ref,

it is 6.48 g/s, and Pi20ref equals 7.77 g/s. . . . . . . . . . . . . . . . . . . . 136

6.8 Mean and standard deviation (represented as error bar) of mean velocity

fields shown in Figure 6.6. Ux: mean velocity in X direction, Uy: mean

velocity in Y direction, S: velocity magnitude. Ux and Uy are at the same

speed, shifted for illustration only. . . . . . . . . . . . . . . . . . . . . . . . 138

6.9 Mean and standard deviation (represented as error bar) of RMS velocity

fields shown in Figure 6.7. u’x: RMS velocity in X direction, u’y: RMS

velocity in Y direction, S: RMS velocity magnitude. u’x and u’y are at the

same speed, shifted for illustration only. . . . . . . . . . . . . . . . . . . . . 138

6.10 Influence of intake air mass flow rate on the averaged RMS (root mean

square) velocity during the compression stroke measured at 2o bTDC, in

the LUPOE 2D boosted engine running at a speed of 750 rpm, the initial

pressure for the test cases Pi20, Pi20ref are 2.0 bar; Pi18, Pi18ref are 1.8 bar,

Pi16 is 1.6 bar. Air mass flow rate for the three test cases Pi16, Pi18, Pi20

equals 5.2 g/s, for the case Pi18ref, it is 6.48 g/s and Pi20ref equals 7.77 g/s. 139

6.11 Longitudinal and transverse integral length scales based on spatial anal-

ysis at 2o bTDC, in the LUPOE 2D boosted engine running at a speed of

750 rpm, the initial pressure for the test cases Pi20, Pi20ref are 2.0 bar; Pi18,

Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow rate for the three test cases

Pi16, Pi18, Pi20 equals 5.2 g/s, for the case Pi18ref, it is 6.48 g/s and Pi20ref

equals 7.77 g/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.12 Development of turbulent flame at different conditions from CH* chemi-

luminescence imaging (colour-reverse), in the LUPOE 2D boosted engine,

the intake and head temperature were kept at 323 K, the other main oper-

ation parameters are listed in the Figure. . . . . . . . . . . . . . . . . . . . . 141

6.13 Local flame propagation with image intensities as magnitude derived from

Figure 6.12 at the first direction in Figure 6.14. . . . . . . . . . . . . . . . . 142

xv



LIST OF FIGURES

6.14 Local flame brush thickness development at 5 directions along flame ra-

dius with image intensity as magnitude, these data are derived from 6.13. 142

6.15 Pressure-crank angle diagrams of Pi16, Pi18, Pi20, Pi18ref and Pi20ref, col-

lected in the LUPOE 2D boosted engine running at a speed of 750 rpm and

a spark timing 2o bTDC, stoichiometric iso-octane fuel. The cycles were

split into three categories depending on their average rate of combustion;

the fast cycles were shown in red, medium in blue and slow in green col-

ors, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.16 Crank-angle based ensemble average pressure for Pi16, Pi18, Pi20, Pi18ref

and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750

rpm and a spark timing 2obTDC, stoichiometric iso-octane fuel. . . . . . . 145

6.17 Peak pressure versus corresponding crank angle for its occurrence at ex-

perimental conditions: Pi16, Pi18, Pi20, Pi18ref and Pi20ref, in the LUPOE

2D boosted engine running at a speed of 750 rpm and a spark timing 2o

bTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . 145

6.18 Mean flame radius versus crank angle for experimental conditions: Pi16,

Pi18, Pi20, Pi18ref and Pi20ref, in the LUPOE 2D boosted engine running at

a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane

fuel. The cycles are split into three categories depending on their pressure

trace; the fast cycles are shown in red, medium in blue and slow in green

colors, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.19 Calculated laminar flame speed and temperature after ignition at three ini-

tial pressure conditions: Pi16, Pi18 and Pi20, in the LUPOE 2D boosted

engine running at a speed of 750 rpm and a spark timing 2o bTDC, stoi-

chiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.20 Borghi diagram for the turbulent flames for the conditions: Pi16, Pi18, Pi20,

Pi18ref and Pi20ref, in the LUPOE 2D boosted engine running at a speed

of 750 rpm and a spark timing 2 deg bTDC, stoichiometric iso-octane fuel. 148

6.21 Conditions of in-cylinder pressure and engine volume change in three

flame development stages: flame acceleration, fully developed and flame

deceleration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.22 Illustration of burning velocity calculated from Figure 6.21 during flame

development: flame acceleration, fully developed stage and flame deceler-

ation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

xvi



LIST OF FIGURES

6.23 Histogram of flame development for the experimental conditions: Pi16,

Pi18, Pi18ref, Pi20 and Pi20ref, in the LUPOE 2D boosted engine running at

a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane

fuel. The red line shows the mean value. . . . . . . . . . . . . . . . . . . . . 153

6.24 Correlation between pressure at the beginning of the fully developed stage

and burning velocity for the experimental conditions: Pi16, Pi18, Pi18, Pi20

and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750

rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel. . . . . . . 154

6.25 Correlation between pressure change at flame deceleration stage and burn-

ing velocity, for the three initial conditions: Pi16, Pi18 and Pi20, in the

LUPOE 2D boosted engine running at a speed of 750 rpm and a spark tim-

ing 2o bTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . 154

6.26 (a) The Burn rate of the mixture derived from LUSIEDA, (b) Flame brush

thickness calculated from the difference between entrainment flame radius

and burnt gas flame radius, for the three initial conditions: Pi16, Pi18 and

Pi20, in the LUPOE 2D boosted engine running at a speed of 750 rpm and

a spark timing 2o bTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . 156

6.27 Comparison of modelling (Zimont model) and measured turbulent burn-

ing velocities for the three initial conditions: Pi16, Pi18 and Pi20, in the

LUPOE 2D boosted engine running at a speed of 750 rpm and a spark tim-

ing 2o bTDC, with stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . 158

6.28 (a) Fitted curves of flame acceleration and (b) deceleration compared against

the experimental data (points) in terms of fast, medium and slow cycles,

for Pi16, Pi18 and Pi20 in the LUPOE 2D boosted engine running at a speed

of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel. . . 160

6.29 (a) Mean progress variable maps, (b) corresponding sliced mean progress

variable profiles along the flame radius direction with 10o angle interval,

for the three initial pressure conditions Pi16, Pi18 anf Pi20 in the LUPOE

2D boosted engine running at a speed of 750 rpm and a spark timing 2o

bTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . 163

6.30 Flame contours of fast, medium and slow cycles selected from three condi-

tions: Pi16, Pi20 and Pi20ref, in the LUPOE 2D boosted engine running at

a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane

fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

xvii



LIST OF FIGURES

6.31 Comparison of flame radius deviation along the flame contour of fast,

medium and slow cycles for three conditions: Pi16, Pi20 and Pi20ref, in

the LUPOE 2D boosted engine running at 750 rpm, spark timing 2obTDC,

stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.32 Mean curvature distribution of flames from the three conditions: Pi16, Pi20

and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750

rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel. . . . . . . 167

6.33 Comparison of autocorrelation along the flame contour of fast, medium

and slow cycles for the three conditions: Pi16, Pi20 and Pi20ref, in the

LUPOE 2D boosted engine running at a speed of 750 rpm and a spark

timing 2obTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . 168

6.34 The energy density spectrum (PDS) of flame contour of fast, medium and

slow cycles for the three conditions: Pi16, Pi20 and Pi20ref, in the LUPOE

2D boosted engine running at a speed of 750 rpm and a spark timing 2o

bTDC, stoichiometric iso-octane fuel. . . . . . . . . . . . . . . . . . . . . . . 168

7.1 Pressure traces near the knock boundary at initial pressure 1.6 bar: (a)

slight knocking, (b) ”average” knocking, (c) severe knocking. Other op-

eration parameters are listed in the Figures. . . . . . . . . . . . . . . . . . . 172

7.2 Engine knock map of the LUPOE 2D boosted engine at a speed of 750 rpm,

the temperature of engine intake and head were kept at 323K. The numbers

in the square bracket are coordinates. . . . . . . . . . . . . . . . . . . . . . . 173

7.3 End gas self-ignition, the operating condition and the corresponding pres-

sure trace can be seen in the Figure 7.4. The times shown are the time

elapsed from the spark discharge. . . . . . . . . . . . . . . . . . . . . . . . . 175

7.4 Pressure trace of a self-ignition cycle in Figure 7.3, the number of the im-

ages in Figure 7.3 are shown next to the pressure points at which the im-

ages were taken. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

7.5 Extreme knock, the operating condition and the corresponding pressure

trace can be seen in the Figure 7.6. The times shown are the time elapsed

from the spark discharge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.6 Pressure trace of an extreme knock cycle in Figure 7.5, the number of the

images in Figure 7.5 are shown next to the pressure points at which the

images were taken. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.7 An extreme knock with high speed imaging 25 kfps. The operating con-

dition and the corresponding pressure trace can be seen in the Figure 7.8.

The times shown are the time elapsed from the spark discharge. . . . . . . 179

xviii



LIST OF FIGURES

7.8 Pressure trace of an extreme knock cycle in Figure 7.7, the number of the

images in Figure 7.7 are shown next to the pressure points at which the

images were taken. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7.9 Autoignition process captured in a misfire cycle. The operating condition

and the corresponding pressure trace can be seen in the Figure 7.10. The

times shown are the time elapsed from the spark discharge. The red circles

indicate the onset moment of two autoignition sites. . . . . . . . . . . . . . 181

7.10 Pressure trace of an autoignition cycle in Figure 7.9, the number of the

images in Figure 7.9 are shown next to the pressure points at which the

images were taken. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.11 Illustration of the definitions of knock parameters. . . . . . . . . . . . . . . 183

7.12 Comparison of (a) detected autoignition onset, and (b) knock onset from

pressure and images. The cycles number 1 to 4 are from the PRF95 fuel

experiment in Section 7.5, while the cycles number 5, 6 and 7 correspond to

the cycles: self-ignition, and two extreme knock cycles described in Section

7.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

7.13 (a) Comparison of knock intensity and MAPO, (b) The relationship be-

tween knock onset and knock intensity of 7 sample cycles. The cycles

number 1 to 4 are from the PRF95 fuel experiment in Section 7.5, while

the cycles number 5,6 and 7 correspond to the cycles: self-ignition, two

extreme knock cycles described in Section 7.2. . . . . . . . . . . . . . . . . 185

7.14 Knock pressure traces for the naturally aspirated (a) and charged (b) oper-

ation of LUPOE 2D. The fast cycles are shown in red, medium in blue and

slow in green colors, respectively. ”Pinit mean” means the inlet pressure. . 187

7.15 Maximum pressure as a function of the crank angle at which it is achieved

for the naturally aspirated (a) and charged (b) operation of LUPOE 2D.

”Std 2nd” means the two standard deviations. . . . . . . . . . . . . . . . . 187

7.16 Knock onset distribution for the naturally aspirated (a) and charged (b)

operation of LUPOE 2D engine. The operation parameters are listed in the

Figure 7.14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

7.17 Knock intensity distribution for the naturally aspirated (a) and charged (b)

operation of LUPOE 2D engine. The operation parameters are listed in the

Figure 7.14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

7.18 Autoignition onset versus knock intensity (MAPO) for the naturally aspi-

rated (a) and charged (b) operation of LUPOE 2D engine. The operation

parameters are listed in the Figure 7.14. . . . . . . . . . . . . . . . . . . . . 189

xix



LIST OF FIGURES

7.19 Pressure at the moment of autoignition onset versus knock intensity (MAPO)

for the naturally aspirated (a) and charged (b) operation of LUPOE 2D en-

gine. The operation parameters are listed in the Figure 7.14. . . . . . . . . 189

7.20 The pressure and temperature history of the end gas for the naturally as-

pirated (NA) and the boosted LUPOE 2D engines with the potential au-

toignition regions. The reverse cycle software LUSIEDA was used to pre-

dict the unburnt gas temperatures based on experimentally gathered cylin-

der pressure data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

7.21 Pressure traces of four different knock intensity cycles selected from the

same engine operation condition, in the LUPOE 2D boosted engine run-

ning at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric

PRF95 fuel. The numbers are time (ms) of the autoignition onset after ig-

nition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

7.22 Band pass filter pressure traces of four different knock intensity cycles se-

lected from the same engine operation condition, in the LUPOE 2D boosted

engine running at a speed of 750 rpm and a spark timing 2o bTDC, stoichio-

metric PRF95 fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

7.23 FFT transform of four different knock intensity cycles selected from the

same engine operation condition, in the LUPOE 2D boosted engine run-

ning at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric

PRF95 fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

7.24 Temperature and pressure histories of four different knock intensity cy-

cles selected from the same engine operation condition, in the LUPOE 2D

boosted engine running at speed of 750 rpm and spark timing 2o bTDC,

stoichiometric PRF95 fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

7.25 Images of autoignition development for four different knock intensity cy-

cles selected from the same engine operation condition, in the LUPOE 2D

boosted engine running at a speed of 750 rpm and a spark timing 2o bTDC,

stoichiometric PRF95 fuel. The cycle numbers are the same as shown in

Figure 7.21. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

7.26 Flame radius development of four different knock intensity cycles selected

from the same engine operation condition, in the LUPOE 2D boosted en-

gine running at a speed of 750 rpm and a spark timing 2o bTDC, with

stoichiometric PRF95 fuel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

xx



LIST OF FIGURES

7.27 A narrow horizontal section taken from the full-bore image for derivation

of flame displacement speed under extreme knock case shown in Figure

7.5, the blue line is derived ignited flame front, the red line is the autoigni-

tion reaction front, the yellow line is an extrapolation line to predict the

flame position without autoigntion effect. . . . . . . . . . . . . . . . . . . . 198

7.28 Local ignited flame velocity and the reaction front velocity developed from

an autoignition site, calculated from Figure 7.27. . . . . . . . . . . . . . . . 198

xxi



List of Tables

3.1 A comparison of the main engine parameters between the LUPOE 2D and

LUPOE 2D boosted engines. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Various effective compression ratios. . . . . . . . . . . . . . . . . . . . . . . 46

3.3 A comparison of the specifications between desired valve and selected valve. 53

4.1 Specifications of PIV setting . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.1 Previous high pressure iso-octane air laminar burning velocity studies. . . 116

5.2 The range of applicability and data resource of different correlations. . . . 118

5.3 Constants for Equation 5.1 for iso-octane-air mixtures. . . . . . . . . . . . . 118

5.4 Constants for Equations 5.2, 5.3 and 5.4 for iso-octane-air mixtures. . . . . 119

6.1 Selected LUPOE 2D engine operation conditions. . . . . . . . . . . . . . . . 128

xxii



Nomenclature

Roman and Greek Symbols
Symbol Units Description

A m2, Area

A – Zimont burning velocity model constant

a m/s Speed of sound in a gas

α 1/s Stretch rate

α m2/s Thermal diffusivity

c̄ – Mean progress variable

δL mm Laminar flame thickness

d m Diameter

D m Engine bore

D m2/s Mass diffusivity

Da – Damkhöler number
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Chapter 1

Topic introduction and scope of

thesis

1.1 Motivation

Internal combustion (IC) engines, the core part of vehicles, have been developed for more

than a century. At present, the energy crisis and environmental pollution are two major

challenges for their further development. The price of fuel is expected to continue to rise

owing to the limitation of crude oil reserves, which will be consumed in a few decades

(DoE [2014]). Governments have also strictly legislated the emissions of pollutants from

IC engines such as nitrogen oxides, NOx, carbon dioxide, CO2, and unburned hydro-

carbons, UHC (Sounasis [2013]). Under these financial and political pressures, engine

researchers and manufacturers are seeking cost-effective solutions to increase engine effi-

ciency and reduce pollution emissions. More compact engines, which consume less fuel

is a direct way to achieve these targets, especially for reducing the CO2 generation. This

is the concept of ”Downsizing” engine (Lake et al. [2004]), designed to reduce the engine

displacement volume while keeping the same power performance as compared with the

initial larger engine. Such decrease of swept volume leads to an improvement in engine

efficiency as well as a reduction in CO2 emissions. Boosting system, such as a turbo-

charger, is usually employed in the process of engine downsizing to increase the density

of the fluid in the inlet above ambient conditions, in order to achieve high specific engine
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power output. A reduction in the number, or size, of cylinders also reduces pumping,

friction, and heat transfer losses. In the short to medium term, ”Downsizing” engine is

an efficient way to improve fuel economy with a good cost to benefit ratio (Fraser et al.

[2009]).

Flame propagation directly affects the heat release and pressure development in

the combustion process in Spark Ignition (SI) engines. A smaller capacity engine with

external boosting system means an increase of the in-cylinder pressure during the com-

bustion process 1. Therefore, demands for improvements in ”Downsizing” Spark Ignition

engines require major efforts for understanding the fundamental principles of combus-

tion at elevated pressure environments. This includes the aspects of premixed laminar

flames and turbulent flames. Although laminar and turbulent premixed flames have been

investigated very extensively in the fundamental combustion experiments, such as ones

using a constant volume vessel, most of these studies concern combustion at atmospheric

or low pressure range (1-10 bar), while combustion phenomena at high pressures, about

20 bar or above related to supercharged SI engines condition are still poorly understood.

The previous experimental works concluded that laminar flame speeds were reduced

by pressure for typical hydrocarbon-air mixtures, while turbulent flame speeds were in-

creased by pressure (Lipatnikov and Chomiak [2002]). However, these results obtained

from various experiments are not consistent, and there are not sufficient data of high

pressure flame speeds in supercharged SI engines condition.

Another important area in engine studies is to characterise auto-ignition in SI en-

gines. The further development of a higher compression ratio, boosted engine is limited

by abnormal combustion phenomena, such as knock and pre-ignition, which in turn limit

the maximum efficiency of the engine. A random heavy knock has been observed in re-

cently strongly supercharged engine experiments (Dahnz and Spicher [2010]), this could

cause severe engine damage. With the increasing of initial inlet pressure at low speed,

the maximum amplitude of knock pressure tends to be extremely high, compared to the

knock combustion pressure in a naturally aspirated engine. Although, these extreme

knock events2 have been recorded in a number of ”Downsizing” engine experiments, the

mechanism of it is still an open subject.

1It may also increase temperature and turbulence intensity.
2Previous works referred to these abnormal ignition events as Super Knock (Inoue et al.

[2012], Mega Knock (Attard et al. [2010]), or Extreme knock (Dahnz and Spicher [2010]). The
term ”Extreme knock” was adopted in this study.
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1.2 Scope of the current work

This study aims at contributing to the knowledge of the flame propagation and autoigni-

tion process in highly supercharged Spark Ignition engines. Although some prototype

”Downsizing” Spark Ignition engines have been tested (Attard et al. [2010]; Lecointe and

Monnier [2003]; Shahed and Bauer [2009]), and significant amount of data were gen-

erated to analyze engine performance, the information on the detailed flame structure

and development at elevated pressure in a strongly supercharged engine environment is

deficient. For this reason, a study for applying advanced flow visualization and high

speed flame imaging methods into an optical boosted experimental SI engine is con-

ducted here, in order to acquire a view inside the combustion and knock phenomena

in a supercharged engine.

The first objective of the present work is to develop a new optical boosted engine

apparatus. It is based on the single cylinder Leeds University Ported Optical Engine 2D

(LUPOE 2D), which could provide a full-bore optical access and a well-controlled mix-

ture composition preparation. LUPOE 2D gas exchange system was designed to avoid

complex turbulence flows, in such a way that a growing flame sees a homogeneous flow

field, in order to simplify the effects of turbulence on flame growth and put more empha-

sis on the combustion process.

In order to achieve high pressures in the engine cylinder and avoid complex cou-

pling between the turbocharging and combustion processes, a simulated boosting method

is developed to increase the inlet pressure. In the majority of experiments with boosted

engines, a high pressure is accompanied by an increase of the inlet flow rate, thus simul-

taneously high pressure and stronger turbulence may arise at highly boosted conditions.

This results in the flame development being affected by both high pressure and turbu-

lence. In order to overcome this problem, a new supercharging method should yield the

mean and root-mean-square (rms) flow velocities in the cylinder at the spark timing at

the same level while only the pressure increases. Ideally, the supercharged optical engine

will also achieve a high peak motoring pressure value, higher than most current optical

spark ignition engines.

Consequently, turbulent burning velocities at high pressures with different ini-

tial inlet pressure are measured. Under the similar turbulence conditions, effects of

highly boosted initial pressure on flame unsteady development, flame structure, and

flame brush thickness can be studied. These effects need to be assessed at the different

combustion phases i.e. initiation, main phase, and termination phase.
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The experimental data derived from the LUPOE 2D engine also can be an ideal test-

bed for the validation of advanced turbulent combustion models. For the latter, laminar

flame speed is required as an important input parameter. Corresponding experimen-

tal values at boosted engine-relevant conditions are not available in the literature. As a

consequence, experimental investigations on premixed iso-octane flames are conducted

in the LUPOE 2D engine with an extremely low engine speed. It is of interest to see

whether or not the optical engine in a turbulence-free environment allows one accurately

to measure the laminar flame speed at higher pressures.

Autoignition is also investigated in the LUPOE 2D boosted engine. The high speed

images of different modes of auto-ignition with corresponding in-cylinder pressure data

provide clues to the onset and development of abnormal combustion in the engines.

These observed autoignition phenomena also can be used to deduce those knock events

with the similar pressure curve shapes without images from other engines. Further data

analysis try to gain insight into the effects of boosted inlet pressure on knock character-

istics in strongly supercharged spark ignition engines, in particular, to understand the

extreme knock.

1.3 Thesis outline

• Chapter 2 - A literature review includes basic concepts of turbulence, combustion

and autoignition in Spark Ignition engines related to this study. The emphases

are put on the methods to characterize turbulence flow, the definition of laminar,

turbulent flame burning velocities with their measurement issues and a discussion

of experimental results in the literature about pressure effects on flame propagation

and autoignition.

• Chapter 3 - A detailed description of the developed boosted Leeds University

Ported Optical Engine. Two kinds of boosting methods were compared and an

exhaust valve design scheme was presented. A new micro-controller based engine

control system was also developed. In addition, a brief introduction of LUSIEDA

(Leeds University Spark Ignition Engine Data Analysis), a reverse thermodynamic

code used to derive the unburned pressure/temperature history from experimen-

tal pressure trace is given.

• Chapter 4 - Flow velocities and flame development measurement methods inside

the engine cylinder are presented in this chapter. The basic principles of Particle

Image Velocimetry (PIV), flame chemiluminescence, and laser sheet visualization
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techniques are described, with a description of their experimental operation and

data process details.

• Chapter 5 - An attempt to direct measurement of the laminar flame speed from

an optical engine with extremely low engine speed is presented in this chapter.

The nearly turbulence-free condition was validated by using PIV technique. By

comparing the existing laminar flame speed data and correlation equations in the

literature to the current experimental data, the accuracy of laminar flame speed

measurement in a turbulence-free engine chamber is discussed.

• Chapter 6 - Results of the turbulence flame measurement are presented in this chap-

ter. The performance of designed boosted system was evaluated by using PIV mea-

surement. 5 experimental conditions were selected to compare the effects of pres-

sure on different flame development stages. The detailed flame structures derived

from laser sheet images also were investigated.

• Chapter 7 - A number of different autoignition development processes were ob-

served and shown in this Chapter. The reaction front velocities were calculated to

clarify if detonation could be generated from a hot spot directly. 4 typical autoigni-

tion cycles representing the transition from weakly self-ignition to strong knock

were analyzed, based on simultaneously images and pressure data. At last, corre-

lations between knock characteristic parameters were conducted to show the dif-

ferent knock properties in naturally aspirated and strongly boosted engine.

• Chapter 8 - The conclusions of the present work are summarized, together with

recommendations for future studies.
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Background to SI engine combustion

Presented in this Chapter is the literature review of basic concepts of turbulence, pre-

mixed flame, and autoignition. Following, the prior optical spark ignition engines for

characterization of combustion are compared. Autoignition and knock in a spark igni-

tion engine are influenced by the pressure and temperature in the end portion of the

unburned gas, these are governed by the turbulent flame propagation. Therefore, a deep

understanding of combustion processes in-cylinder, such as the flow structures, laminar

and turbulent flame propagation, and stability of flame, is a prerequisite to the under-

standing of autoignition and knock phenomena. In this Chapter, the above-mentioned

concepts are discussed with a particular emphasis on the processes at elevated pressure

related to supercharged engines.

2.1 Turbulence

The knowledge of turbulence is a starting point to understand turbulent combustion.

Turbulence itself is one of the remaining few unresolved and important problems in clas-

sical physics. Turbulent flow is a complex natural phenomenon containing a wide range

of vortice scales; they are chaotic in nature (Tennekes and Lumley [1972]). According to

Kolomogorov
′
s theory on eddy cascade hypothesis for homogeneous and isotropic tur-

bulence (Mathieu and Scott [2000]), turbulence might be characterized by a wide range of

size of eddies which are generated from large eddies and broken up into smaller eddies.

The smallest eddies dissipating during this process are dominated by the viscous forces.
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Turbulent flow is referred to as homogeneous when its mean properties do not

vary with position. This means that measurements taken at one position are statistically

equivalent to measurements taken at any other position. Isotropic turbulence is when the

turbulence has no preferential direction. This implies that measurements taken with one

particular probe orientation are statistically indistinguishable from measurements taken

with any other probe orientation (Mathieu and Scott [2000]).

The turbulence in an engine is greatly determined by the engine geometry and

breathing system design (Tabaczynski [1976]). During engine air charging process, the

inlet system usually generates two types of large scale turbulent flow: swirl and tumble

(Heywood [1988]). The swirl is a rotation of the bulk air around the cylinder axis, while

the tumble is a rotation of the air charge around the axis which is normal to the cylinder

axis. Thereafter, these large bulk air structures are decaying and dissipating into small

scale eddies during the compression stroke. These eddies have a major influence on early

flame kernel growth and flame propagation. Strong turbulence can lead to an increase

of flame speed, resulting in faster burning velocity and reduction of the cyclic variability

(Hill and Zhang [1994]). It also can benefit for the extension of lean combustion operation

range. Nevertheless, excessively strong turbulence can quench the flame ([Bradley et al.,

1992]). In some experimental engines, the breathing system was designed to eliminate

the significant bulk flow motion, e.g. swirl or tumble, as well as the flow was nearly

isotropic and homogeneous near the end of compression process (Atashkari [1997]).

This section briefly describes and introduces measures of turbulence. Turbulent

flow velocity changes continuously in a wide range of length and time scales. Methods

using statistics are therefore required to describe and characterize the turbulent flow,

including mean velocity, root mean square (rms) turbulent velocity, and various length

or time scales.

2.1.1 Reynolds decomposition of velocity

The instantaneous fluid velocity U(t), can be split into mean Ū(t) and fluctuating com-

ponent u(t) in what known as Reynolds decomposition as follows:

U(t) = Ū(t) + u(t) (2.1)
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The mean velocity can be calculated in a number of different ways. If the flow is consid-

ered steady, the mean velocity is time independent and is described as follow:

Ū = lim
τ→∞

1

τ

∫ to+τ

to

Udt (2.2)

The fluctuating component can be calculated as root-mean-square quantities:

u′ = lim
τ→∞

[
1

τ

∫ to+τ

to

(U − Ū)2dt

]1/2
(2.3)

u′ usually is defined as ”turbulent intensity”1. By summing the square of turbulent in-

tensities from each of the orthogonal components, turbulent kinetic energy per unit mass

of fluid can be obtained:

k =
1

2

(
u′

2
x + u′

2
y + u′

2
z

)
(2.4)

An illustration of the Reynolds decomposition is shown in Figure 2.1. Nevertheless, it is

hard to find a steady or isotropic flow in the reciprocated engines because of additional

nearly periodic motion introduced by valves and piston movement. A discrete average

process can be adopted in this situation (Heywood [1988]; Stone [1999]). An instanta-

neous turbulence velocity in the ith cycle at crank angle θ can be decomposed as follows:

U(θ, i) = Ū(θ, i) + u(θ, i) (2.5)

where Ū(θ, i) and u(θ, i) are the mean and fluctuating components of the instantaneous

velocity. The ensemble-averaged velocity is defined as:

ŪEA(θ) =
1

Nc

Nc∑
i=1

U(θ, i) (2.6)

where Nc is the total number of cycles used in the average calculation.

1Strictly speaking, the term of ”turbulence intensity” should be u′/Ū . However, this definition
cannot be applied in the flow where mean velocity tends to be zero.
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Figure 2.1: Reynolds decomposition for time dependent flow.

The Reynolds number, which evaluates the effects of inertial forces and molecular

viscous forces, is widely used to characterize a flow:

Re =
u′Li

υ
(2.7)

where u′ is the root mean square (rms) velocity, υ is the kinematic viscosity of the flow.

Li is the integral length scale which will be introduced in the following section 1.

A large number of turbulence measurement experiments have been done in inter-

nal combustion engines (Lancaster [1976]; Roudnitzky et al. [2006]). In a reciprocating

engine, in-cylinder turbulence is usually not homogeneous, nor isotropic. Bulk air flow

such as swirl and tumble could be generated by the inlet valves, piston, as well as the

cylinder walls. The mean flow velocities and turbulence intensity have a high value dur-

ing induction, and decrease after the intake valve closure (Stone [1999]). It was found that

the turbulence intensity tended to be homogeneous in the ported engine, and isotropic

in both the ported and valved engines without swirl at the Top Dead Centre (TDC).

The magnitude of turbulence intensity is strongly related to mean piston speed and the

breathing configuration. Without swirl, the turbulence intensity in a valved engine is

slightly smaller than that in a ported engine near TDC (Liou et al. [1984]). Extremely

1Reynolds number also can be represented using Taylor length scale Lλ, Kolmogorov length
scale Lη.
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thin boundary layer regions could be created by the interaction between turbulence and

engine walls (Pierce et al. [1992]).

2.1.2 Turbulent length scales

Three length scales are usually used to characterize the size of eddies in turbulent flow:

integral length scale, Li, Taylor length scale, Lλ and Kolmogorov length scale, Lη (Math-

ieu and Scott [2000]). The definition of these length scales does not have really a precise

number, but rather an order of magnitude. The integral length scale is an indication of

the large eddies, which contains most of the kinetic energy within the flow. It is defined

as the integral of two-point velocity correlation over space:

Li =

∫ ∞

0
R(r)dt (2.8)

where R(r) is the spatial velocity correlation of fluctuating component varying between

two different positions. It can be represented as:

R(r) =
u(x)u(x+ δr)

u′(x)u′(x+ δr)
(2.9)

where u′ is the fluctuating component of velocity, x is the position in the flow, δr is the

offset displacement from point x. The corresponding integral time scale τi is simply cal-

culated as:

τi = u′/Li (2.10)

Most of the turbulent kinetic energy is generated at the order of the integral scale by the

turbulent process, and it is independent from the fluid viscosity. In internal combustion

engines, the integral length scale usually depends upon the engine piston bore size and

clearance height (Tabaczynski [1976]).

The separation vector between the two points at which velocity correlation is con-

sidered, may be aligned with the direction of the velocity components. In this case, the

resulting length scale is referred to as longitudinal Lil . When the separation vector is nor-

mal to the velocity components, the length scale is termed as transverse Lit integral scale

(Hinze [1975]). This is illustrated in Figure 2.2. The relationship between two integral

scales in the case of isotropic and homogeneous flows is:
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Figure 2.2: Transversal and longitudinal spatial velocity correlations.

Lil = 2Lit (2.11)

The autocorrelation function at zero separation can be expanded in a Taylor series to

define a further length scale as follows:

R(r) = 1 + r
dR

dr

∣∣∣∣
r=0

+
r2

2!

d2R

dr2

∣∣∣∣
r=0

+ ... (2.12)

Higher order terms can be ignored, and the terms given in Equation 2.12 are from a

parabolic approximation to R. This length scale refers to the Taylor microscale (Tennekes

and Lumley [1972]):

Lλ = −1

2

d2R

dr2

∣∣∣∣
t=0

(2.13)

The Taylor microscale Lλ is considered to be a rough measure of the size of the thin shear

layer in which viscous dissipation occurs (Mathieu and Scott [2000]). The Kolmogorov

length scale Lη represents the smallest eddies surviving at least one characteristic time of

its own rotation (Mathieu and Scott [2000]). Its definition is:

Lη =

(
υ3

ϵ

) 1
4

(2.14)

where υ is the kinematic viscosity, and ϵ is the rate of dissipation of the kinetic energy of

the turbulent fluctuation per unit mass of the flow. The relationship between the integral
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scales and Taylor, Kolmogorov length scales, can be represented by using the Reynolds

number based on the integral length scale (Law [2006]):

Li

Lλ
= Re

1
2 (2.15)

Li

Lη
= Re

3
4 (2.16)

2.1.3 The spectrum of turbulence

Turbulence can be analyzed using Fourier method to decompose the turbulent fluctua-

tions into sinusoidal components (Mathieu and Scott [2000]). Fourier transform translates

the correlation function into a kinetic energy spectrum S(k), representing distribution of

a turbulent energy among the different wavelengths and different scales of turbulence.

The outcome of Fourier transformation is the density of kinetic energy per unit wave

number k. The wave number k is the inverse of the eddy size. The one dimensional

frequency power spectral density is defined as:

S(k) =
1

2π

∫ ∞

−∞
exp(−itf)R(t)dt (2.17)

A dimensionless power spectrum was suggested by Abdel-Gayed et al. [1987], and later

improved by Scott [1992] as a function of Kolmogorov length scales by interpolating a

large number of data from Laser Doppler Anemometer (LDA) measurements in the Leeds

fan stirred bomb vessel for a stoichiometric octane-air mixture. A homogeneous and

isotropic turbulence energy spectrum can be calculated by using the following equation:

S(kη) =
0.01668Re2.5λ + 3.74Re0.9λ − 70Re−0.1

λ

1 + (0.127Re1.5λ kη)5/3 + (1.15Re0.623λ kη)4 + (1.27Re0.35λ kη)7
(2.18)

An example of this energy spectrum for a turbulent flow of stoichiometric octane-air mix-

ture at Reλ = 500 was plotted in the log-log Figure 2.3 using the Equation 2.18. The small

wave numbers are related to large scale eddies, which contain most of the energy and

contribute most to the transport of momentum, mass and heat. These large scale eddies

correspond to the integral scale, and are caused by the boundary conditions of the flow,

such as bulk flow in the engine. In the inertial sub-range, the energy spectrum decreases

following a slope of −5/3, which can be observed in the energy spectrum Figure 2.3.
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Figure 2.3: Energy spectrum of homogeneous isotropic turbulence using generalized PSD
function 2.18 for stoichiometric octane-air based on Kolmogorov length scale.

Turbulent kinetic energy is generated at the large scales, k ≪ 1/Lη, or dissipated at the

small scales k ∼ 1/Lη, and it is transferred between different wave numbers for the in-

termediate k. The smallest Kolmogorov length scales are the most important for energy

dissipation. At this length scale, the kinetic energy of the smallest eddies is converted

into thermal energy by viscous forces (Mathieu and Scott [2000]).

Following the turbulence spectrum, Abdel-Gayed et al. [1987], proposed an effec-

tive turbulence rms velocity u′k, based on the concept that the initial laminar mode flame

kernel is wrinkled by the smallest scales of the turbulence spectrum, while the larger

scales vortexes only convect the flame motion. With the flame propagation, the flame ex-

periences the whole spectrum of turbulence, and the turbulent flame develops to its full

size. The effective rms turbulent velocity could be obtained by the integral calculation

of the power spectral density (PSD) function, against frequency which can be related to

elapsed time from spark time, or flame radius development (Scott [1992]).
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2.1.4 Influence of pressure on turbulence

Turbulent flow in an engine is usually produced by the breathing system and piston mo-

tion. The flow structure and intensity are related to the geometry of the inlet valves for 4

stroke engines and the inlet pipes configuration for 2 stroke engines. Before investigating

the pressure effects on turbulence, it is necessary to clarify whether the turbulence is in-

creased by stronger supercharged inlet flow rate, or by pressure. Cruz et al. [2003] found a

10% rise in turbulence intensity when the engine inlet pressure was boosted from 1 bar to

1.5 bar by using calibrated anemometer measurements. Landry et al. [2008] applied Par-

ticle Imaging Velocimetry to measure the flow field in an optical single cylinder research

engine, and used Proper Orthogonal Decomposition to derive the turbulence intensi-

ties and length scales. Both values show a tendency to increase weakly with pressure.

However, the observed effects were not strong enough to draw a relationship between

turbulence properties and the inlet pressure. Although these researchers have reported

that supercharged engines had a higher turbulence intensity, it was not clearly identified

whether the increase was generated by the turbocharger or by the raised initial pressure.

The effect of intake charge mass flow rate on the turbulent flow was investigated

by Dawood [2010] in a single cylinder two-stroke ported engine. This engine has a sim-

ilar structure and geometry size with the engine that is used in this study. The results

from PIV measurements showed that the inlet flow velocity had greater influence at low

engine speed. A 50% increase of inlet flow rate corresponded a 50% increase in mean

velocity, and a 25% in Root Mean Square (RMS) velocity. These velocities were measured

at TDC position at an engine speed of 750 rpm. This means that the increased turbulence

intensity, generated by stronger inlet flow, should be taken into account when the super-

charged engine is applied to investigate the pressure effects, especially, if this is a two

stroke engine with jet type intakes.

The main pressure effect on turbulence is a decrease of the flow kinematic viscosity

ν ∝ P−1. This results in an increase of Reynolds number Rel = u′Li/ν ∝ P , and in

the extension of the energy spectrum to a higher frequency region with smaller eddies,

described by the Taylor length scale Lλ ∝ Li · Re−1/2
l and the Kolmogorov length scale

Lη ∝ Li · Re−3/4
l (Soika et al. [2003]). An example of this spectra widening was shown

in the experiment of Kobayashi et al. [1997], performed with a nozzle-type burner in a

high-pressure chamber. The mean flow rate (U = 2.0 m/s), and the turbulent intensity

were maintained the same during measurements. It was found that the integral scale

tended to remain the same at elevated pressure. Pressure and turbulence intensity u′

(rms velocity) had not a linear relationship. Initially, the turbulent intensity decreased
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with the pressure, until the latter reached about 1.0 MPa, at which point a further raise of

pressure increased u′.

This trend was also observed by Soika et al. [2003]. A premixed bluff-body sta-

bilized burner flame in a high pressure cylindrical chamber was investigated. The inlet

flow conditions were well controlled. The premixed flame was ignited at an atmospheric

pressure, then an exhaust throttle valve was closed, and the flow mass was increased

until the pressure in the chamber reached a desired value. The inlet flow velocity was

kept constant during the experiment, thus both the mean flow velocity and turbulent in-

tensity could be thought to be constant when the pressure increased. The flow field was

characterized with Laser Doppler Anemometry (LDA). Soika et al. [2003] found that the

global flow features were only weakly dependent on pressure. The integral length scale

was decreasing when pressure was increased below 0.7 MPa, beyond which it grow with

the increased pressure.

In conclusion, it has been shown that the effects of pressure on turbulence are likely

to be weak. However,the turbulent flow in a supercharged engine could be affected by

both inlet flow rate and pressure. In order to study the pressure effects, the turbulence

modification caused by the boosting process, rather than pressure needs to receive atten-

tion. This, in particular means the mean velocity and turbulence in the intake flow into

the cylinder, plus the pattern of the flow inside the cylinder induced by the intake.

2.2 Combustion

Even though the flame in SI engines is a turbulent flame, laminar premixed flames play

a crucial role for turbulent burning velocities. Therefore, this section will introduce the

laminar flame phenomena, and a description of turbulent premixed flames. Some con-

cepts such as flame speed, burning velocity, and flame thickness, can be equally applied

to explain the turbulent flame.

2.2.1 Laminar premixed flames

A laminar premixed flame is a traveling wave of chemical transformation of fresh gas into

combustion products. A simplified structure of unstretched laminar premixed flames can

be identified as the preheat zone, the reaction zone, and the product zone, as shown in

Figure 2.4 (Griffiths and Barnard [1995]). The unstretched laminar flame speed S0
l is

usually defined as the velocity of flame front relative to a stationary observer, where
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Figure 2.4: Schematic representation of structure of a one dimensional premixed flame.

superscript 0 means that the parameter refers to flame propagating in uniform medium

with zero gradients of velocity, temperature or concentration. The flame front follows a

preheat zone, where a balance between convection and diffusion exists. The reaction zone

is defined as the inner layer, where the fuel is consumed and the radicals are depleted

in a usually branched chain reactions. The reaction species such as CH*, C2*, CHO* are

excited to a higher energy level, then they return to a ground state while emitting a certain

wavelength light, called flame chemiluminescence. The inner layer temperature is one of

the important factors determining the rate of chemical reactions. In the final oxidation

layer, primarily CO and H2 oxidize to CO2 and H2O (Griffiths and Barnard [1995]).

The depth of the reaction zone is related to the flame thickness δl. Several defini-

tions of flame thickness can be found in the literature (Abraham et al. [1985]). Because

the flame reaction zone is thin, the laminar flame thickness can be defined to be approxi-

mately equal to the thickness of the preheat zone. A characteristic length can be used to

estimate the reaction zone thickness δl of flame in the experiment (Bradley et al. [1992]).

δl = ν/Ul (2.19)

where ν is the kinematic viscosity and Ul is the laminar burning velocity, which will be

introduced in the next Section.
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2.2.1.1 Laminar burning velocity

Flame speed and burning velocity are widely used to characterize a flame. In order to

illustrate these two definitions, an infinitely thin flame model is usually adopted instead

of a finite flame thickness with inner structure. The flame is considered as an interface

which separates unburnt and burnt air-fuel mixture at the latter equilibrium state. Fig-

ure 2.5 represents both one dimensional steady unstretched laminar infinitely thin flame

model, and finite flame thickness model, which is propagating from left to right. The

flame speed is assumed to be much lower than the speed of sound. Sub-sonic waves of

combustion are sometimes referred to as ”deflagration” (Law [2006]). In the infinitely

thin flame model the flame front can be represented at iso-level surface, such as temper-

ature or density, the location of which is denoted as x, which usually can be observed

directly in the experiment by imaging or schlieren methods. The motion of this flame

front over a certain time interval is defined as flame speed Sf in Equation 2.20. It is the

speed of this reference surface with respect to the fresh gas:

Sf =
dx

dt
(2.20)

This flame propagation speed is the sum of the laminar burning velocity Ul relative to the

fresh gas, and the unburned gas’s own velocity νu:

Sf = Ul + νu (2.21)

Often the fresh gas velocity νu is induced by the thermal expansion of the burnt gas. It

should be noted that flame speed is not a fundamental property of fuel, but the burning

velocity is. If Sf = 0, the flame front remains stationary such as a flame observed in e.g.

a Bunsen burner (Rallis and Garforth [1980]). Laminar burning velocity Ul may also be

considered as the mass burning rate in the unburnt side Uu per unit flame surface area A,

divided by unburnt reactant density. (Rallis and Garforth [1980]).

Ul = Uu =
1

ρu

(
ṁu

A

)
(2.22)

An engine combustion chamber contains unburnt and burnt gases separated by a propa-

gation of spherically infinitely thin flame. The radius of flame is R(t). Because the flame
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is subsonic, the pressure non-uniformities dissipate much faster than it propagates, hence

the pressure is uniform in the chamber. Mass flows are balanced through the flame front:

ṁu = ρu · Uu = ṁb = ρb · Ub (2.23)

where ṁ is a mass flux per unit flame surface. The subscripts u and b indicate that the

parameters refer to the unburnt and bunrnt gas, respectively, thus,

Ul = Uu =
ρb
ρu

Ub (2.24)

By substituting Equations 2.20 and 2.21 in the burnt side into Equation 2.24, we get:

Ul =
ρb
ρu

(
dx

dt
− νb

)
(2.25)

The second item in the bracket is the flow velocity of the burnt gas. Often the burnt gas

behind the flame front is stationary or hence a very small velocity, but the expansion of
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hot products induces considerable motion of the fresh gas ahead of the flame. Therefore,

Equation 2.25 can be simplified with flame radius R(t) as follow:

Ul =
ρb
ρu

(
dR(t)

dt

)
=

ρb
ρu

Sb (2.26)

The exact definition of the laminar burning velocity is important before applying

any measurement in the experiment. Equation 2.26 is one possible illustration of how to

derive burning velocity from flame radius R(t) recorded by an image acquisition system.

Usually, imaging measurement of flame development is employed in constant pressure

conditions where pressure change is negligible. An engine burning velocity, can also be

calculated from pressure signal, e.g. assuming a linear relationship between the mass

fraction of the burnt gas and the pressure rise. Then, a computer model can be used

to calculate the burning velocity from pressure information (Marshall et al. [2011]; Met-

ghalchi and Keck [1982]). Generally, pressure rather than images is a direct measurement

for burning velocity. However, complexity of models, and a number of input parameters,

influenced the accuracy of the final results. In practice, optical techniques are preferred,

in fact, image method can provide the geometry information of the flame front and record

the initial flame propagation, which is hardly detected by pressure transducer due to the

small pressure increase at the beginning.

The another way to measure burning velocity is to make use of Equation 2.21. The

second item in Equation 2.21 is the flow velocity in the unburnt side in front of flame,

which is usually a large value and can not be neglected. The flow measurement method

has been applied to measure directly the gas velocity in front of a flame (Vagelopoulos

and Egolfopoulos [1998]), and derive the burning velocity from Equation 2.21. However,

the gas velocity is a function of distance from the flame, as shown in the finite flame thick-

ness model, behavior of the burning velocity Ul(s), gas velocity νl(s), and flame propaga-

tion velocity Sf (s), is schematically represented as a function of the position in different

unstretched flames. Moreover, the spatial resolution of the flow measurement may be not

sufficiently high to obtain an accurate velocity. The value of fresh gas velocity is a major

part of Equation 2.21, so any imprecise measured of flow velocities would bring a large

error in the burning velocity. Therefore, the imaging measurement based on Equation

2.26 will be adopted in this study for both laminar and turbulent flame measurements.

The density of unburnt and burnt gas could be calculated from thermodynamic analysis

equations with chemical reaction components (Abdi Aghdam [2003]).
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2.2.1.2 Flame stretch

One-dimensional flames, described in the previous section, cannot be achieved in prac-

tical experimental configurations (Rallis and Garforth [1980]). For example, real flames

are often affected by the stretch effects. The stretch rate α can be defined as the time

derivative of the flame surface area A and further divided by the area A:

α =
1

A

(
dA

dt

)
(2.27)

For example, for a cylindrical flame of a unit height with radius R, this becomes:

α =
1

A

(
dA

dt

)
=

1

2πR

d(2πR)

dt
=

1

R
Sf (2.28)

The equation which relates the stretch rate to flow velocity u⃗ has been derived in the

following form (Law [2006]):

α = (n̂ · (n̂ · ∇)u⃗+∇ · u⃗) + Sl∇ · n̂

= (δij − ninj)
∂ui
∂xj

+ Sl
∂ni

xi

= ατ + αn + κc

(2.29)

where n̂ is a unit normal outward. α is strain item due to the gradient velocities at the

flame surface, and it can be further split into normal straining αn and tangential straining

ατ . The final item κc is the curvature caused by the flame area change during propaga-

tion of the curved surface. Sl is the flame speed. The propagating flame surface can be

expanded or contracted by the strain and curvature effects under different conditions of

curvature, as shown in Figure 2.6.

In the experiment, stretch rate can be obtained from equation 2.28 using flame ra-

dius information. It can also be directly measured based on the equation 2.29, where flow

field information can be measured. However, 2D flow field measurement will shift the

results to a lower value (Lauer and Sattelmayer [2010]), and in order to detect the velocity

gradients at the flame front, very high spatial resolution of the velocity measurement is

required.
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Figure 2.6: Strain and curvature effects on a stretched propagating flame.

The unstretch flame front velocity Sl can be expressed by a linear regression in

terms of a Markstein length Lb (Markstein), only for very small stretch rates. The change

in the flame speed depending on the stretch rate is given by:

Sl − Sn = Lbα (2.30)

where Sn is the stretched flame speeds. Markstein number is the Markstein length di-

vided by the laminar flame thickness:

Ma = Lb/δl (2.31)

The definition of flame front affects both Ma and flame stretch rate. It was found that

the burnt edge of a stretched laminar flame is most appropriate to determine the mass

burning rate (Groot et al. [2002]). Determination of flame speed and burning velocity at

different location within the flame will result in very different values of Markstein length;

thus Markstein length for burnt gas, i.e.trailing edge of the flame, is very different from

that for fresh gas, i.e. leading edge. This is because of very steeply changing gas velocity

(Lipatnikov [1996]). It is also impossible to introduce separate and unique Markstein

numbers to characterize the flow straining and curvature, since it changes in different

combustion situations (Groot et al. [2002]).
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2.2.1.3 Flame instability

At elevated pressures, laminar flames are prone to instability and cellularity; this is likely

to result in an increasing flame surface area and enhanced burning velocity. There are also

some evidences of ”carry-over” of cellularity to turbulent flames (Kobayashi et al. [2002]).

However, most studies about flame instability are limited to laminar flame conditions.

The cellularity due to flame instability increases the difficulty of accurate measurements

of flame speed. There are several mechanisms to explain flame instability: the hydro-

dynamic instability, also known as Landau-Darrieus (LD) instability, which is caused by

thermal expansion from exothermal reaction; diffusive-thermal (DT) instability, due to

differential diffusion and disbalance of the temperature or composition in front of flame;

and finally Rayleigh-Taylor instability, due to the buoyancy force (Lipatnikov [2013]).

Figure 2.7 shows a thin laminar flame which propagates at a speed Sl subjected to

a hydrodynamic flame instability. Due to the expanding hot products, when the flame

front becomes concave or convex, the unburnt flow velocity normal to the flame front

increases or decreases, respectively. Because of flame surface area change, and the tan-

gential velocity component remaining the same across the flame front, the streamline

direction across the flame must be changed. This in turn produces a more wrinkled and

cellular flame front.

A disparity between conductive thermal fluxes from the preheat zone, and diffu-

sive mass flux in the reaction zone, leads to thermal-diffusive instability. It highly de-

pends on the Lewis number Le, which is defined as the ratio of thermal conductivity to

reactant diffusion (Borghi and Destriau [1998]). Figure 2.8 illustrates schematically the

diffusive-thermal unbalance process effects on the local burning velocity with positive

and negative curvature. When Le > 1, the heat loss exceeds molecular diffusion, there-

fore heat loss from the preheat zone is increased by the positive curvature i.e. with the

flame convex towards the fresh gas. The flame propagation relies more on the weaker

molecular diffusion, and this results in the decrease of the burning velocity. When the

curvature is negative, the heat loss from the preheat zone is reduced, thus the reaction

rate increases. When Le < 1, the propagation rate is dominated by the molecular dif-

fusion across the reaction and preheat zones, positively curved flames will increase the

burning velocity because the flame surface is exposed to a larger area of unburnt reac-

tants, and vice versa.
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2.2.2 Turbulent premixed flames

Turbulence has been already described in Section 2.1 and the laminar flame structure has

been presented in Section 2.2.1. In this Section, the basic concepts of turbulent premixed

flames are introduced.

2.2.2.1 Flamelet concept and flame brush thickness

During combustion in SI engine, unburnt and burnt mixtures are separated by the flame

front. The aerodynamics of flame front mostly depends on the in-cylinder flow field. A

higher degree of turbulence results in a rapid rate of burning due to an increase of flame

front surface area and possible modification of the flame structure. Although turbulent

burning rates are considerably higher than laminar ones, due to great transfer and mix-

ing of turbulent flow, it is often speculated that turbulent premixed combustion can be

described as an array of laminar flame sheets, subjected to stretch and wrinkling in a tur-

bulent flow (Lipatnikov [2013]). If the chemical time scale is shorter than the turbulence

integral time scale, the chemistry reaction occurs fast compared to the flow change, it

can be supposed that flamelets separate the reacting flow into unburnt reactants and the

burnt products as illustrated in Figure 2.9. A flamelet structure is commonly character-

ized by using the following equation which relates flamelet structure parameters to the

turbulent burning velocity St (Driscoll [2008]):

St

Sl
= Io

∫ ∞

−∞
Σdλ = I0Σmaxδt (2.32)

where Σ is the flame surface area per unit volume. The flame brush thickness δt and

the stretch factor I0. Sl is the laminar burning velocity. The interaction of the turbulent

flow with flame has two principal and opposing effects on turbulent burning velocity, the

turbulent burning velocity increases due to surface area increased by wrinkling, while it

is decreased by the effects of flame stretch. The flame brush thickness is a macroscopic

parameter defined as a distance between the leading and trailing edges of the flame.

2.2.2.2 Combustion diagram

It has been hypothesized for long time that turbulent combustion can proceed in several

regimes. Diagrams defining regimes of premixed turbulent combustion in terms of veloc-

ity and length scale ratios have been first proposed by Borghi and Destriau [1998], while
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later other scholars presented similar diagrams (Abdel-Gayed et al. [1989]; Chen et al.

[1996]; Veynante and Vervisch [2002]). The Borghi combustion regime has been shown in

Figure 2.10 with the possible engine combustion region.

In order to describe transitions between the different regimes, two non-dimensional

numbers have been defined. These compare the characteristic time and length scales of

the chemical reaction to those of the turbulent flow. The Damköhler number describes

the ratio of the turbulent τt to the chemical τc time scales. For turbulent premixed flames,

the chemical time scale τc, may be estimated as the ratio of the thickness δl and the burn-

ing velocity Ul of the laminar flame. The turbulent time may be estimated from turbulent

integral scale characteristics. The Damköhler number is defined as follow:

Da =
τt
τc

=
ll
δl

Ul

u′
(2.33)

The flamelet regime, or thin wrinkled flame regime, occurs when the Damköhler number

is much large, which means the turbulent flow only distorted and convected the thin
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flame reaction zone. Karlovitz number is defined as the ratio of the chemical time scale

to the Kolmogorov time scale (Veynante and Vervisch [2002]):

Ka =
τc
τk

=
δl
lk

uk
Ul

=

(
u′

Ul

)3/2( ll
δl

)−1/2

(2.34)

By comparing the chemical time scale τc to the Kolmogorov time scale τk, different com-

bustion regions can be classified:

• Ka < 1: Flamelet regime or thin wrinkled flame regime. Two subdivisions may be

proposed depending on the velocity ratio u′/Ul.

– u′/Ul < 1: wrinkled flame. This means the turbulent velocity fluctuations

were dominated by the laminar burning velocity Ul. Turbulent eddies are

unable to wrinkle flame surface and laminar flame is the predominant flame

front propagation.

– u′/Ul > 1: wrinkled flame with pockets (”corrugated flame”). In this regime,

the velocities of the large scale eddies are larger than the laminar burning ve-

locity, but the size of smallest eddies are still larger than the laminar flame
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thickness, so that eddies are unable to penetrate into the laminar flame struc-

ture, leaving chemical and transport processes within the flame structure es-

sentially unchanged.

• 1 < Ka ≤ 100: Thickened wrinkled flame regime or thin reaction zone. In this

regime, the smallest eddies are smaller than the laminar flame thickness so that

eddies are able to penetrate into the laminar flame structure. But, the smallest

eddies are still larger than the thickness of the inner layer so that eddies cannot

change the reaction zone.

• Ka > 100: Thickened flame regime or well-stirred reactor. In this situation, the

smallest eddies are small enough to penetrate into the inner layer, affecting chem-

ical reactions. The premixed flame structure cannot be preserved and local extinc-

tion will occur.

2.2.2.3 Flame development and turbulent burning velocity

Combustion in a spark ignition engine is a transient process, both burning velocity and

flame brush thickness develop with time after ignition and are influenced by several

mechanisms, this process is called flame development (Lipatnikov [2013]).

After spark ignition, a laminar flame would propagate in a smooth spherical man-

ner from the point of ignition. The diffusion mechanism governs the flame propaga-

tion and only small eddies can affect it. With the flame developing, the flame surface is

wrinkled and distorted by the turbulence, increasing its propagation velocity and brush

thickness. The constant burning rate may be observed in a short period before the flame

reaches the cylinder walls. This phenomena could be attributed to the flame attaining a

”fully developed” state or a balance between flame initial acceleration and the deceler-

ation caused by the interaction of flame and walls (Liu et al. [2013]). At last, the flame

speed become slow and quenches when it is approaching the cylinder wall.

Usually, turbulent burning velocities in an engine are referred to the burning ve-

locity at the ”fully developed” state. Two definitions of flame burning velocity have been

considered by Groff and Matekunas [1980]. One is based on mass rate of entrainment of

unburned mixture into the flame (Ue), usually derived from photographic observations

(Beretta et al. [1983]). The second definition is related to the rate of production of burnt

gas, which is obtained from pressure rise; this may be named mass burning velocity, Un.

The turbulent burning velocity is the result of the interaction of turbulence and

the flame. It is increased by the turbulent wrinkling of the flame, resulting in an en-
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larged flame surface. However, ”collisions and mutual annihilation of self-propagating

flamelet ” might reduce the surface area (Lipatnikov [2013]). The opposing influence is

the flame stretch, which reduces laminar burning velocity. The turbulent burning veloc-

ity will increase due to predomination of flame wrinkling, then will tend to decrease,

and even partially quench due to flame stretch (Gillespie et al. [2000]), see Figure 2.11.

Moreover, turbulent burning velocity may also be influenced by the flame instability.

The hydrodynamic and diffusive-thermal instabilities of laminar flamelets may increase

the flamelet surface area resulting in increasing turbulent burning velocity. When Le> 1

then the diffusive-thermal effects might be able to suppress the hydrodynamic instabil-

ity, therefore, the flame surface maintains smooth (Lipatnikov [2013]). Turbulent burning

velocity is usually increased by pressure despite the decrease in the laminar burning ve-

locity, this will be discussed in the following Section. By analyzing experimental data,

Prudnikov [1964] has shown that a ”self-similar” regime of turbulent flame propagation

exists, where the ”distributions of mean temperature and density across the turbulent

flame brush collapse to a universal curve” under a very wide range of initial conditions.

Further discussion of flame development and the ”self-similar” regime are presented in

Chapter 6.
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2.2.2.4 Influence of pressure on flame propagation

It has been widely observed that pressure has a negative effect on laminar burning ve-

locity from both computation (Soika et al. [2003]) and experiments (Bradley et al. [1998]).

Detailed one-dimensional flame calculations using CHEMKIN for a methane/air flame

show an approximate relationship ul ∝ P−0.5 (Soika et al. [2003]). Experimental results

also confirmed that the unstretched laminar burning velocities decrease as P−0.52 (Liu

et al. [2011]). In addition, the flame thickness is not significantly changed by pressure.

A comprehensive review of pressure effects on laminar flame speed and structure

has been done by Law [2006]. It has been shown that effects of pressure on laminar

flames can be attributed to several aspects: when the pressure increases, the density of

reactant gases at the same temperature increases, consequently higher concentrations of

the species are achieved. Diffusion coefficient and thermal diffusivity are inversely pro-

portional to pressure. Strong nonlinearly chemical kinetics may play a key role, especially

those pressure-dependent chain mechanisms whose reaction rate can be varied by pres-

sure, through the reaction order, or the pressure exponent (Law [2006]). Detailed descrip-

tion of effects on chemical reaction mechanisms is out of the aims of this study. However,

the application of the chemical mechanism validated only at low pressure should be con-

sidered cautiously to calculate the burning velocity at high pressure. The adiabatic flame

temperature is increased by elevated pressure i.e. adiabatic flame temperature can be

increased from 50 to over 100 K by pressure increase from 1 to 100 bar (Law [2006]).

Apart from understanding the pressure effects on a laminar flame, it may be more

important gaining accurate laminar burning velocity, since it is a key parameter for study-

ing turbulent combustion. Laminar burning velocities measurements have been made at

high pressure, e.g. as demonstrated in the work of Metghalchi and Keck [1982], in which

data at high pressure were extracted from pressure rise measurements in a constant vol-

ume bomb. A laminar burning velocity correlation equation was proposed based on their

experiments with a wide range of temperature and pressure. More details of the corre-

lation equations are presented in Chapter 5. However, the data at elevated pressures are

still limited, although there is a rapid growth of the measurements in this area (Jerzem-

beck et al. [2009]; Marshall et al. [2011]). Recently, the initial pressure in a constant volume

bomb experiment was increased to 25 bar in the experiment of Jerzembeck et al. [2009]

with schlieren methods. The cellular structure on the flame surface, due to flame insta-

bility at elevated pressure, brings the difficulties in the accurate measurement of burning

velocity (Lawes et al. [2012]). The onset of cellularity is shifted towards a small flame ra-

dius by increased pressure. Cellular shape flame surface induced by instabilities causes
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an acceleration of the flame front. How the flame speed is accelerated by the instability

in the engine relevant condition, and whether flame instability effects should be included

into turbulent combustion modelling, still remains an open question.

The laminar flame speeds under engine relevant conditions (pressure > 15 bar and

temperature > 500 K) are difficult to measure directly in the constant volume vessel.

Landry et al. [2008] calculated the laminar burning velocity by using detailed chemical

mechanisms under engine-like conditions. The results show a decrease of laminar burn-

ing velocity with elevated pressure, which might be compensated for by an increase in

the temperature. Consequently, the laminar burning velocity remains nearly constant.

Hence, it is different between the results observed from steady state experiments and

engine experiment, where temperature and pressure are changed together during com-

pression stroke.

For turbulent premixed flames, most experimental results show an increase in tur-

bulent flame speeds and burning velocities by pressure. Kobayashi et al. [2002, 1997]

have investigated turbulent premixed flames at a high-pressure environment up to 3.0

MPa. In order to stabilize the flame at high pressure, a bunsen-type burner was used to

overcome the unsteady and short duration of flame propagation in combustion vessels.

Turbulent burning velocity was measured, and St/Sl was also found to be considerably

affected by pressure. A power law expression of St/Sl with (P/P0)(u
′/Sl) was deduced,

and the exponent ratio was found to be 0.4. A finer and more wrinkled structure of the

flame with increasing of pressure was found. This is consistent to the observation of

Soika et al. [2003]. They found that the flame front contour of high-pressure methane/air

flames became strongly wrinkled when the pressure was increased in a bluff-body sta-

bilized burner. However, the results from Griebel et al. [2007] experiment showed that

there was no influence of pressure on the mean flame front position, on the flame brush

thickness, or on the turbulent burning velocity under the pressure range of 0.5-1.44 MPa.

In his work, turbulent flame speeds and flow field of lean premixed methane/air flames

were measured by using Particle Image Velocimetry (PIV) and Planar Laser Induced Flu-

orescence of the OH radical (OH-PLIF) in a high pressure combustor.

In comparison with the results from stationary flames, information for freely prop-

agating turbulent flames may be more relevant to internal combustion engines. Bradley

et al. [1998] have investigated turbulent burning velocities for a wide range of initial con-

ditions using a fan-stirred bomb up to 1.2 MPa for turbulent flames. The results showed

that the flame curvature and wrinkling were increased due to the onset of instability at

high pressure, which made the turbulent burning velocity increase with pressure. The

implosion technique (Al-Shahrany et al. [2005]) was developed to measure burning ve-
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locities at the final stage of two opposite inward propagation flames, where the pressure

can reach 3.0 MPa. A comprehensive measurement of the turbulent burning velocity of

iso-octane/air mixtures has been conducted by Lawes et al. [2012]. It was found that the

turbulent burning velocity did not change significantly with pressure at a low turbulent

intensity (u′ = 1 m/s), while at u′ = 4 m/s, the increased pressure resulted in an observ-

able rise in turbulent burning velocity in a constant volume combustion bomb from 0.1-1

MPa. In these tests, the pressure was increased while turbulence intensity was kept con-

stant. Liu et al. [2012] argued that the increase of pressure raised the Reynolds number,

which caused the increasing of the turbulent burning velocity. Under constant Reynolds

number conditions, they found that turbulent burning velocities decreased with increas-

ing of pressure, which was similar to laminar burning velocities. The data were collected

from a double-chamber, fan-stirred large premixed turbulent combustion facility at ele-

vated pressure up to 1.2 MPa. However, the turbulent burning velocity increased at any

elevated pressure with an increase of Reynolds number.

The results from constant combustion vessel still can not provide all the informa-

tion about combustion in SI engines due to a number of factors, including piston mo-

tion, which leads to higher pressure and temperature before spark ignition and also the

flame shape is confined by the geometry of the engine chamber. Only a few studies pro-

vided the information about combustion characteristic in a real boosted engine condition.

Mounaı̈m-Rousselle et al. [2013] undertook an investigation into the effect of pressure

and dilution on the turbulent burning velocity with intake pressures between 0.7 to 1.5

bar. The turbulent burning velocity was estimated from the mean flame front displace-

ment velocity and the mean flow field velocity, which were determined from the laser

tomography images and Particle Image Velocimetry (PIV). It was found that the intake

initial pressure, which ranged from 1.0-1.5 bar, seemed to have no effect on turbulence. At

the same condition, the turbulent flame speed increased slightly, while the laminar flame

speed remained constant. Merola et al. [2007] investigated the flame development and

found that the trajectory scope of flame kernel decreased when increasing of the boost

pressure, while the path length and speed of it was increased. The initial speed of flame

propagation was increased for boosted conditions and it decreased after it reached a max-

imum speed, due to the increase of pressure in the end gas. The last stage of flame-wall

contact information is absent because of the limit of engine’s optical access structure.
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2.2.2.5 Flame Chemiluminescence

The knowledge of flame chemiluminescence is important for flame imaging measure-

ment. Flame chemiluminescence is a kind of light emission of radicals during their return

from an electronically excited state to the ground state (Gaydon [1957]). Chemilumines-

cence techniques have been applied in a wide combustion research areas, e.g. monitoring

fuel-air ratio (Aleiferis et al. [2004]), detecting range of flame position, shape, and struc-

ture (Ikeda et al. [2001]), and can also be employed to measure heat release fluctuations

(Hardalupas and Orain [2004]). Usually, the excited species are generated by chemical

reactions in the flame reaction zone. Thus in typical hydrocarbon-air flames, chemilu-

minescence intensity from radicals, like CH* and C2*, can provide information about

conditions in the reaction zone. A typical chemiluminescence spectrum in the ultraviolet

and visible part of combustion in a spark ignition was shown in Figure 2.12 (Merola et al.

[2009]). It can be seen that C2* has several band systems. The Swan band consists of

wavelength near 473.71 nm, 516.52 nm and 563.55 nm. The formation of C2* is owing to

the reactions (Gaydon [1957]):

CH2 + C− > H2 + C2∗ (2.35)

CH + C− > H + C2∗ (2.36)

The CH is detected at 430 nm, 290 nm, 314 nm. The strongest is at 430 nm. The

formation of excited CH in the flames has been debated for long time (Gaydon [1957]). It

was suggested that it might be generated from C2:

C2 + OH− > CO + CH∗ (2.37)

C2 + O− > CO + CH∗ (2.38)

However, it is difficult to interpret the chemiluminescence signals because of the

integrated line of sight information acquired. Furthermore, it is affected by many factors

such as pressure, temperature, strain, equivalence ratio and fuel.
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Figure 2.12: Emission spectrum detected at the SI engine (Merola et al. [2009]).

2.3 Autoignition and knock

2.3.1 Types of abnormal combustion

The term ”autoignition” is used to describe a rapid combustion reaction which is initiated

without any external ignition source. The autoignition of fuel-air mixture occurs when

the reaction heat energy release is larger than the heat loss to the surroundings (Griffiths

and Barnard [1995]). The abnormal combustion in the spark ignition engine has been

attributed to the autoignition in the gas phase or ignition by an overheated solid surface.

Figure 2.13 illustrates the autoignition in the pre-flame gas occurence with flame

propagation in the SI engine. The surface ignition is caused by early autoignition on

the over-heated combustion chamber walls and once happened it tends to continue in

subsequent cycles (Kalghatgi and Bradley [2012]). It may be eliminated by the cooling

system to a certain extent. Autoignition in the gas phase has attracted more attention. It

is likely to occur ahead of the flame front, as well as in the end gas region at a varying

distance from the walls. Two kinds of autoignition in the gas phase are assumed: ”ho-

mogeneous” autoignition, where the end gas is ignited simultaneously and uniformly;

”pinpoint” autoignition, where self-ignition occurs at many point sources. Further evi-

dence demonstrated that knock is usually caused by multiple autoignition points in the
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Autoignition

Pressure wave

Surface−ignition

Flame front

Burned mixture

Unburnt mixture
(End gas region)

Cylinder wall

Figure 2.13: Autoignition at a solid surface (cylinder wall) or in the gas phase (unburnt
mixture).

inhomogeneous end gas region instead of being a result of spontaneous ignition of a

homogeneous end gas (Pan and Sheppard [1994]).

In a spark ignition engine, the compression by the moving flame is much faster

than by piston motion, leading to sufficiently high pressures and temperatures in the

end-gas; this may result in a rapid release of chemical energy from one or more hot-

spots. These ”hot spots” are typically caused by inhomogeneities in temperature and

composition in the end gas region. Temperature inhomogeneities can arise from combus-

tion chamber wall deposits as well as imperfect turbulent mixing. Zeldovich (Zeldovich

[1980]) suggested that inhomogeneity in radical concentration in the end-gas may also

be as important as that of temperature. Multi-point autoignitions can reinforce pressure

waves, to create the local high pressure and gas velocities (Pan and Sheppard [1994]). In a

conclusion, autoignition was influenced by heat conduction, species diffusion and some

reaction waves. As a matter of fact, it is the temperature non-uniformity which is the root

cause of autoignition.

Autoignition commonly, but not necessarily, results in in-cylinder pressure oscil-

lation and strong noise, known as ”knock”, a potential cause of damage to the engine,

piston and valves (Heywood [1988]). The severity of knock is usually estimated from

the amplitude of pressure oscillations. If autoignition happens prior to the initiation of a

flame from a spark, it can be called pre-ignition (Dahnz and Spicher [2010]). In the mod-

ern supercharged engine, sporadic pre-ignition accompanied by extreme knock has been

found (Attard et al. [2010]; Dahnz and Spicher [2010]). However, an extreme knock could
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Figure 2.14: Illustration of pressure curves of pre-ignition, extreme knock, knock, and
normal combustion, in the LUPOE 2D boosted engine running at speed of 750 rpm and
spark timing 2o bTDC, stoichiometric iso-octane fuel. The intake and head temperature
was kept at 323 K. Initial pressure was 2.0 bar.

also occur after spark ignition. The difference between extreme knock and traditional

knock is that the former has much higher pressure oscillation amplitude and occurs at

random. Thee types of abnormal combustion: pre-ignition, extreme knock and knock

were illustrated with a normal combustion cycle in the Figure 2.14, obtained under nom-

inally identical running conditions. Our findings are further discussed in Chapter 7.

It should be mentioned that there is an alternative, fairly old theory of formation

of knock, which assumes that the knock is caused by the propagating flame front sud-

denly accelerating to sonic velocities which leads to the end gas mixture consumed at

a rate much faster than normal with a rapid of release of energy (Firey [1957]). Miller

[1947] proposed a theory which combined the autoignition with the detonation theories.

The knock was classified as light knock which was caused by the autoignition of the end

gas and moderate to severe knock which was caused by the autoignition of the end gas

followed by development of a detonation-like wave. The detonation theory has been

challenged by many investigators, principally because there was not enough experimen-

tal data to prove that detonation waves can develop under engine conditions (Bradley

and Kalghatgi [2009]).



Chapter 2 36 Background to SI engine combustion

2.3.2 Autoignition chemistry and the octane number of fuel

The end gas auto- (or self-) igniton originates from a rapid heat release at a single or

multiple discrete exothermic centres or hot spots. These appear when the induction time

for the end-gas autoignition is less than the time required for the spark-initiated flame

to propagate through the cylinder. The chemical induction time is related to fuels igni-

tion behaviour which is mostly governed by the complex chemical mechanisms of fuel

oxidation.

Hydrocarbon oxidation generally consists of four steps; initiation, propagation,

degenerated branching and termination (Griffiths and Barnard [1995]). The path of the

autoignition reaction is related to the history of the unburned gaseous mixture pressure

and temperature. There exist three main paths: a ”cool” flame reaction at temperatures

in the range of 500-800 K, two stage ignition region in which the ”cool” flame proceeds

to a hot flame (800-1100 K) and a single stage ”hot-temperature” ignition (> 1100K).

In the low or intermediate temperature region (500-860 K), Reaction R+O2 
 RO2 is

reversible, so synthesis and decomposition occur simultaneously. The Reaction is gener-

ally in forward mode and produces the alkylperoxy radicals RO2. When temperature is

increased to enter the Negative Temperature Coefficient regime (NTC), RO2 −→ R+O2

reaction is predominately reversed and produces RO2 radicals. At the high tempera-

ture, decomposition of branching agent (hydrogen peroxide: H2O2 
 OH +OH) be-

comes the key reaction. Therefore, at low temperatures, ROOH radicals into a single

hydroxyl (OH) radical and partial fuel oxidation dominate the oxidation process while

at high temperatures; the HOOH radical becomes the main branching agent. In the Neg-

ative Temperature Coefficient (NTC) regime, high temperatures shutdown the pathway

of low temperature oxidation and shifting to the hydrogen decomposition and the tem-

perature is not high enough to activate hydrogen peroxide decomposition (Curran et al.

[2002]). In engine research using spectroscopic investigations, weak OH* radicals and

very weak HCHO* radicals were obtained before autoignition occurred which confirms

low-temperature chemical reaction of auto-ignition in the engine (Kawahara et al. [2007]).

Since practical fuels contain many hundreds of components coming from all types

of hydrocarbons e.g. alkanes, alkenes, napthenes and aromatics, this makes it difficult to

develop an accurate chemical mechanism to explain the knock phenomena. In order to

obtain a direct comparison of different fuel tendencies to produce knock, a method for

correlating the chemical structure of a species with its octane number was proposed (Hey-

wood [1988]). The Cooperative Fuel Research Committee defined a standard procedure

to measure a fuel’s octane number (ON). Regardless of how complex the autoignition
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Figure 2.15: Ignition delay time of heptane (MON=RON=0) and iso-octane
(MON=ROM=100) at different pressure and temperature. The data are calculated using
CHEMKIN II package (Robert [1989]) with chemical reaction mechanism from Jerzem-
beck et al. [2009].

chemistry is, the fuel behaviour may be compared to that of a mixture of n-heptane/iso-

octane called primary reference fuel (PRF) burned in a standard single cylinder CFR en-

gine. It was found that heptane prone to auto-ignition while iso-octane has a good anti-

knock characteristic. The ON number of a fuel is the volumetric percentage of iso-octane

in the PRF (Primary Reference Fuel) producing knock at the same intensity at the same

conditions. Octane number 100 means the fuel has the same anti-knock properties as

pure iso-octane.

Figure 2.15 shows ignition delay time of heptane and iso-octane at different pres-

sure and temperature. The data are calculated using CHEMKIN II package (Robert

[1989]) with chemical reactions from Jerzembeck et al. [2009]. Generally, ignition delay

time decreases with increasing temperature due to the acceleration of chemical reactions

rate. The negative temperature coefficient (NTC) behaviour can be observed in the hep-

tane fuel 1. The influence of pressure on the ignition delay of heptane fuel are found

to be not uniform, smallest for low temperatures and tend to be significant in the high-

temperature region. With the increasing of pressure, the transition region shifts to higher

temperatures and lower ignition delays. The RON and MON are important indications

of fuels anti-knock characteristics and they have been established in state standards all

over the world. However, they may not be a complete guide for a turbo-charged engine,

1NTC can be observed for virtually any fuel except methane or toluene
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because of the wider range of operational regimes which may exceed the reference engine

(Bradley and Head [2006]).

The calculated ignition delay time for the PRF fuel is often much too long to cause

pre-ignition (Dahnz and Spicher [2010]). Recent investigation of pre-ignition in a turbo-

charged engine by Dahnz and Spicher [2010] has highlighted effects of lubricant oil droplets

released from the cylinder liner promoting autoignition under certain conditions. A fur-

ther study of Kalghatgi and Bradley [2012] related the autoignition on the engine surface

to the minimum critical size of a hot spot for a flame to propagate. It was found the the

minimum critical size of a hot spot decreased with the increasing of the initial pressure.

The gas-phase autoignition, which is considered as the dominant mode of pre-ignition in

modern SI engines, may originate from the hot spot containing long-chain lubricating oil,

and this process could possibly be enhanced by small solid particles acting as a catalyst.

These conclusions may imply that while the main cause of end-gas ignition is

the homogeneous gas-phase chemistry under naturally aspirated conditions, analysis of

auto-ignition under boosted conditions should take into account the role of the lubri-

cant as well. However, such assumptions have not been convincingly validated and the

mechanism of lubricant oil droplets inducing pre-ignition is still far from clear, perhaps

to some extent because of lack of understanding of autoignition delay times in the pres-

ence of lubricating oil mists. Therefore, no attempt is made in this work study potential

effects of the lubricant on the abnormal combustion.

2.3.3 Reaction front development from autoignition sites

Three modes of reaction front propagation from hot spots have been proposed to describe

the transition from autoignition to knock using modelling method (Gu et al. [2003]). A

thermal explosion or homogeneous autoignition would be created when the temperature

gradient is small. Although, this is unlikely to be the case in an engine. As the magni-

tude of temperature gradient increases, weak pressure waves are created from exother-

mic centres, propagating away from the centre and transiting to deflagration. The end

gas is consumed by a reaction front, propagating at subsonic speed, O(10-100) m/s at

engine conditions. Knock tends to be moderate in this case. If the temperature gradient

of the end gas reaches to some critical value between the deflagration and thermal explo-

sion modes, a stronger shock is formed with a super-sonic reaction front velocity. Intense

chemical reaction will be initiated and sustained by this shock and ultimately leads to

the development of a detonation. The speed of detonation can reach O(1000) m/s (Gu

et al. [2003]). In this mode, severe knock occurs and will damage the engine (Konig and
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Figure 2.16: Conditions for the occurrence of developing detonations in terms of ξ, and
ε. Supersonic and subsonic autoignitive deflagrations occur in the regions marked P and
B respectively. Cited from (Kalghatgi and Bradley [2012]).

Sheppard [1990]). Although, detonation in engines has been studied for nearly a century,

rare evidence existed to prove it, partially due to the speed of camera is much slower than

detonation. Several images were published by Leeds combustion group (Pan et al. [1998])

using a 240,000 frame rate drum camera. A peak velocity about 900 m/s was observed,

which is possibly associated with a transition to the developing detonation mode. The

amplitude of this knock pressure was much lower than current extreme knock.

In a numerical experiment, Bradley et al. [2002] extend to five modes of reaction

front propagation. An analysis method was developed based on the assumption that the

propagation mode governed by the coupling between the acoustic pressure wave and

the reactive front (Bradley and Kalghatgi [2009]). Two dimensionless parameters have

been defined, one, ξ is the ratio of the temperature gradient in the hot spot to the critical

one where a mutual amplification occurs between the chemical and acoustic waves. The

second parameter ε was defined as the ratio of major heat release loaded into the acous-

tic wave to that based on excitation time. When both ratios are within a certain range,

the chemical reaction wave may reinforce an acoustic pressure wave and generate a de-

veloping detonation. These dimensionless parameters can be derived from experimental
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ignition delay time τ(T, p) (Bradley and Kalghatgi [2009]). Kalghatgi and Bradley [2012]

investigated several pressure traces of extreme knock, and registered these conditions on

the (ξ and ε) coordinates as shown in Figure 2.16, it was found that extreme knock was

located in the developing detonation regime and the high knock intensities could be at-

tributed to autoigniton induced further detonation. By using this method, the detonation

mode has also been recognized by Rudloff et al. [2013]. However, these conclusions rely

on the assumption that the detonation was generated from the hot spot directly and the

map used for recognizing detonation and deflagration was based on the DNS calculation

using H2 (Gu et al. [2003]), which has a different ignition delay time with commercial fuel.

To identify the extreme knock caused by the huge unburnt mass fraction due to advance

of auto-ignition time or the occurrence of developing detonation is one of objectives of

this study.

2.4 Optical experimental engines

Pressure signals from an experimental engine only yield the information averaged over

the entire combustion chamber. Detailed flow and combustion processes can be acquired

from partially transparent engines with optical measurements. Although additional opti-

cal windows within an engine may change heat transfer intensity, optical access is useful

for fundamental combustion research related to reciprocating engines. Two main kinds

of optical engines are described in the literature as shown in Figure 2.17: optical access

through the cylinder head, and the optical access through the piston (Zhao and Ladom-

matos [2001]), in the so-called Bowditch arrangement.

The optical access through the piston engines are more widely used (Beretta et al.

[1983]; Foucher and Mounaı̈m-Rousselle [2005]; Gatowski et al. [1984]; Knaus et al. [1999]),

especially in the last twenty years. Mounting an optical window in the piston is compat-

ible with the overhead valves configuration. Fuel injection spray and mixture in mod-

ern Gasoline Direct Injector (GDI) engines, which are strongly affected by flow structure

generated by lifted valves, can be investigated (Aleiferis et al. [2010, 2004]; Chen et al.

[2012]). Ignition and initial flame development can be observed (Peterson et al. [2014]).

In order to apply diagnostics to engine, another window in the side of engine, or a totally

transparent cylinder body, may need to be used. But above all, the optical access can

be employed to observe the combustion phenomena (Aleiferis et al. [2013]; Bates [1991];

Buschbeck et al. [2012]; Ziegler et al. [1988]).
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Optical access

through the cylinder head optical access through the piston

Figure 2.17: Two kinds of configuration of optical engines: optical access through the
cylinder head (Hicks et al. [1994]), optical access through the piston (Stone [1999])

Optical access through the cylinder head engine is usually employed in deriva-

tives of a two-stroke engine. By replacing the cylinder head with an optical window, a

complete view of the whole combustion chamber form top can be achieved. This con-

figuration can be found in the early engine experiment in the University of Princeton

(Zur Loye [1987]), later in the University of Leeds (Hicks et al. [1994]). With the contin-

uous development of the breathing system at the University of Leeds (Dawood [2010]),

the flow structure in the engine becomes more homogeneous, and this kind of engine

tends to approach some kind of a reciprocating combustion rig, which provides a high

pressure combustion experimental method, situated somewhere between constant com-

bustion vessel and a ”real” SI engine. In addition, the full bore optical access provides the

opportunity to study the phenomenon near the cylinder walls, such as the flame quench-

ing and autoignition in the end large of unburnt gas (Hicks et al. [1994]; Konig and Shep-

pard [1990]; Schießl and Maas [2003])1. Optical access through the cylinder head, also

can be found in some valved engines, where fewer than normal valves were installed

and this left space for a small window (Ihracska et al. [2014]).

Optical access through the cylinder head engine was adopted in this study to gain

deep insight into the combustion and autoignition phenomena at high pressure related to

1Some ”Bowditch” arrangement engines also can provide full bore optical access (Serras-
Pereira et al. [2012])
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Figure 2.18: Peak motoring pressure and maximum engine speed achieved in this study
comparison with previously spark ignition optical engines.

supercharged SI engines. Most relevant work on flame measurements and autoignition

investigations in optical engines have been conducted with inlet atmospheric pressure or

a low compression ratio. These pressures at ignition were lower than in supercharged

engines. Only a few studies are related to boosted conditions, however, these boosted

engines run in a narrow initial pressure range (1-1.5bar) (Landry et al. [2008]; Mounaı̈m-

Rousselle et al. [2013]; Tornatore et al. [2012]). Although small changes in the intake air

pressure can result in large changes in the peak pressure due to the engine compression

process, these initial pressure values and the peak motoring pressure achieved might be

not sufficiently high to observe the effect of pressure on the flame development process.

Further extension of the initial intake pressure, would be a challenge for this research

work. A comparison of peak motoring pressure and maximum engine achieved in most

prior optical engine experiments to this study condition is shown in Figure 2.181. The

peak motoring pressure was estimated by using polytropic equation with polytropic ex-

ponent of 1.25 (Heywood [1988]).

1It should be noticed that the values listed here are experimental conditions set, the maximum
performance of these engines might be higher than these values.
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Experimental engine and boosting

system

In recent years, a large number of excellent naturally aspirated engine experiments have

been conducted by the Leeds combustion research group using the Leeds University

Ported Optical Engine (LUPOE) (Muard [2006]; Roberts [2010]; Smallbone [2004]). The

objective of the current study is to investigate the engine combustion at elevated pres-

sures. With this aim, the naturally aspirated LUPOE 2D engine was modified into a

boosted engine. The breathing system of LUPOE 2D was redesigned for the purpose of

simulating turbo-charged engine operation condition. The challenge was not only to in-

crease the initial pressure of the engine, but also to control the turbulence in the engine

at a certain desired level. Various methods have been applied to increase the initial pres-

sure, including exchanging the position of the intake and exhaust ports, installing intake

and exhaust system valves, and increasing the air supply pressure directly. These meth-

ods were tested and compared to find an efficient and accurate way to control the inlet

pressure. This Chapter also includes the description of LUPOE 2D engine design along

with its basic components. The engine controller and data acquisition system were re-

designed and are described here. At last, the pressure data process and analysis methods

were introduced with a reverse thermodynamic simulation software LUSIEDA (Leeds

University Spark Ignition Engine Data Analysis).
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3.1 LUPOE 2D research engine

Leeds University Ported Optical Engine, Version 2, Disc-head (LUPOE 2D) was devel-

oped on the base of a commercially available Lister Petter-PH1 single cylinder diesel

engine, of which the cylinder head, the breathing system were replaced with bespoke

components. An overview of the engine setup can be seen in Figure 3.1, and a detailed

drawing of the schematic diagram of the LUPOE 2D and optical head have been shown

in Figure 3.2. A photograph of the LUPOE 2D engine can be found in Appendix A.

The LUPOE 2D engine is similar to a two-stroke engine, in that it has a disc-shaped

combustion chamber with a full-bore overhead optical access. It replaces the overhead

valves by side ports to avoid obstructing the full-bore optical access, provided by one

top and two opposite side windows. A custom built compact spark plug was located

in the center of the cylinder bore; it consists of a 0.5 mm diameter steel anode housed

inside a sheathed 3 mm alumina tube. A L-shaped length of brazing rod was connected

to the outer brass tube to act as the cathode. The quartz optical window was used in

normal combustion experiments, in most cases, but it was replaced by a more robust

metal blanking plate to avoid the damage to the quartz window under strongly knocking

conditions.

The LUPOE 2D engine has two diametrically opposed intake ports of rectangular

cross section and an exhaust passage consisting of either two or four rings of circular ex-

haust holes drilled in the liner, communicating with a void between a liner and a barrel,

leading to one exhaust duct. The liner of the boosted LUPOE 2D engine has 2 rows of ex-

haust holes, while naturally aspirated version has 4 rows, the reason of this configuration

will be explained in the Section ”Boosting system”. The timings of the port holes opening

and closing were controlled by the movement of piston. The specifications of the natu-

rally aspirated LUPOE 2D engine and boosted LUPOE 2D engine are compared in Table

3.1. The employed ported breathing arrangement, in particular the ports dimensions

and inclination, allows one to eliminate swirl and tumble motion often existing in valves

engines, and to generate in-cylinder flow field uniform in both average and root-mean

square properties, thus LUPOE 2D can be considered as a featureless flow engine.

Compression ratio can be adjusted by using a series of metal shims, placed between

the top of the engine block and the cylinder head. The specifications of these are detailed

in Table 3.2. The shim thickness of 4 mm was only used during initial stage of engine

tests to ensure that the engine operation was safe. The shim thickness of 1 mm was

mainly used in this study, in order to obtain a similar compression ratio as the naturally

aspirated LUPOE 2D engine.
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Table 3.1: A comparison of the main engine parameters between the LUPOE 2D and
LUPOE 2D boosted engines.

Engine Parameter LUPOE 2D LUPOE 2D
Boosted

Bore (mm) 80.0 80.0
Stroke (mm) 110.0 110.0

Clearance Height (mm) 8.0 8.0
Connection-Rod Length (mm) 232.0 232.0

CRStatic / CRDynamic 15.2 / 10.5 15.2 / 11.3
IPO/IPC◦ aTDC -101.2 -101.2

EPO/EPC◦ aTDC 107.0 127.6

Table 3.2: Various effective compression ratios.

Shim thickness Effective
compression ratio

0 (mm) 11.47
1 (mm) 10.24
4 (mm) 7.83

3.2 Air and fuel system

The schematic diagram of the LUPOE 2D engine air and fuel flow system is shown in

Figure 3.3. Air used in the experiments was supplied from the laboratory compressed

air system and the pressure was maintained at 4 bar by a filtered regulator. Two thermal

mass flow meters with feedback control function were employed in the air line, this al-

lowed adapting the change of flow rate induced by pressure fluctuation in inlet manifold

during experiment. The maximum measurement can reach to 33 g/s in each intake pipe.

To further diminish the flow oscillations, a 5 L surge tank was installed upstream of each

inlet pipe to steady the air supply pressure. The thermal flow meter operates based on a

principle of heat transfer by sensing the delta-T along a heated section of a capillary tube.

The fuel supply system employed a standard automotive filter-pump system. The fuel

pressure was maintained at 0.3 MPa using a Bosch regulator. The fuel mass flow rate at

each fuel line was controlled using a Series M53 Bronkhorst Coriolis mass flow controller.

Prior to feeding air-fuel mixture to the engine, the air temperature was increased

and maintained using a series of five 175 W and one 200 W band heaters installed along

each intake to offer sufficient heat flux to vaporise the fuel. Cylinder barrel and head
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heating were maintained using 50 W equally spaced cartridge heaters. The temperature

was monitored using a thermocouple positioned immediately upstream of the intake

port, the reading of which was processed by a Digitron 4801 control unit.

The fuel was injected in the port before the air and fuel mixture flowed into the

cylinder through two separated intake ducts pipes. Cairns [2001] designed the intake

duct, in which fuel was injected into a venturi which was located approximately 350

mm from the port. The intake pipes were installed 180o apart and angled 20o below the

horizontal. The purpose of this kind of design is to create homogeneous mixture and

uniform turbulence for the combustion event.

The liquid droplet seeding system, SCITEC LS-10 shown in Figure 3.4 was used

in the PIV experiment and laser sheet visualization experiments, olive oil was used for

seeding. Lab air was supplied to flow rate controller with four channels. Each channel

was connected to several 1 mm diameter Laskin nozzles creating air jets into the oil reser-

voir. The olive oil was pressurised by air and atomised into fine droplet seeding. This

mixture of air and oil droplets was then directly taken from the reservoir to the main air

supply pipe, and induced into the engine inlet manifold.
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Figure 3.4: Schematic diagram of the LUPOE 2D seeding system, cited from Wu [2006].

3.3 Boosting system

The initial pressure of a commercial turbo-charged engine depends on the exhaust gas

powered turbine, driving the inlet air compressor. Since the flow and state of exhaust

gas varies during the engine running, it is difficult to keep the inlet initial pressure pre-

cisely at a desired value. For the LUPOE 2D engine, there are a number of reasons why

turbo-charging or super-charging would not be a suitable boosting system. First is the

difficulty of finding a suitable turbocharger: the common passenger cars’ turbochargers

are designed for engines of at least twice the displacement, and the motorbike engines

run at much higher speed, so the mass flow rates are much larger than those required

for the small and slow speed LUPOE 2D engine. Secondly, because the exhaust is col-

lected into a large void and the engine barrel is relatively cold, there are very large heat

losses from the exhaust, and the turbine efficiency will be very low. Finally, the LUPOE

2D running time are short and even then employ skip firing; the transient performance

of a turbo-charger will be poor indeed. Therefore, a novel boosting system should be

designed to boost the initial pressure of the LUPOE 2D engine to a stable level.

3.3.1 Initial design of boosting system

The initial pressure may be easily increased in the direct way through increase of the air

supply pressure. Unfortunately, this way is of no use for the former LUPOE 2D because



Chapter 3 49 Experimental engine and boosting system

Intake 

Exhaust

Piston

Engine Chamber 

Liner 

Naturally aspirated

4 rings ports

EPC=101o bTDC

IPC=107.8o bTDC

Boosted 

2 rings ports

EPC=121o bTDC

IPC=107.8o bTDC

LUPOE engine breathing system

Figure 3.5: 3D view of the LUPOE 2D engine breathing system with liners and its position
(The liners are modified from Conway [2013]).

of its ported breathing configuration. A 3D view of breathing system of the LUPOE 2D

is shown in the left side of Figure 3.5. Figure 3.5 was made in the software Solidworks,

the flow simulation only was used to illustrate the flow travel process with the position

of liner. The detailed liner design for two kinds of engine are shown in the right side

of Figure 3.5. The naturally aspirated exhaust port consisted of 4 rings of exhaust ports

around the cylinder wall. Each orifice has a circular shape of 10 mm diameter. Exhaust

gas flowed though these ports into an annular void between the liner and barrel and then

into the exhaust pipe connected to the main laboratory exhaust extraction, the latter has

a forced draught. In previous experiments, natural aspiration of the engine was kept

by locating the exhaust ports above the intake ports. Therefore, during the compression

stroke, the exhaust port is the last one to close, so that, the initial pressure was determined

by the pressure of the exhaust port. The initial pressure in that arrangement was approxi-

mately equal to atmospheric pressure: it was measured that the LUPOE 2D engine has an

inlet pressure of approximately 1.15 bar in the naturally aspirated configuration (Roberts

[2010]). This was originally to improve scavenging, however, with the new requirement

of boosting inlet pressures, this needed to be revised. In order to increase the inlet pres-

sure, the location of intake ports and exhaust ports should be changed. If the intake port

was closed later than the exhaust port, the initial pressure would be determined by the

pressure of the intake port and the provided flow rates.

This design was done by Conway [2010], who designed a new liner in which two

rows of exhaust ports were removed, with the inlet now sitting higher than the top ex-
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Figure 3.6: Illustration of two methods to super-charge an engine: (a) Increasing the inlet
flow rate, (b) increasing the air charging time. The black line is the increasing of the initial
inlet pressure measured without piston movement.

haust ring as shown in the left side of Figure 3.5. The new liner has been manufactured

and its performance in motoring cycles was tested by author to assess the scavenging

characteristics of this new configuration. The results show the initial pressure can achieve

1.6 bar when the air flow mass rate is 7 g/s.

3.3.2 Supercharging system with intake and exhaust valves

In the above Section, a method of changing the position of the intake ports and exhaust

ports derived in order to make the intake ports close later than the exhaust ports has

been introduced. This method enabled the LUPOE 2D engine initial pressure to rise

to approximately 1.6 bar. However, a further design was required to enable the initial

pressure value to be adjustable. Figure 3.6 (a) shows the pressure rise history when the

exhaust ports were closed, and the piston was at BDC (Bottom Dead Centre),

It could be observed that the initial pressure increases with time before it reaches

a peak value equal the air supply pressure (4 bar). It can be concluded that the initial

pressure was governed by the intake pressure increase curve, the pressure-charge time

and air supply pressure. Based on this principle, two methods could be used to further

adjust the initial pressure. The first one is to increase the inlet flow rate as shown in

Figure 3.6 (a). The second one is to increase pressure charging time by extending the time

between exhaust and intake valves closing, see Figure 3.6 (b).
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Thermodynamics control volume model was used to have a further illustration of

these two supercharging process 1. The control surface consisting of piston and cylinder

walls are shown by dotted lines in Figure 3.7. It is connected to two plenum chambers

through the inlet and exhaust pipe. The inlet plenum is at high pressure Pa, supplied by

the air supply compression; the exit plenum is at a lower pressure Pe, exhausting directly

to atmosphere. This model can be described as following Equations:

dPc

dθ
= −γ

(
Pc

Vc

dVc

dθ
+

ṁin − ṁout

m

)
(3.1)

ṁin/out =
CDAEPa√

RTa

(
Pc

Pa

)1/γ
{

2γ

γ − 1

[
1−

(
Pc

Pa

)(γ−1)/γ
]}1/2

(3.2)

Vc

V0
= 1 +

1

2
(rc − 1)

[
Rl + 1− cos(θ)− (R2

l − sin2θ)1/2
]

(3.3)

where ṁin is the inlet mass flow rate, ṁout is the exhaust mass flow rate, Pc is the cylinder

pressure, Vc is the cylinder volume, θ is the crank angle, ω is the engine speed, AE is the

pipe cross-section area, R is the gas constant, and the ratio of specific heats γ = Cp/Cv are

constants, Pa is the inlet supply pressure, Ta is the inlet temperature, CD is a discharge

coefficient, Rl is the ratio of connecting rod length to crank radius, rc is the compres-

sion ratio, V0 is the clearance volume. Equation 3.1 shows the in-cylinder pressure rise

induced by piston compression and the difference between mass flow rates in and out

1This model is used to illustrate the design concept only, no calculation was presented here.
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under assumption of adiabatic compression process, see Appendix B. Equation 3.2 is for

one-dimensional steady compressible isotropic flow through an orifice or flow restriction

of effective area AE . Equation 3.3 is the engine volume change (Heywood [1988]). It can

be seen that the first method is to increase the ṁin essentially. In order to obtain a higher

boosted pressure, the air flow rate has to be increased, it is not an efficient way and a

potential drawback is that the large mass flow rate may increase the turbulence in jet-

type intake LUPOE 2D engine and further to interfere the observation of pressure effects

on flame. The second way to increase the pressure charge time is essentially try to con-

trol the ṁout by adjusting the AE , the most efficiency way is to reduce the AE , this can

be realized by installing a controllable exhaust system valve. This configuration enables

the intake mass flow rate ṁin and the initial pressure to be independently varied. The

turbulence quantities, which are heavily influenced by inlet flow velocities in the ported

engine, can be controlled to the greatest extent. From these reasons, an exhaust system

valve was selected to it developed for controlling the boosted initial pressure.

3.3.3 Selection of the exhaust system valve

The challenge for the exhaust valve design is that a contradiction exists between require-

ments of high flow rate and fast response time. The moving parts of the valve have to

be accelerated within a very short period of time to provide a prompt response. Thus

the weight of the moving parts that cover the orifice must be kept to a minimum. This

reduces the stroke, and flow rate across the valve. Furthermore, the high pressure and

temperature of the working fluid also should be taken into account. After a full com-

parison of different types of valves, a solenoid valve was selected (Ling [2011]). The

solenoid valve is controlled by an electric current through a solenoid. The solenoid con-

verts electrical energy into mechanical energy which, in turn, opens or closes the valve

mechanically. The pulse signal is very steep which will be enough for fulfilling the re-

quirement of response time. The limitation of solenoid valve is that the flow rate may

decrease if the stroke is short. The problem can be solved by using more motoring cycles

in an experiment, which means that there will be enough time to allow the fully premixed

homogeneous charge from the intake to displace completely the contents of the cylinder.

A commercial solenoid valve with a 12 mm orifice area has been chosen . A test-bed

was established to test the air flow rate through the valve, the details have been reported

in Ling [2011]. The solenoid valve was installed between the air supply source and the

engine intake pipe. A thermal mass flow meter was used to record the flow rate. The

solenoid valve opened when it was connected to 24 V power which was controlled by an
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Table 3.3: A comparison of the specifications between desired valve and selected valve.

Item Requirements Selected valve

Valve cross-section diameter (mm) 36 12
Flow rate (L/min) 400 320

Maximum Pressure (bar) 30 25
Maximum Temperature (oC) 100 145

Opening/Closing time 24ms@engine 5-40ms
speed 1500rpm

Boosting 

exhaust valve

(a) (b)

Figure 3.8: (a) Photograph of the installed exhaust system valve on the LUPOE 2D
boosted engine. (b) The result of response time test of the selected solenoid valve.

electrical switch. The result showed the flow rate passing by the valve can reach as high

as 400 L/min under ∆p = 4bar 1. To achieve the required flow rate, three valves were

installed in parallel to increase the flow rate. The comparison between requirements and

the specification of the selected valve is shown in Table 3.3.

The installed exhaust system valve with the LUPOE 2D boosted engine is shown

in Figure 3.8 (a). The exhaust valves are actuated by electromagnets; high traction force

and high armature acceleration was required to open valve as rapidly as possible. The

response time of the solenoid valve was tested using a pressure signal, and the result is

shown in Figure 3.8 (b). It was confirmed that the response time of the valve opening

time is shorter than 15 ms, which is sufficient fast for the current application.

1It may go higher, but this is the maximum measurement range of the current flow meter
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3.4 Engine control and data acquisition system

The control system used on the naturally aspirated LUPOE 2D proved inadequate and

unreliable, and a new bespoke system was designed and implemented as a part of this

PhD. It is shown in Figure 3.9. It consists of a micro-controller acting as the control system

kernel and a personal computer running Labview software for data recording. The use

of a micro-controller is an efficient option because it has a simple hardware structure

and can easily be programmed. It can be used to replace former complex logical circuits

system, reducing the risk of error. The micro-controller Dspic6014A was selected and

software MPLAB ICD 3 was used for coding in this study.

The function of micro-controller was to send out trigger signals for ignition, valve

operation timing, camera, laser and acquisition system start timing, depending on the

input at TDC (Top Dead Centre) and clock signals from the shaft encoder. It also con-

trols the duration time of these devices working and keeps them synchronised. These

parameters can be easily changed by setting the values in the micro-controller. In order

to keep the experiment safe, the engine running cycles can be pre-set so that the spark

and fuel supply would stop once the engine has run the certain pre-programmed number

of cycles. An emergency stop function was added in the remote start trigger controller to

stop the engine during an experiment. Real-time pressure signal detection also was de-

veloped by using the analogue to digital conversion function of the microcontroller. This

detection runs at a low scan rate and can stop the engine immediately once it detected

the in-cylinder pressure exceeding a safety threshold.

The personal computer was used to record the experiment data. A National Instru-

ments 6110 analogue PCI card, accurate to 12 bits, was connected to convert the analogue

signals from dynamic and absolute pressure signals to digital forms. Digital signals were

read by a National Instruments DIO-32HS digital PCI card. An operation panel was de-

veloped in Labview to achieve synchronous signal recording and visualization. Sampling

of all signals was set at 200 kHz. The skip firing method was used in the experiment to

improve scavenging and ensure that the firing cycle was free of residual gases. After

the firing cycle, several motoring cycles follow, as shown in Figure 3.10. However, this

method will waste of the storage memory for recording the useless motoring pressure, so

a multi-trigger data recording method was applied in the course of this PhD, as a result

of this method, the computer only records the firing cycles and two cycles before and one

cycle after the firing cycles.
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3.4.1 Input signals

Two kinds of pressure transducers were used to measure the in-cylinder pressure; one

is a piezoresistive 0-2MPa Kistler 4045 A20 referred to as ”the absolute transducer” and

another is a quartz piezoelectric 0-25 MPa kirstler 601A referred to as ”the dynamic trans-

ducer”. The dynamic transducer has a high response rate to deal with the rapid change in

pressure; it was incorporated into the engine head. The charge amplifier Kistler Type 5007

was used to amplify the charge output from transducer ranging from 0-10V. The absolute

transducer was mounted at a low point in the engine barrel to measure the pressure dur-

ing the initial stages of compression as a ”reference signal” for dynamic transducer. The

absolute transducer signal was amplified using a Kistler Series 4601A piezoresistive am-

plifier. The mounting position of the absolute transducers was such that it was cut off

from the combustion chamber by the ascending piston at 58.6o bTDC, where pressure

was typically 0.25 to 0.3 MPa. Both transducer signals were recorded simultaneously

using a data acquisition system. The absolute transducer was calibrated using a dead

weight tester where static measurements of voltage against fluid pressure were recorded.

The calibration method of the dynamic transducer was performed by applying pressur-

ized nitrogen to the sensor and measuring the voltage output and recording the relation

between pressure value and voltage value. The dynamic and absolute pressure signals

were converted to an absolute pressure using the following Equation:

Pcyl = Pdyn + (P̄abs(θ = θEPC)− P̄dyn(θ = θEPC)) (3.4)

where Pcyl is cycle pressure, Pdyn and Pabs are pressure signals from dynamical trans-

ducer and absolute transducer respectively. θEPC is the crank angle at the moment of

exhaust port closure. In order to reduce the influence of noise, both the absolute and

dynamic pressure transducer signals were averaged over a small time period around ex-

haust port closure. The results are shown in Figure 3.11. A negligible mis-alignment

could be observed during the engine expansion process, which may be caused by a ther-

mal shock.

A Horner 3202 shaft encoder, which produced 1800 pulses per revolution as well

as a separate single pulse for Top Dead Centre (TDC), was used to record crank angle

(CA) position. Determination of the exact TDC position was crucial for accurate tim-

ing. The calibration of shaft encoder had been done before experiment using a capacitive

proximity sensor incorporated into the engine head (Ling [2011]).



Chapter 3 57 Experimental engine and boosting system

Mis-alignment  

Translation distance 

Figure 3.11: Dynamic pressure re-alignment using the absolute pressure signal.

3.4.2 Exhaust valve control scheme

The exhaust valve control timing with measured in-cylinder pressure is illustrated in

Figure 3.12. The curves are in-cylinder pressure during motoring and firing cycles. The

larger rectangle represents exhaust ports closing time, and the smaller rectangle repre-

sents intake ports closing time. Only when the exhaust ports are closed and intake ports

are open, can the engine be boosted. It can be seen that this period is very short if exhaust

valves were not used. After installing exhaust valves, the exhaust port is closed before

the firing cycle in order to prolong the pressure-charge time thus increasing the initial

pressure until spark timing. Due to the movement of the piston, which can open and

close the ports too, the duration of these closing time, can be used to overlap with the

valve closing time. This approach can compensate for the delay time of exhaust valve

closure when the piston moves to TDC in a motoring cycle and closes all ports. The

initial pressure of firing cycles can be adjusted by controlling the number of motoring

cycles during which the exhaust valves were closed. The exhaust valves open again after

spark has fired, this allows the exhaust gas to leave the engine chamber. Then the process

starts all over again. This boosting method has high efficiency and avoids changing the

turbulence level to the greatest extent which will be confirmed in Chapter 6.
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Figure 3.12: Illustration of exhaust vale control scheme.

3.4.3 Micro-control code structure

The structure of the micro-controller program employed a polling method instead of an

interrupt method. This is because all inputs and outputs signals have a pre-set timetable,

so the polling method is easier to program and maintain. As a sample, Figure 3.13 shows

the flow chart of the valve control program with its input and output to the hardware.

Other signals such as camera and laser triggers have a similar structure. The purpose

of this program is to read the input signal, to determine the valve opening and closing

time and to send a signal to the valve. The input signal includes a clock signal and TDC

signal. The first reading is from the shaft encoder driven by the engine crankshaft. The

resolution of these pulses is 0.2 degree per pulse. Counting of the individual crank angle

pulses will provide the control time for valve opening and closing, which is independent

of engine speed. The TDC signal is a once-per-cycle pulse signal, it is sent when the

piston is at the top dead centre. When the program starts working, it runs a loop to wait

for the trigger signal. Once received the start trigger signal, the controller reads the TDC

signal to count the number of skip firing cycles. If a cycle corresponds to a firing cycle,

it will jump to the next block to read the clock signal, then a counter counts the shaft

encoder crank angle degrees and continuously compares the instantaneous count with

the desired value for the valve opening, When the count is equal to the desired value, a

signal is sent to the power switch which switches the power supply to the electromagnet

opening the valve. In the same way, the valve will be closed when the count reaches the

desired value at which the electromagnet should be switched off.
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Figure 3.13: Flow chart for the micro-controller code for exhaust valve control.
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3.4.4 Data acquisition system timing

The timing diagram of the LUPOE 2D Data Acquisition System (DAS) is shown in Figure

3.14. The first line is the Top Dead Centre (TDC) signal, the second is crank angle signal,

also used as a clock time for the micro-controller code. These two signals are the out-

put signal from the shaft encoder. The Bottom Dead Centre (BDC) signal was calculated

based on these two signals. The firing cycle was decided and the spark plug was trig-

gered at the set spark timing by the microcontroller. The exhaust valves were controlled

by the scheme described in Section 3.4.3. In most cases, only 4 cycles around a firing cy-

cle were recorded. It should be noted that there is a fuel valve installed between the fuel

supply line and the injection port in the each intake pipe, in order to switch off the fuel

supply after a firing cycle. The reason for this is that it was found that the hot exhaust

gas left in the firing cycle may cause a furious auto-ignition with fresh air-fuel mixture in

the subsequent cycle.
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3.5 Pressure data processing and analysis

3.5.1 Re-sample of pressure data

The raw data of the absolute and dynamic pressure and TDC, BDC, ignition and shaft

encoder clock signals were recorded based on time. A Matlab program has been devel-

oped in a previous study (Hattrell [2007]) to achieve re-sampled all raw data into cylinder

pressure vs. crank angle format. User input of scan rate was required to finish this pro-

cess. The incomplete last cycle will be discarded or compensated by using the advance

complete cycle data. Since the fluctuation of engine speed, the number of recoded data

in each cycle is not same. The largest number of cycle should be found and insert zero

into other cycles to make them same, then, the re-sampling of time based into crank angle

based data was achieved with 0.2o CA intervals. Thereafter, the data was chopped into

individual cycles using the BDC signal. The flow chart of the pressure data processing is

shown in Figure 3.15.

Cycle-to-cycle variations are an intrinsic phenomenon of engine combustion, this

is mainly caused by different burn rates, which result in variations in the cylinder pres-

sure and unburnt temperature history in the cylinder. In order to take the cycle-to-cycle

phenomena into analysis, peak pressures from each cycle were calculated to obtain the

mean and the standard deviation of these values. Then, three regions were classified:

close to the mean pressure as a medium cycle and close to the mean pressure plus and

minus two standard deviations respectively (plus is fast and minus is slow).

3.5.2 LUSIEDA reverse thermodynamic analysis

The pressure data was further analyzed using a reverse thermodynamic Fortran based

code named as LUSIEDA (Leeds University Spark Ignition Engine Data Analysis). Most

subroutines used within LUSIEDA are from the LUSIE thermodynamic simulation soft-

ware (Leeds University Spark Ignition Engine). Both LUSIE and LUSIEDA have been

developed over the years by the Combustion group at the University of Leeds. See

Abdi Aghdam [2003]; Desoky [1981]; Hattrell [2007]; Hynes [1986]; Langridge [1995] for

more details about LUSIE and LUSIEDA software. In this study, LUSIEDA was used

solely as a processing tool for calculating burning rates and other combustion parame-

ters. Here below, follows a brief summary of the main features relevant to the study.
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Figure 3.15: Flow chart of pressure signal processing

For a two-zone model application, the assumptions involved with the LUSIEDA

are the following ones: (a) In-cylinder mixture has ideal gas behaviour. (b) In-cylinder

mixture, temperature and pressure are uniform prior to combustion. (c) The cylinder was

separated into two zones i.e. burned gas and unburned gas during combustion, flame has

an infinitesimally thin flame thickness. (d) There is no heat transfer between burned and

unburned zones. (e) Temperature and chemical composition are homogeneous within

both zones. (g) Flame propagation has a spherical shape. Figure 3.16 illustrates the mod-

els assumptions and sub-models used in the LUSIEDA. The engine combustion was di-

vided into compression, combustion, and expansion processes. Each process consisted

of several basic sub-modules, such as piston motion, heat transfer, blow-by, and pressure

equalizing. Each event changes the pressure in the cylinder:

• Piston motion: The temperature and pressure in the cylinder are assumed to be

isentropic compression or expansion with a frozen mixture composition during the

piston motion. The contribution of piston motion to pressure change is represented

as △Ppm ;

• Heat transfer: Woschni [1967] model was adopted, and it was assumed that the

heat transfer occured by convection following Newtons law of cooling. The pres-

sure has a decrease of △Pht due to hear release;

• Blow-by: Air-fuel mixture can leave or re-enter the cylinder, through top land

crevice volume, piston ring gaps, and inter-ring crevice volumes between the pis-

ton and cylinder walls. This process results in a pressure decreasing of △Pbb.
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Figure 3.16: Illustration of engine combustion models in the LUSIEDA

A burning rate calculation is the main task of the LUSIEDA code. A certain amount of

fuel burned △mb at two consecutive crank angles causes a change in pressure, which

is the difference between measured experimental firing cycle’s pressure △Pexp and the

pressure change △P
′
mot caused by the engine motoring in the condition of the firing cy-

cle. Furthermore, this motoring pressure change comprised all contributions from piston

motion △Ppm, heat transfer △Pht and blow by △Pbb:

△Pcomb(△mb) = △Pexp −△P
′
mot

= △Pexp − (△Ppm +△Pht +△Pbb)

= Pi+1 − Pi − (△Ppm +△Pht +△Pbb)

(3.5)

where Pi+1 and Pi are the experimental cylinder pressures at two consecutive crank an-

gles. Once the difference between the simulated pressure and the experimental pressure

is larger than a predetermined error εset1, the firing cycle simulation starts. A certain

amount of burned mixture △mb is guessed, and a Psim was predicted with an assump-

tion of a constant volume adiabatic combustion process. The Psim was compared to the

experimental firing pressure to calculate the εp, then an iterative bisection method for the

determination of △mb runs until the minimum error εset2 is achieved. Each sub-model

needs to be re-calculated with the change of flame geometry and thermodynamic condi-

tions. The ”Pressure equalization” subroutine, developed by Abdi Aghdam [2003], was

used to keep uniform the pressure in the combustion chamber. Figure 3.17 shows the

sequence of events during a firing cycle analysis in LUSIEDA. Before firing cycles analy-
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Figure 3.17: Flowchart showing the sequence of events during a firing cycle analysis in
LUSIEDA, reproduced from Roberts [2010].

sis, a motoring simulation was required to validate the heat transfer, blow-by, and other

engine operation initial conditions parameters setting. Decoupling of the cylinder pres-

sure and temperature rise due to piston motion from that due to combustion have been

shown to be vital for a successful LUSIEDA calculation (Roberts [2010]).

Thermodynamic analysis of measured cylinder pressure in LUSIEDA gives a flame

radius which lies between the entrainment and end of combustion radius. An example of

the burned gas radius calculated from the pressure trace processed by LUSIEDA is shown

in the left side of Figure 3.18, where the entrainment flame radius derived from the same

cycle’s CH*images is also presented. A small radius about 5 mm at the spark timing

existed due to the error between the experimental pressure and simulated pressure, only
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Figure 3.18: Samples of the flame radii derived from LUSIEDA and CH* chemilumines-
cence image (left), and the flame thickness calculated using the difference between these
two flame radii. The data are from the LUPOE 2D boosted engine running at a speed of
750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel.

a minimum mass could burn at this condition, therefore this error was negligible. It

can be seen the difference between flame radii derived from images and pressure, this

difference was assumed to be the flame thickness as shown in the right side of Figure

3.18. More descriptions of this flame thickness will be given in Chapter 6.



Chapter 4

Optical measurements and data

processing

This Chapter presents the optical measurement techniques and their data processing

methods to characterize the flow field and flame propagation process. Firstly, the prin-

ciples and relevant experimental considerations in the Particle Image Velocimetry (PIV)

measurement are introduced. Secondly, two flame imaging methods are described: the

CH* chemiluminescence imaging, and a two-dimensional laser sheet visualization tech-

nique 1. Data processing methods for these optical measurements are also developed.

4.1 Flow field measurement

Time-averaged single-point measurements using Laser Doppler Velocimetry (LDV), and

Hot Wire Anemometry (HWA), have been applied to the study of in-cylinder flow in

internal combustion engines (Witze [1980]), which provided a wealth of useful informa-

tion. However, flows in-cylinder are highly complex, unsteady, and exhibit cycle-to-cycle

variations, hence, single point measurements are not sufficient for the investigation of

in-cylinder flows in detail. Therefore, the measurement techniques of the two dimen-

sional flow fields have been developed, such as Particle Image Velocimetry (PIV). This

1It was also called ”laser tomography” or ”Mie scattering” in the literature, the term ”laser
sheet method” was adopted in this study.
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technique provides new insights into flow processes within internal combustion engine

cylinders.

Particle Image Velocimetry was first applied to investigate the high axial swirl in an

internal combustion engine by Reuss and Rosalik [2000]. This work showed the method

to calculate instantaneous vorticity and strain rate fields ahead of the flame front, the

resolution achieved was of the order of 1 mm. Subsequently, Reuss and Rosalik [2000]

examined the cyclic variability in a semi quantitative manner by capturing the flow field

in each cycle. Towers and Towers [2004] applied a high speed PIV system with a framing

rate of 13.5 kHz and a spatial resolution of 128 x 128 pixels to study cyclic variability

of in-cylinder flows using an optical engine with a head having two inlet valves. The

results showed that changing the axial swirl level has a significant influence on the cyclic

variability of the flow in the latter half of the compression stroke. The whole field had

a maximum velocity of nearly 10 m/s. Fajardo and Sick [2009] developed a high-speed

PIV technique using two high-repetition rate diode-pumped Nd:YAG lasers operated at

355 nm and a CMOS camera with a framing rate of 12 kHz and a spatial resolution of 480

x 480 pixels to measurements of velocity fields near the spark plug in a firing engine at a

rate of 6 kHz for 500 consecutive cycles.

For a Particle Image Velocimetry system, a continuous or pulsed laser light source

is used to illuminate flow mixing particles in a thin measurement plane, traces of the par-

ticles are recorded and a comparison between two pictures is conducted using a statistical

correlation technique to calculate the velocity of the particles. Significant interpolation or

ensemble averaging of many data sets is required to re-construct the information of two

dimensional velocities. Since individual particle images do not need to be identified, a

high particle seeding density can be used to gain a high resolution two dimensional flow

velocity map (Raffel et al. [2007]). Owing to these advantages, PIV was chosen as the

two-dimensional flow visualization technique in this research.

4.1.1 PIV experimental setup

The PIV experiment consists of several subsystems: the proper tracer particles, a double-

pulse laser, a camera and image evaluation process. Figure 4.1 illustrates the PIV exper-

iment setup for the in-cylinder flows measurement in the LUPOE 2D engine in a two-

dimensional horizontal plane, with its data process. In this section, the setup of PIV

system is described firstly.
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Figure 4.1: A schematic diagram of PIV experiment setup, image evaluation process, and
a 2D velocity vector field from LUPOE 2D engine running at 750 rpm.

The seeding particles should be chosen carefully to ensure which they are able to

move with local flow velocity, and scatter sufficient light in the Mie region to be recorded.

Usually, a compromise between a small particle size for accurate flow tracking, and a

large particle size for increased light scattering, should be reached. By using the Equa-

tions 4.1 and 4.2, the lag in the velocity between the fluids motion V and the particles

motion U , under an acceleration dV/dt in the flow can be estimated. τ is the relaxation

time, which must be smaller than characteristic time scale of the flow (Raffel et al. [2007]).

U − V = τ
dV

dt
(4.1)

τ =
d2p
18

ρp
µf

(
1− ρf

ρp

)
(4.2)

where dp is the diameter of particle, ρp is the density of particle, ρf is the density of fluid,

µf is the viscosity of fluid.

In this study, olive oil was used as seeding, it has a density of 920 kg/m3. The

tracer particles are generated by a liquid droplet seeding system, and mixed with air

in the intake pipes before they are introduced into the engine chamber. The details of
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the seeding generator have been introduced in Section 3.2. The generated diameter of

particles is between 0.5-5 µm depending on the experimental conditions. Two nozzles

are used, and the amount of air fed to the seeding generator is about 5-10 % of the total

intake air mass flow rate; the pressure drop across the seeding system is kept constant

at 1 bar. The air density is 1.23 kg/m3 and its dynamic viscosity is 17.9×10−6N.s/m2

(Dawood [2010]). By supposing an instantaneous acceleration in the flow of 1000 m/s2

and using Equations 4.1 and 4.2, the velocity lag is approximately O(10−3) m/s with a

relaxation time O(10−7) s. This indicates that the particle movements follow the fluid

flow accurately and without lag, while also providing excellent scattering light intensity.

The density of seeding needs to be well controlled. In fact, if the particle density is too

high, overlapping between particles will occur in the recorded image, resulting in the

failure of the correlation calculation. If it is too low, the method becomes a much more

laborious PTV measurement. The optimised number of particles in each interrogation

grid is about 8 particles (Raffel et al. [2007]).

The tracer particles are introduced into the engine cylinder, and illuminated twice

by using a double-pulse laser light sheet through a side window in the LUPOE 2D en-

gine head, see Figure 4.1. A double pulsed Neodymium-doped Yttrium Aluminium

Garnet (Nd:YAG) laser producing a 532 nm frequency and maximum output power 400

mJ/pulse laser beam was employed to illuminate the flow field. The laser beam was

converted to a sheet using an integrated optics lens system. The configuration of this

integrated optics lens system for laser sheet generation is shown in Figure 4.2. It consists

of a Plano-concave cylindrical lens with a focal length f1 = -20 mm, and two telescope

lenses which enable the laser beam to reach the focus distance of f2 = 300-2000 mm. The

diameter of the laser beam at the cylindrical lens is about d = 5 mm, therefore, the aper-

ture angle α in the Figure 4.2 can be calculated as 14o. In order to gain a sheet width

close to the diameter of cylinder bore (80 mm), the distance between cylindrical lens and

the centre of the cylinder bore was adjusted to 500 mm. Because of the divergence of the

laser beam, the laser sheet could not cover the whole area of cylinder chamber plane, thus

some flow velocity near the cylinder wall will be lost. Nevertheless, the information on

flow velocities, collected in the central region available, could still be used to characterize

the whole flow field, as it is the turbulence around the spark region which arguably is the

main influence for the flame propagation. It is also important to control the thickness of

the light sheet. The thin laser beam ensures that the particles recorded are from a same

plane rather than a surrounding volume, and this increases the accuracy of velocity mea-

surement. The thickness of the laser sheet was adjusted to be approximately 1 mm at the

focus position inside the cylinder, and it passed between the spark plug and Top Dead

Centre position of the piston. This was achieved by adjusting the focus of the telescope
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Figure 4.2: The configuration of lens for laser sheet generation.

lenses. The laser beam thickness was calibrated by using black paper to record the laser

beam position in the centre of cylinder chamber. The high power laser beam could burn

the paper and leave a trace, from which it is possible to detect the position and the size of

the laser beam. Usually, the duration of the single laser pulse needs to be short enough

to capture the motion of the particles during the pulse exposure. The interval delay time

dt between two pulses depends upon the mean flow velocity and the magnification of

image. The optimised value should be long enough to allow a particle to move out of

a peak pixel size in the image, but shorter than a quarter of the selected interrogation

window size.

High-resolution digital, or film cameras, are usually used to record the light scat-

tered from the tracer particles. It is possible to capture more than 1000 PIV recordings per

minute with modern charge coupled device (CCD) cameras (1000×1000 sensor elements

and more), and even do acquisition in the kHz range with complementary metaloxide

semiconductor (CMOS) sensors. For modern digital PIV, the output data can be trans-

ferred to a computer directly. In this study, the scattered light was recorded by a CCD

camera, Imager Pro VC04. A 50 mm Nikon lens was used and adjusted to view the whole

flow field at the top of the laser sheet. The camera has 1600 × 1200 pixels resolution, the

image area is the full piston bore size 80 × 80 mm. A calibration should be conducted

to find the image reference position and magnification ratio. Here, the spatial resolution

of the measured velocity field is about 0.067 mm/pixel. An estimation of the resolved

minimum flow structure can be obtained by using the mean turbulent velocity and the

integral scale of turbulence within a naturally aspirated LUPOE engine. These values
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have been measured as about U = 1 - 5 m/s, Li = 10 mm by Hussin [2012]. The Taylor

microscale and Kolmogorov length scale can be estimated as O(0.1) mm from Equations

2.15, and O(0.01) mm from Equation 2.16, respectively. The minimum interrogation size

that can be used without accuracy loss is 16 pixels square, with 50% overlap. Thus, the

minimum resolution of a vector velocity is about O(0.5) mm. Therefore, it is impossible

to study the turbulence structures smaller than Taylor and Kolmogorov length scales.

However, for investigating the bulk flow behaviour with the new boosting system, this

experimental setup still has sufficient spatial resolution to detect the large flow structures.

There are two images recorded for each engine cycle. The first image shows the ini-

tial positions of the particles, and the second records the final positions after the particles

movement in the flow. These two trigger signals for the camera are synchronized with

the laser pulse, as shown in the Figure 4.1. The software was set up in such a way that

the first frame of the PIV image pair was exposed for microseconds and then the second

image was exposed for a longer period of time to record the image (Dawood [2010]). The

noise could be reduced using a mechanical shutter or preventing external light to reach

the camera during the experiment. A low pass optical filter attached to the camera was

used to allow the passage of the scattered laser light whilst prevent any illumination pro-

duced by the flame. The lab lights should be switched off during the experiment, and

black plates covered the space around the engine to reduce the light reflection from the

surroundings.

4.1.2 Image evaluation

After the digital PIV images are recorded, interrogation areas are created by dividing the

image into many small subareas. It is assumed that all the particles within one inter-

rogation area have homogeneous movements between the two illuminations. Statistical

methods, such as auto and cross correlation, are implemented to derive the local dis-

placement vector from each two sets of interrogation regions. In most commercial PIV

software, correlation plane calculation is achieved in the frequency domain by using Fast

Fourier Transforms (FFT) (Raffel et al. [2007]), it can be represented as:

RII ⇔ Î · Î ′∗ (4.3)

where Î and Î ′ are the Fourier transforms of the function I and I ′, respectively. The

location of the peak in the correlation plane corresponds to the average particle displace-

ment, see Figure 4.1. Then, a single average particle displacement and velocity could be
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Table 4.1: Specifications of PIV setting

Item Value

Seeding
Seeding type Olive oil
Seeding size 1× 10−6m

Laser
Laser type Nd:Yag laser
Wavelength 532 nm
Pulse Duration 5 ns
Maximum repetition rate 10 Hz
Energy per pulse 400 mJ

Camera
Camera type 8-bit CCD
Pixel size 7.4× 7.4µm
Max resolution 1600*1200 pixels
Frame rate 30fps

Operating setting
Image region width 80× 107mm2

Image time separation (dt) 60µm
interrogation regions 32× 32 pixels with 50% overlap
Paticle image size 1-2 pixels

calculated. This process of an interrogation area is repeated for the whole PIV images as

illustrated in Figure 4.1. Finally, a two-dimensional velocity vector field can be obtained.

A commercial software, ”Davis”, was adopted to process the raw images to a vector im-

age by following the above steps. An overlap of 50% in 39 × 31 interrogation areas is

applied, and 1209 vectors could be generated in the each image. The multi-iteration eval-

uation also is used to achieve a higher accuracy and signal to noise ratio of each flow field

image. An example of a 2D velocity vector field from LUPOE 2D boosted engine running

at 750 rpm is shown in Figure 4.1.

It should be noticed that the phenomenon of ”Peak locking” might occur when the

measured displacement of a particle is biased towards nearest integer pixel value (Raf-

fel et al. [2007]). To overcome this problem, the Gaussian peak fit method is generally

applied to appropriate the discrete pixels data, and estimating the true sub-pixel dis-

placement. Thus, this requires the particle image size to be 2 or 3 pixels. However, due to

diffraction of the light through the lens, the size of the particle image that is recorded by
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the camera does not depend solely upon lens magnification. It is also related to the laser

wave length and the lens aperture. The approximate particle image size in a single lens

system can be calculated using the equation of light diffraction (Raffel et al. [2007]):

di =
√

(M × dp)2 + (2.44(M + 1)fλ)2 (4.4)

where: di is the particle image diameter, dp is the true particle diameter, M is the image

magnification, f is the f number of the lens, i.e. ratio of focal length to lens aperture,

and λ is the wavelength of incident light. The first item is a geometric image and the

second is the point spread function. In order to achieve high accuracy, it has been shown

that the optimum particle image size should be larger than two pixels, so that sub-pixel

displacement can be resolved and the peak locking can be eliminated. For this study, olive

oil particles were used. The image magnification is approximately 0.11. The wavelength

of laser is fixed at 523 nm. In order to achieve the full bore size flow field and over 2

pixels of particle size in the image, f-number should be adjusted to be above 10. When

increasing the f-number, the light illumination from particles will decrease quickly, thus

the laser pulse energy needs to be increased to compensate the loss of scattering from

seeding at a high f-number, this will cause the strong laser light reflection from cylinder

wall. Under these considerations, the f-number was set at 5.6. The particle image size is

about 1-2 pixels, therefore the risk of peak locking exits due to the larger observation area.

The evaluated resultant peak locking error is equal to a half value of maximum velocity

achieved in one pixel with dt. For an instance, the maximum flow velocity is expected

to be 5-10 m/s at 750 rpm. The error caused by peak locking is estimated to be 0.5 m/s.

Although this magnitude of error is far from ideal, it is still enough to demonstrate the

general flow motion behaviour. Moreover, the practical experimental tests showed better

performance of seed recolonization in the image than that from the theory calculation.

As a result, this peak locking risk was accepted in this study. The final settings of PIV

experiment are listed in Table 4.1.

4.1.3 Data post processing

The results of PIV experiment were stored as a number of matrices, which represent the

two-dimensional vector velocities of a flow field. The size of one matrix is equal to the

image resolution of 203× 154 pixels. Further post-processing is mostly dependent on the

purpose of experiment to obtain the desired information. For the description of turbu-

lence in an engine cylinder, the statistical methods presented in the Section 2.1 were used.
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In general, the mean velocity varies with time and position, thus there are two methods

to evaluate flow field variables: ensemble and spatial averaging (Larsson [2009]). In this

study, the ensemble averaging method was adopted. The data calculations have been

programmed using Matlab with some functions from an open source package PIVMAT

(Moisy [2007]). The ensemble average velocity was calculated at each point on the inter-

rogation grid, and hence the results were often presented as maps, such processing was

mostly used to establish the flow properties of the engine. The ensemble mean velocities

were calculated as:

Ūx(x, y) =
1

Nim

Nim∑
i=1

Ux(x, y, i) (4.5)

Ūy(x, y) =
1

Nim

Nim∑
i=1

Uy(x, y, i) (4.6)

where Ux(x, y, i), Uy(x, y, i) are the instantaneous velocities at the grid point (x, y) in the

x and y direction respectively. i indicates the number of vector flow fields, and the total

number of images is Nim. Ensemble averaging removed the large-scale flow variation

due to turbulence and cyclic variation present in the velocity fields for individual cycles.

While the formulation above is written for Cartesian coordinates, it was also possible to

use polar coordinates. The velocity magnitude S is defined as:

S =
√

U2
x + U2

y (4.7)

The time-average fluctuation components, ux, uy are calculated as:

ux(x, y, i) = Ux(x, y, i)− Ūx(x, y) (4.8)

uy(x, y, i) = Uy(x, y, i)− Ūy(x, y) (4.9)

from which the RMS turbulent velocity,u
′
x and u

′
y are calculated as:

u
′
x(x, y) =

{
1

Nim

Nim∑
i=1

[ux(x, y, i)]
2

} 1
2

(4.10)



Chapter 4 75Optical measurements and data processing

u
′
y(x, y) =

{
1

Nim

Nim∑
i=1

[uy(x, y, i)]
2

} 1
2

(4.11)

as was shown in the introduction in Section 2.1, there exist four kinds of integral length

scales depending on velocity direction ux or uy, and correlation direction ”transverse” or

”longitudinal” (Hussin [2012]). The corresponding correlation coefficients can be repre-

sented as Rxl, Rxt, Ryl, Ryt, they are calculated from the fluctuating velocity values at

two separated positions (x, y) and (x + ζ, y) in X-direction or (x, y) and (x, y + β) in Y -

direction. β and ζ are the variable separation distances. Here, only the equations based

on ux are given:

Rxl(x, x+ ζ) =
1

(Nim − 1)

Nim∑
i=1

ux(x, y, i)ux(x+ ζ, y, i)

[u′
x(x, y)u

′
x(x+ ζ, y)]

(4.12)

Rxt(y, y + β) =
1

(Nim − 1)

Nim∑
i=1

ux(x, y, i)ux(x, y + β, i)

[u′
x(x, y)u

′
x(x, y + β)]

(4.13)

Then the longitudinal integral length scale Lxl and transverse integral length scale Lxt

which have been illustrated in Figure 2.2, are calculated from:

Lxl(x, y) =

∫ ζ=0

0
Rxl(x, x+ ζ)dζ (4.14)

Lxt(x, y) =

∫ β=0

0
Rxt(y, y + β)dβ (4.15)

4.2 Flame imaging

Flame imaging experiments have been applied in optical spark ignition research engines

for many years with methods including natural light, schlieren, shadowgraph, laser sheet

Mie scatter imaging and Planar Laser Induced Fluorescence (PLIF). Early investigations

used the schlieren technique or natural light imaging (Gatowski et al. [1984]) to investi-

gate the combustion phenomena in cylinder.

Shadowgraph and schlieren techniques depend on a refraction index change caused

by density gradients in the combustion mixture to generate an image on a screen. A light
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source and optical lens are required to generate a parallel beam of light. The entrain-

ment flame front can be obtained from the image due to substantial difference between

burnt and unburnt gas densities instead of flame luminosity, the sensitive requirement

of camera might be not important. The difficulties of applying the shadowgraphy and

schlieren techniques are the requirement of optical access through the cylinder. In an en-

gine, configuration of a mirror installed on the top of the piston crown with an optical

head access is often adopted. However, the vibration of mirror during engine running

would bring errors into measurement, and the mirror surface degradation caused by

combustion makes this method very risky for a supercharged engine.

In natural light imaging, the chemiluminescence, i.e. the emitted light from flame

species is the only source for detection. This method has many advantages of application

with the exception of low luminosity which is not always sufficient for fast imaging, par-

ticularly in the case of lean flames (Dawood [2010]). Different wavelength filters can be

used to isolate the light of a certain wavelength. The flame front position and brush thick-

ness can be detected by tracing flame chemiluminescence generated from certain species

such as CH*, C2* in the reaction zone (Ikeda et al. [2001]). However, this is also limited

by the low level of luminosity, most applicants only are single-shot image. Modern high

speed digital cameras are extremely light sensitive and are capable of using just natural

light to detect the flame positions with short exposure times. Muard [2006] has shown

little difference in flame front images generated in simultaneous high speed schlieren and

natural light photography in an engine.

These techniques are useful for understanding the dynamic behaviour of flames,

but they yielded only little insight into the structure of the turbulent flames, because these

methods averaged the flame over the line of sight. One of the developments in the laser

diagnostics was Mie scattered light images (laser sheet visualization) of flames, which

will be introduced in the following Section 4.2.2; this method essentially produce images

of ”slice” sections of a flame, allowing more detailed characterization of the flame front

structure (Cairns [2001]). It is also possible to reconstruct a 3D flame with a number of

images taken in a range of planar sheets at a short time (Hattrell [2007]).

Another two-dimensional planar measurement method to trace the flame front is

Planar Laser Induced Fluorescence (PLIF). The principle of PLIF is to collect the spon-

taneous emission of photons when a molecule state moving from an excited electronic

level to a ground level. There is an energy loss associated with this process. There-

fore, detected emission light should be at a longer wavelength than the excitation laser

source ((Eckbreth [1996])). This technique also can be used to detect the flame reaction

zone when the excited species are CH*, C2*. Planar Laser Induced Fluorescence (PLIF)
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has been successfully used in the internal combustion engine to mark the flame front by

imaging the OH* or CH* radical (Hult et al. [2002]), or to mark air and fuel mixture with

acetaldehyde seeds (Neij et al. [1994]). More details would not be presented here, as a

comprehensive description of PLIF can be found in Zhao and Ladommatos [2001]. In

this study, CH* chemiluminescence method was adopted to observe the flame develop-

ment process, while a laser sheet technique using Mie scattered light was employed for

investigation of the flame front structure.

4.2.1 CH* chemiluminescence imaging

Chemiluminescence occurs in flames due to the high temperature in the reaction zone

leading to a spontaneous emission of light, this signal can be used as a marker of the

flame front. In the previous engine combustion experiments with the LUPOE engine, a

high speed CMOS (complementary metal oxide semiconductor) camera Photron Ultima

APX-RS with 10 bit grey scale was applied to capture luminescence light flame images

(Dawood [2010]; Hussin [2012]). A CMOS camera has faster frame rates and a lower cost

than a CCD camera. A PC with the Photron’s PFV software package installed was used

to control and save images from the camera via an IEEE1394 interface.

However, it was found that the luminescence signal from the flame front was

strongly interfered with by the light generated in the high temperature burnt gas, and

the flame reaction zone was hard to detect. Therefore, a band pass filter is used to isolate

the collected light in a certain wavelength region, in order to acquire an clear flame front

and resolve the flame reaction zone. Nevertheless, the sensitivity of the CMOS camera is

low and the emission intensity from the flame front is relatively weak. After the reduc-

tion of the light intensity by filters, the COMS camera could not record any bright flame

image. For this reason, a high speed intensifier has to be used to enhance the intensity of

light. The new configuration of flame imaging system established in this study is shown

in Figure 4.3. It consists of a 430 nm interference spectral filter, intensifier, high speed

digital camera, controller and computer.

An HS-IRO (high speed IRO) image intensifier was employed, the structure of it is

shown in Figure 4.4. When flame emission light passes the input window, photoelectrons

are generated by a photocathode, then they are accelerated by high voltage gradient be-

tween the two sides of the micro-channel plate (MCP), and arrive on the phosphor screen,

where it produces an intensified image. A micro-channel plate (MCP) consists of a thin

glass plate (0.5 mm) with a large number of parallel channels. Each channel has 6 µm di-

ameter (Lavision [2012]). An extremely short exposure time of 100 ns can be achieved by
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Figure 4.3: Experiment set up of high speed flame imaging acquisition system.

this image intensifier. Therefore, it also can act as a fast shutter. The lens coupled method

was used in this study to transfer the image on the phosphor screen to CMOS arrays.

Special attention has to be paid for the correct synchronization of the image intensifier

gate and the CMOS exposure time. The synchronization of the intensifier and camera is

achieved by setting the camera as a master device, and using the ”sync-out” signal as the

intensifier clock input. The start recording signals are generated by the micro-controller

according to desired crank angle signal.

During the experiment, the Photron Ultima APX-RS camera was set at 10, 000fps

with an image resolution of 512×512 pixels. The camera was operated under the random

recording mode, which means that the camera only records the desired number of frames

on each firing cycle, once it received a trigger signal. An Auto Focus 100 mm lens set

at its maximum aperture of 2.4 was used, which was essential to detect the maximum

possible amount of light. The gate time and intensity scale setting of the IRO intensifier

are highly dependent on the experimental setup and conditions. i.e. the gate time was set

as 60 µm, 75% gain was used at engine speed of 750 rpm with a 430 nm filter to capture

a stoichiometric moderately turbulent iso-octane flame. It should be noted that a too

strong light input with a short gate setting may produce a local photocathode etching or

even destroy the whole device (Lavision [2012]). A silver surfaced high-reflective planar

mirror was fitted above the engine with an angle at 45o to divert the light emission from

engine top window to imaging acquisition system set up with a horizontal optical axis,

see Figure 4.3. In order to avoid pixel distortion in the image, the position of the mirror
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Figure 4.5: Calibration grid plate imposed by a generated uniform grid plate (green
square points) based on three selected points.
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and imaging system needs to be adjusted carefully. This can be checked by the following

calibration method.

A calibration grid plate was used before the experiment, to evaluate the image dis-

tortion, as well as the magnification ratio of the image acquisition system. Figure 4.5 is a

snapshot image of the calibration grid plate put on the piston surface and covered with

the optical head. Three points in the corners of one grid are randomly and manually se-

lected. Based on these three points, a uniform grid plate shown in green square points

was generated by the computer. Comparing new grid positions to that on the original cal-

ibration grid plate, the image distortion can be evaluated. The pixel resolution also can be

estimated by dividing the distance between two points on the calibration grid plate to the

number of pixels of the recorded image. Errors exist when a large difference between the

calibration grid plate and the uniform grid plate is found. These errors usually are caused

by a shift of the optical path or refraction of light though a concave or convex window.

The error of optical path can be reduced to a negligible value by adjusting the position

of the mirror and camera acquisition system. However, to correct the optical distortion

induced by a non-planar window or imaging acquisition system, the image registration

method needs to be applied. This method calculates a spatial transformation map, which

can be used to correct distorted images. By looking at the Figure 4.5, it can be considered

that the distortion of the recorded image is negligible, after a careful adjustment of the

light path. Low distortion also comes from the fact that the top of the engine head is a flat

high-transparency quartz window. Furthermore, the acquisition system has a high image

recording performance. Therefore, the image registration method was not engaged here.

The accurate magnification ratio was obtained by using grid plate calibration before each

set of experiment. The resolution of each pixel is approximately 156 µm, which is lower

than the CCD camera used in the PIV system.

During the experiment, black spots were found on the inner surface of the top

window; there might be associated with soot particles or unburnt oil droplets left from

previous or current firing cycles. Hence, the engine top window was cleaned before

each engine running set, about 15 firing cycles. The amount of lubrication oil used in

the engine also was carefully controlled to minimize their effects on the image quality.

Moreover, the laboratory has no windows; therefore it guarantees a condition of nearly

complete darkness for the tests once the light is turned off. Thus, errors arising from

scattering, and interference from other light sources could be neglected.

A series of flame images were taken in the LUPOE 2D boosted engine running at a

speed of 750 rpm and a spark timing 2o bTDC, with stoichiometric iso-octane fuel, except

the image taken from Mandilas [2008] which used a different imaging method. Typical
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Figure 4.6: Typical images of different flame imaging methods: (A) 430 nm filter, (B) 470
nm filter, (C) 560 nm filter, (D) Natural light (E) Laser sheet method (F) Schlieren: the
images of (A-F) are from LUPOE 2D boosted engine running at a speed of 750 rpm and
spark timing 2o bTDC, stoichiometric iso-octane fuel, (F) is taken from Mandilas [2008].

images given by these methods are compared in Figure 4.6. From the flame spectrum

shown in Section 2.2.2.5, the 430 nm filter is related to CH* emission, both the 470 nm

and 560 nm filters correspond to C2*. It can be seen that the 430 nm has the strongest

emission intensity among the three filter methods, while by comparing it to a natural

light image, it shows a sharper flame front, and the flame thickness also may be deduced

from the higher bright edge zone. At the same condition, the laser sheet method which

will be introduced in the next section, shows a more wrinkled flame, because it is a kind

of slice view of the flame. The details of frame wrinkle and curvature information can

be calculated from this kind of images. The last schlieren flame image was taken from a

constant combustion vessel (Mandilas [2008]). The schlieren method has been introduced

before. It was not used in this study because the engine configuration could not allow

two optical paths going along the cylinder axis. In this study, CH* chemiluminescence at

430 nm was adopted for flame development study, and laser sheet method was employed

for flame structure investigation.
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4.2.1.1 Luminescent flame image processing

The first step of CH* chemiluminescence image processing is to chop and separate con-

tinued recorded flame image sequences into each cycle’s file folder. Each digital image is

stored in the form of a two-dimensional matrix, where each element of the array corre-

sponds to a single pixel. In this study, an image in the form of an 8-bit bitmap stored as a

512 by 512 matrix.

Each image was rotated so as to position the spark plug image at the top of the

picture as shown in Figure 4.5. The spark plug with its connection line was masked

by a ring with two lines for simplifying the image analysis. The pixels inside the mask

regions were set as complete black. Therefore, the early flame propagation, where the

flame diameter was less than 5 mm could not be recorded. When the flame approaches

the cylinder wall, light reflections occur from the wall surface. A circular mask with

cylinder diameter was used to eliminate the bright pixels out of the cylinder boundary.

The following step consisted of converting the original grey-scale images into bi-

nary black and white, to determine the actual flame shape. The black pixels represent the

unburnt mixture, and the area of white pixels is the projected flame shape. This process

is known as the image binarisation. It is achieved with Otsu’s thresholding method (Otsu

[1975]). The principle of this method is to determine a global threshold value by compar-

ing local grey level variations over whole image, then all pixels are set to be zero or one.

The number of white pixels can be converted to flame area and a mean flame radius. The

mask for the plug connection wire covered part of the flame area, and this caused the

flame front discontinuity. A straight line was plotted to complete this thin strip gap, and

the gap was filled up to eliminate any false reading of the flame projected area, see in the

left side of Figure 4.8.

A mean flame radius derived from the flame projected image, it was calculated as

that of a circle having identical area to the enflamed cross-sectional area (Cairns [2001]).

This mean flame radius was considered to be the turbulent entrainment radius Re, where

fresh unburned gas was entrained into the flame front. The entrainment burning velocity

Ue can then be calculated as follows:

Ue =
ρb
ρu

dRe

dt
(4.16)

where ρb, ρu are burned and unburned gas density, respectively.
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Figure 4.7: A developing flame captured in the optical LUPOE 2D boosted engine via
CH* chemiluminescence technique. The engine was run at a speed of 750 rpm and spark
timing 2o bTDC, with stoichiometric iso-octane fuel. Initial pressure was 2.0 bar.
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A sequence of flame propagation images with their derived flame fronts is shown

in Figure 4.7, the corresponding flame radius is shown in Figure 4.8, the mean flame ra-

dius calculation method is also illustrated. It can be seen that the flame front is the max-

imum radius along the projected sight line, especially at the end of flame propagation

stage. Hence, these images could not provide reliable information on flame front wrin-

kling; however, it is still a good method to investigate the flame development process by

using mean turbulent entrainment flame burning velocity.

It is also well considered that high CH* exists only in the main reaction zone (Gay-

don [1957]), thus the resulting images provide a good indication of the instantaneous

flame reaction zone location. Flame brush thickness may be derived from the intensities

of the pixels in the flame image. However, the convolutions of the flame front existing

in a highly turbulent flow may make it difficult to interpret the flame properties. This is

because the signal is an integral value equal to the depth of field of the collection optics.

In this study, the flame is weakly wrinkled, so that the errors caused by the line-of-sight

technique are hopefully small.

Images of local CH* chemiluminescence collected in laminar and moderate turbu-

lent iso-octane flames are plotted with pseudo-colour in the left side of Figures 4.9 and

4.10, and the global flame shape with chopped region position are shown in the right bot-

tom corner in the each image. A significant difference between these two kinds of flames

can be observed. Strong light emission zones can be found in both flame front regions.

These high intensity pixels can be used as an indication of the flame reaction zone. In

order to characterize the flame thickness, a line along the flame radius, across the flame

front versus normalized luminous intensity, are plotted and shown in the right sides of

Figures 4.9 and 4.10. As observed in the spatial space, the flame luminous intensity has

a peak value close to the flame front. The radius position, with 10% luminous intensity,

was defined as the flame front. Usually, the flame thickness can be defined as 1/|dwdx |, a

straight line between peak position and the flame front can be fitted very well. In order

to simplify the data processing. In this study, the distance between flame front and 90%

luminous intensity inside the flame was considered as the flame brush thickness.

It has been mentioned that flame chemiluminescence as a line-of-sight technique

is not an ideal way to investigate flame structure because the flame front derived from

the image is a projected shape. A detailed cross-section of flame front structure can be

acquired by cutting the flame into slices. This can be achieved by applying laser sheet

visualization technique in the following Section.
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Figure 4.9: Left: Pseudo-colour image of local CH* chemiluminescence flame taken from
square region of a weakly wrinkled flame from the LUPOE 2D boosted engine running
at a speed of 100 rpm and spark timing 10obTDC, stoichiometric iso-octane fuel. Right:
Normalized luminous intensity distribution along the flame radius direction indicated as
a line in the left image.
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Figure 4.10: Left: Pseudo-colour image of local CH* chemiluminescence flame taken from
square region of a moderate turbulent flame in the LUPOE 2D boosted engine running
at a speed of 750 rpm and spark timing 2o bTDC, stoichiometric iso-octane fuel. Right:
Normalized luminous intensity distribution along the flame radius direction indicated as
a line in the left image.
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4.2.2 Two-dimensional laser sheet visualization

The ”laser sheet visualization” technique makes use of the Mie-scattering light from seed

particles to discriminate burnt from unburnt mixture. The seeding, such as oil droplets,

would vaporise in the high temperature burnt gas and not reflect light into the image. The

seeds in front of the flame could scatter the bright light when the diameter of the seeds

is equal or greater than the wavelength of the incident laser. This process has no energy

exchange between the light and incident medium, therefore the incident and scattered

light frequencies are equal. The flame front can be well defined between the bright and

dark areas.

Comparing laser sheet method to the Planar laser Induced Fluorescence (PLIF), the

PLIF technique requires that the excitation laser source has the same wavelength as the

desired excited species; usually this is achieved by using tunable dye laser. On the other

hand, the fluorescence signal can be linearly proportional to the input laser irradiance

before it reaches saturation, and a powerful laser pulse is necessary (Eckbreth [1996]).

Therefore, the laser source in the PLIF experiment must be carefully selected to fulfill

the requirements of both high power output and appropriate wavelength. Moreover,

the quenching effect will occur with the pressure increasing, so it is difficult to achieve

complete PLIF measurement in a high pressure engine (Zhao and Ladommatos [2001]).

”Laser sheet” method has much less stringent critical requirements to the laser source,

and the application is almost not affected by pressure.

In this study, the laser sheet method has been adopted. The experiment setup

is similar to the PIV experiment and is shown in Figure 4.11. The mixture is seeded

with submicron sized oil droplet particles. A thin planar sheet of laser is generated by

Nd:Yag laser, the light passes through the cylinder. A CCD camera was used to record the

images from the top window of engine. A PTU (Programmable Timing Unit) was used to

synchronize the CCD camera and the laser, the experimental procedure and calibration

method are similar to the CH* chemiluminescence experiment.

4.2.2.1 Flame front detection

A snap shot of the raw laser sheet image is shown in the left side of Figure 4.12. A more

wrinkled flame front can be observed by comparing with the CH* chemiluminescence

image. The image on the right side of Figure 4.12 is a magnified image of a small part of

a flame with grey levels changed into pseudo-colour. Comparing it to the flame image

captured at the same condition using the CH* chemiluminescence technique in Figure
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Figure 4.11: Experimental setup of laser sheet method with a snapshot image from top
view of the engine head .

4.10, large pixel noise in both unburnt and burnt mixture can be found in this image.

These spots are generated by non-uniform light scatter and seeding mixture, some spots

may come from the window speckles during the experiment. The image binarisation

using Otsu’s threshold method failed in this situation, because a single threshold could

not be found to distinguish occasional bright spots appearing in the burnt region, as well

as dark spots in the unburnt region. In the previous study, the majority of this kind of

image processing was operated manually (Cairns [2001]).

This problem can be also clearly observed form the luminous intensity distribution

along the flame radius direction as shown in Figure 4.13. It can be seen that a strong

fluctuation of pixels intensities existed in the unburnt gas side, which makes it hard to

set a threshold to binarise the image directly. However, the gap between unburnt and

burnt mixture is still clear.

This finding has inspired development of a new image processing method to derive

the flame front from laser sheet images. A polar coordinate based method was used to

search for the flame front position along the flame radius at each constant angle. Then,

an interpolating line is generated using raw pixel’s intensities. The peaks of derivation

of this line represent the large gradients in the raw data. A mean luminous intensity

value and its first standard deviation are calculated. The flame front point was defined

at one of the peak points of the derivation line, and its right point in the interpolate line
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Burnt gas

Figure 4.12: Right: Pseudo-colour image of the laser sheet method taken from square
region of a turbulent flame (Left) from LUPOE 2D boosted engine running at a speed of
750 rpm and spark timing 2o bTDC, stoichiometric iso-octane fuel.

is larger than mean value, while its left point in the interpolate line is lower than mean

value minus first standard deviation. Finally, an approximate flame possible front can

be distinguished, an example is shown in Figure 4.14, the blue line is the flame front

searched by using this method. However, this method still has two issues. First, the

defined flame front is not in the burnt gas side, where the luminous intensity of pixels

should tend to zero due to the high temperature. Second, it could not recognize the more

than one flame front point in the one direction of flame radius, which was caused by

strong flame front wrinkling.

Therefore, a second step of local flame front searching was designed. Firstly, a

small square region was acquired with a 10o angle step along the flame front defined in

the first step. Image binarisation using Otsu’s thresholding method was used, this makes

use of the intensity information from a local region, the light emissions in a small area

are assumed to be more uniform than that from a whole image. Secondly, a 3× 3 spatial

Gaussian filter was applied to smooth and further enhance each image. A low threshold

was set at 20%, where seeds are vaporised by the high temperature in the burnt gas, to

achieve the edge detection. The final flame contour was detected using a search algorithm

by checking each pixel; the pixel on the flame edge is the one whose neighbour’s have

the reverse colour. The processing of laser sheet image is illustrated in Figure 4.14. The

final detected flame front was shown in red colour. This method can solve the difficulty

of direct binarisation of raw images, caused by non-uniform of seeding and laser light



Chapter 4 89Optical measurements and data processing

0 25 50 75 100 125 150 175 200
−50

0

50

100

150

200

250

300

350

400

Pixel number

Lu
m

in
ou

s 
in

te
ns

ity

 

 

Mean value

1st standard deviation

Pixel points
Interpolate Line
Derivation line
Left_neighbour
Right_neighbour
Flame front candidate
Peak points

Figure 4.13: Luminous intensity along the flame radius direction taken as a line in the
Figure 4.12.

Figure 4.14: Laser sheet image processing: Step 1 is to find approximate flame front
position, Step 2: local image process including: (1) Chop image; (2) Binarization; (3)
Image expansion; (4) Binarization and flame front detection.
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intensity. Furthermore, based on this local image processing strategy, more sophisticated

filter algorithms and edge detection methods can be applied to obtain higher resolution

edge detection results. Since this image processing method can deal with the image with

large pixel noise. The PIV images with low seeding density also could be processed as a

laser sheet image, this provides a way to investigate the interaction between flame and

flow using the same experimental setup.

4.2.2.2 Flame contour processing

The flame contour data derived from the laser sheet images are stored in a series orthog-

onal coordinates (x,y). In order to characterize the flame wrinkle level, a mean flame

radius r̄ is calculated using minimum least square algorithm to acquire an ”equivalent”

flame radius. Therefore, the wrinkled flame structure induced by the eddies, which are

larger than the flame itself, could be cut off. The deviation of the flame contour d(s) from

the mean radius at the length s along the contour could be calculated as:

d(s) = r(s)− r̄ (4.17)

where r(s) is the instantaneous flame radius at s length along the flame contour. The

mean ¯d(s) and the root mean square d(s)′ values of the flame edge fluctuation can be

defined as:

¯d(s) =
1

Ltot

∫ Ltot

0
d(s)ds (4.18)

d(s)′2 =
1

Ltot

∫ Ltot

0
(d(s)− ¯d(s))2ds (4.19)

where Ltot is the total length of flame contour. This value can be considered a parameter

to characterize the flame wrinkle level.

For the calculation of the flame front curvature, firstly, the flame front was sampled

using a cumulative angle approximating 2o between two digitized points (Hicks et al.

[1994]), see Figure 4.15. Secondly, third order polynomials were fitted to represent local

flame contours as two functions x(s) and y(s) using 2 neighboring points. Then the local
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Figure 4.15: Illustration of flame contour sampling using a cumulative angle. The global
flame shape with chopped region position is shown in this figure, the arrows are normal
directions of local fitted curves using third order polynomials.

curvature κ was calculated at each pixel point along the flame contour, using the first and

second derivatives with respect to s as follow:

κ =
ẋÿ − ẏẍ

(ẋ2 + ẏ2)3/2
(4.20)

Flame spectral analysis is also employed, this method requires that the length of

the line segments δs along the flame contour is uniform. However, the flame contour

extracted from the laser sheet image was stored in a series orthogonal coordinates con-

nected by line segments, the length between two pixels may be different. Therefore, the

digitized points need to be re-sampled along the flame contour at constant intervals s′

using an interpolation method. This process enables the obtained data as a function of a

stationary independent coordinate. Following this step, a spatial autocorrelation ξ(s′) of

a function of s′ can be expressed as:

ξ(s′) = ⟨d(s) · d(s+ s′)⟩cont =
2

Ltot

∫ Ltot/2

0
d(s) · d(s+ s′)ds′ (4.21)
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An integral length of flame wrinkle La could be defined as follow:

La =

∫ ξ=0

0
ξ(s′)ds′ (4.22)

The Fourier analysis of the ξ(s′) can then be solved as:

Φξ(k) =

∫ Ltot/2

0
cos(k · s′)ξ(s′)ds′ (4.23)

The laser sheet imaging and data processing method presented here will be applied to

investigate the pressure influences on the turbulent flame structure in the boosted LUPOE

2D engine in Chapter 6.



Chapter 5

Iso-octane burning velocity in SI

engine

The LUPOE 2D engine can be considered as a reciprocating combustion rig, when it runs

at extremely low speed, less than 100 rpm. It can be employed to study characteristics of

laminar flame propagation at high pressures and temperatures, which are hardly achiev-

able with other combustion rigs, e.g. constant volume vessel, owing to safety restrictions.

Moreover, a direct measurement in an engine chamber enables the measured laminar

flame to ”carry” more engine combustion information, such as the effects of flame ge-

ometry, confined volume, and flame instability. This kind of ”quasi-laminar” flame mea-

sured under engine relevant condition might be useful for engine turbulent combustion

modelling (Gerke et al. [2010]).

This Chapter presents the flow velocities which were measured near the TDC (Top

Dead Centre) at slow engine speeds. The purpose was to confirm that the flow veloc-

ity was slow enough to assume it a laminar flow condition. Subsequently, direct mea-

surements of flame speed at engine speed of 100 rpm was conducted. An extrapolation

method, using flame speed at different low engine speeds region (150-300 rpm), was de-

veloped to derive the burning velocities at zero rpm. The published experimental data

and correlation equations for the laminar burning velocity of iso-octane were reviewed

and calculated at the engine conditions. The best performance correlation equations and

chemical mechanisms were used to calculate the laminar burning velocity at the current

experimental condition to compare with the measured results.
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5.1 Effects of engine speeds on turbulence

Laminar flame measurement requires a turbulence-free environment. It is well known

that the turbulent Root Mean Square velocities change in an engine scales nearly linearly

with the engine speeds (Hall and Bracco [1987]). Figure 5.1 illustrated a snapshot of the

velocity field at the mid-plane of the LUPOE 2D clearance volume in form of vector and

scalar maps. This flow field was captured using a PIV system at 2o bTDC when the engine

was run at a speed of 100 rpm. The use of the PIV system has been described in Chapter 4.

The corresponding velocity probability density functions (pdf) of this flow velocity field

was shown in Figure 5.2. The inlet and exhaust port positions and their coordinates were

also plotted in the corner of this Figure. The maximum value in the individual velocity

field was lower than 0.5 m/s, and no bulk air flow structure can be discerned.

At the same measurement position and moment, approximately 100 cycles flow

velocity fields have been collected at different engine speeds ranged from 100 rpm to

300 rpm. The ensemble mean velocity fields have been calculated and shown in Figure

5.3. In general, mean velocities at the TDC position become quite small with engine

speed decreasing. At a higher engine speed, the velocities at the centre of the combustion

chamber are lower than that at the cylinder wall. The existence of spark plug, and its

connecting line in the right side, may obscure some measurement areas, so that some

erroneous and missing vectors may be generated. In the vicinity of the spark, the spots

of high velocity seen at 10 o’clock are most likely a consequence of the reflection of the

laser sheet from the edge of the side quartz window. Furthermore, the mean velocity at

each point in the mean velocity field was averaged, and the mean and standard deviation

values were plotted in Figure 5.5. At the engine speed of 100 rpm, the mean gas velocity

in the chamber is lower than 0.1 m/s.

The Root Mean Square velocity fields also have been calculated from 100 cycles un-

der each condition. It can be observed that turbulence exists at the centre of the cylinder

and decreases when approaching the wall at an engine speed of 300 rpm, see Figure 5.4.

With the engine speed decreasing, the turbulence disappears and the flow field becomes

more isotropic and homogeneous. At the engine speed of 100 rpm, the maximum RMS

velocity is smaller than 0.2 m/s, which is much lower than the one at the engine speed

of 300 rpm, where the maximum RMS velocity can reach 0.6 m/s. Mean and standard

deviation values of these RMS velocity maps were calculated and are shown in Figure

5.6. It can be seen that the mean turbulence intensity at the engine speed of 100 rpm is

lower than 0.1 m/s, which is negligible.
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Figure 5.1: A snapshot of the flow velocity field captured by PIV at 2o bTDC position at
an engine speed of 100 rpm, illustrated in the form of vector (left) and scalar (right) maps.
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Figure 5.3: Flow fields of the mean velocity magnitude from PIV measurements at 2o

bTDC for different engine speeds from 100 rpm to 300 rpm.
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Figure 5.4: Flow fields of the RMS velocity from PIV measurement at 2o bTDC for differ-
ent engine speeds from 100 rpm to 300 rpm.
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Figure 5.7: Longitudinal and transverse integral length scales based on spatial analysis
at 2o bTDC with engine speed increasing.

The RMS velocity has a significant change with the engine speed compared to

mean velocity. Both velocities at X axis and Y axis have the similar magnitude and they

increase almost linearly with the engine speed. A linear extrapolation line between the

engine speeds and the turbulent intensities was plotted in Figure 5.6, it was extended to

the engine speed of zero, where the turbulence intensity was almost 0 m/s.

The integral length scales were calculated for the X axis and Y axis from the mean

PIV vector fields at the 2o TDC, as shown in Figure 5.7. The calculation process has been

described in Section 4.1.3. It can be observed that, in general, average values of the lon-

gitudinal integral length (Lxl,Lyl) scales were approximately twice that of the transverse

(Lxt,Lyt) scales, as it is the case with isotropic turbulence. Both longitudinal and trans-

verse integral lengths decrease slightly with engine speed decreasing. The difference

along the longitudinal direction between RPM 100 and RPM 300 is about 2 mm, which

is less than 1 mm along the transverse direction. This is a further indication that the

in-cylinder turbulence at around TDC could be considered locally isotropic.

The measurement of turbulence proved that the employed single-cylinder LUPOE

2D engine could be considered as an almost laminar flow condition at extremely low

engine speed, i.e. lower than 100 rpm, and it can be used as a suitable device for the

”quasi-laminar” flame investigations near the Top Dead Centre.



Chapter 5 100 Iso-octane burning velocity in SI engine

5.2 Direct measurement of burning velocities

As shown in PIV results, both averaged mean and RMS flow velocities at the engine

speed of 100 rpm are lower than 0.1 m/s. Under this condition, the flame propagation in

the cylinder might be considered as a laminar flame. Pressure and imaging measurement

methods have been applied in this Section to measure the stretched laminar flame at el-

evated pressure. The measurement was conducted near TDC to reduce further influence

of the flow velocities on the flame propagation.

5.2.1 Pressure results

For all the tests presented below, the engine speed was set at 100 rev/min, intakes and

wall temperature were kept at 323 K, the same as for the high speed engine experiment in

Chapter 6. The spark timing was 10o bTDC (before Top Dead Centre). The temperature

at spark timing can reach about 600 K, calculated from LUSIEDA. The spark energy was

adjusted to be at a minimum, at such that a stable ignition can be achieved in order

to avoid a high energy spark discharge disturbing the initial flame development. Each

firing cycle was followed by 10 motoring cycles with skipped ignition. Only 6 cycles

could have been recorded during each engine run with a data scan rate of 50 kHz. Figure

5.8 shows the 5 pressure cycles collected for varied equivalence ratios from 0.6 to 1.2.

Both the pressure rise rate and the peak pressure increase with the equivalence ratios

increasing. The cycle variability becomes significant with equivalence ratio decreasing,

and the engine operation at equivalence ratio 1.2 has the lowest cycle variability. These

tests proved that the experimental results were repeatable, and the effect of turbulence on

flame propagation was negligible at this low engine speed. The pressure at spark timing

for all cases was approximately 12 bar.

5.2.2 Laser sheet visualization results

The laser sheet visualization method was applied in order to investigate the detailed

flame shape and its variability. The flame contour is determined from an image created

by a laser sheet passing through a seeded medium, see Section 4.2.2. About 30 flame

contours were collected at 2o CA after ignition at the engine speed of 100 rpm, and at 10o

CA after ignition at the engine speed of 750 rpm, respectively, approximate 1.2 ms elapsed

since the spark timing for stochiometric charge. Figure 5.9 shows the flame front of each

firing cycle at two engine speeds with the cylinder wall. Although a slightly wrinkled
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Figure 5.8: Pressure cycles from one engine run at a speed of 100 rpm for different equiv-
alence ratios.

100rpm engine speed 750rpm engine speed

Figure 5.9: Comparison of flame contours at engine speeds of 100 rpm and 750 rpm,
these flame contours were derived from laser sheet images at the 2oCA and 10oCA after
ignition, respectively, with stoichiometric iso-octane fuel.
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flame front still can be observed at the engine speed of 100 rpm, they are relatively small

compared to the turbulent flame at the engine speed of 750 rpm, and the differences of

flame radius between each firing cycle at the low engine speed are also much lower than

that of a turbulent flame at the high engine speed.

5.2.3 CH* chemiluminescence image results

The CH* chemiluminescence image method, i.e. flame photographs taken with an in-

terference filter for 470 nm, see Section 4.2.1, was used to obtain the flame development

information. Shown in Figure 5.10 are 4 typical examples of sequential CH* imaging of

developing iso-octane flames for lean, ϕ = 0.6 and 0.8, stoichiometric, ϕ = 1.0, and rich

mixtures ϕ=1.2. Intakes and wall temperature were kept at 323 K, and the spark timing

was set at 10o bTDC. The pressure and temperature at the spark discharge are 12 bar and

600 K, as derived from LUSIEDA simulation. The dotted circle, which has the same area

as the flame, is also shown in each flame image to compare with the instantaneous flame

front shape.

The moments of nearly equal flame areas were selected in each row to compare the

effect of equivalence ratio on the flame front. The time and crank angle of each flame

were listed on the top left corner and bottom left corner. There was a large difference in

the time that flame radius took to reach a similar size, between 0.6, 0.8, and 1.0, while

the stoichiometric and rich flames look more similar. This observation agrees with the

pressure traces shown in Figure 5.8.

The high ignition energy from spark disturbed the initial flame shape. The lean

flame retained the ”cracks” caused by the spark and growing, became more wrinkled.

However, the flame surface still attained an almost spherical shape with large scale dis-

tortions. Stoichiometric and rich flame spread more uniformly during the initial stage

and had an ability to ”recover” from the spark-induced ”cracks”. The flame kept a spher-

ical shape until the flame developed to a radius of approximately half of the engine cylin-

der diameter (20 mm). Small scale wrinkles started to appear, and quickly covered the

whole flame surface. It was the same for the lean flame.

These regular curved small shapes are similar to the cellularity structure caused

by a hydrodynamic instability. Although the detailed structure observation is limited by

the 2D measurement method, the observed structures were significantly different from

those observed at high turbulent flow conditions, where flame showed very irregular

wrinkled shapes that occurred quickly after ignition. Flame deceleration happens when
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Figure 5.11: Local flame propagation with image intensities as magnitude derived from
Figure 5.10 at the third direction in Figure 5.12.
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Figure 5.12: Local flame thickness development at 5 directions along the flame radius
derived from 5.10 at different equivalence ratios.
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the flame is approaching solid walls; the walls also significantly reduce the visible flame

speed because they suffuse the flame thermal expansion.

The flame brush thickness might be characterized using the pixel intensity of the

CH* chemiluminescence images, this method has been demonstrated in Section 4.2.1.

The sliced profiles of luminescence signals from four different equivalence ratios flames

along the radial direction were shown in Figure 5.11 with crank angle. The positions of

these sliced profiles were in the third direction drawn in Figure 5.12. The sharp gradient

of the flame luminescence signal can be observed in the front, the peak positions have

been denoted by red circles. The distance between this peak position and the flame front

was defined as the flame brush thickness. Due to the noise existing on the flame image

caused by soot or droplets on the top window, the detected peak position of the flame

front would be interfered with, see the left bottom corner of the fourth sub-figure in

Figure 5.11, however, this method should still be able to derive the main feature of the

flame front.

The calculated flame brush thicknesses from five directions with 45o angle interval

have been plotted in Figure 5.12. These four sub-images represent the four flames given

in 5.10 with different equivalence ratios. It can be seen that the flame thickness becomes

thick with the flame propagating; this value is about 1-2 mm. The mean flame brush

thicknesses calculated from five directions were also plotted in Figure 5.12. The mean

flame brush thickness was further averaged with the time, the averaged mean thick-

ness with its standard deviation was shown in Figure 5.12. Four cycles show the same

mean value of 1.1 mm and standard deviation of 0.4 mm, only the lean case ϕ = 0.6

show a slightly larger value than others in the standard deviation value, since the cam-

era has only about 0.1 mm resolution, so the difference below this value could not be

distinguished. The small value of flame thickness confirmed that the flame tended to be

laminar flames at a slow engine speed.

5.2.4 Experimental conditions

Pressure history with crank angle and flame radius between 10 to 20 mm are shown in

Figure 5.13, at an engine speed of 100 rpm for lean, ϕ = 0.6 and 0.8, stoichiometric, ϕ = 1.0,

and rich mixtures, ϕ = 1.2. Intakes and wall temperature were kept at 323 K, and the spark

timing was set at 10o bTDC. From the Figure 5.13, the minimum pressure change happens

at equivalence ratio 0.8, the value was about 4 bar, the maximum pressure change was 10

bar at equivalence ratio 1.2 and 0.6. The volume change is illustrated in Figure 5.14, the

clearance height of the LUPOE 2D engine is 8 mm, the spark plug has 4 mm height. After
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Figure 5.13: Pressure change with crank angle (left) and flame radius (right) at spark
timing 10o bTDC and an engine speed of 100 rpm with different equivalence ratios.
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expansion, the spherical flame contacted the cylinder head wall and piston surface, the

curvature of flame front became flat, thus the flame could be considered as a cylindrical

flame. During flame propagation from 10 to 20 mm, the volume height changed only

about 0.4 mm, which is equal to 5% of the total volume. This combustion process can be

considered to be a constant volume process.

The flame speed as a function of stretch rate for stoichiometric flame at the engine

speed 100 rpm was calculated using equation 2.28, and shown in Figure 5.15. It can be

seen that there was an acceleration of flame speed during flame radius was 5 mm to

10 mm, and a deceleration near the wall. Therefore, the experiment data influenced by

ignition, and wall confinement region should be excluded.

5.2.5 Burning velocities

The development of the flame radius was determined from CH* chemiluminescence pho-

tographs collected in Section 5.2.3. The method has been described in Section 4.2.1. Dif-

ferent equivalence ratios flame radius histories were grouped and shown in Figure 5.16.

The effects of mixture stoichiometry on the cycle variability are identical to those ob-

served from the pressure traces.

The flame radius is close to a linear function of time in the middle of flame develop-

ment. The initial flame development is influenced by the spark until the flame developed

to a radius of approximately 8 to 10 mm, while the flame radius decelerated near the wall.

Thus, the initial and final stages were excluded from the burning velocity calculation. The

mean value of stretched flame speed Sn of each firing cycle was determined as a value

equal to the slope of the linear-fit line for the flame radius between 10 mm and 20 mm.

The burning velocity was further derived as U = (ρb/ρu)Sn, and the value of

the thermal expansion ratio was calculated for the converted values of pressure using

LUSIEDA software. This burning velocity is affected by stretch and instability. The mean

and first standard deviation values of burning velocities at different equivalence ratios

were shown in Figure 5.17. The lean mixture has lower burning velocities of 0.6 m/s and

0.8 m/s, while rich and stoichiometric mixture exhibit almost the same burning velocities

of 1.1 m/s. These values will be compared to the other measurements in the following

Sections.
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Figure 5.16: Flame radii development at different equivalence ratios at an engine speed
of 100 rpm.
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5.3 On a turbulence free burning velocity in engines

It has been shown in Section 5.1 that there exists an almost linear relationship between

the engine speed and RMS flow velocities in the cylinder. Turbulence-free flow can be

assumed at a zero engine speed. Here, we explore a new method of measuring a laminar

burning velocity at turbulence-free conditions, the method is based on extrapolating the

burning velocities from different engine speeds. In order to maintain the same initial

pressure and temperature conditions, the spark ignition timing has to be adjusted.

Because of knock occurrence at early advanced spark timing, for this new method,

the spark timing was generally set after the Top Dead Centre. The spark timing, at which

in-cylinder pressure attains 15 bar, was chosen. With increasing the engine speed, the in-

cylinder peak motoring pressure also increases, thus the spark timing has to be retarded

into the expansion stroke. Four engine speeds have been selected: 150 rpm, 200 rpm, 250

rpm, and 300 rpm. The peak pressure at 100 rpm was lower than 15 bar, so this speed

was excluded from the extrapolation and used only for comparison analysis.

The pressure selected for ignition, P0=15 bar, was slightly below the peak motoring

pressure and it could have been achieved at either 6oCA bTDC or at slightly differing

times after TDC, see the annotated lines in Figure 5.18. Obviously, the peak pressure

is very sensitive to the spark timing around the TDC. In order to match not only the

pressure but also the temperature for different engine speeds, a set of calculations was

undertaken using LUSIEDA, and the resulting pressure-temperature history is shown in

Figure 5.18 (d), together with the indication of the in-cylinder charge state at the spark

timing. Although the difference of temperature exists at TDC, the temperatures of the 4

conditions are similar at the spark timing with a high value 606 K.

Shown in Figure 5.19 are CH* images of growing flame at stoichiometric equiva-

lence ratio at engine speeds from 150 rpm to 300 rpm. With increasing the engine speed,

the mean and RMS flow velocities increase, shown in the Section 5.1. Although the flame

kernels for 4 engine speeds look similar for a short while after ignition, the flame quickly

becomes wrinkled, presumably because of turbulence at higher engine speed. Mean-

while, the flame also travels at a faster speed. This can be seen from Figure 5.19 which

shows the flame shape taken at approximately the same flame size while the time re-

quired to reach this stage is shown in the annotations. It is appropriate to notice that,

even though a higher engine speed means faster flame, the increase is not linear. At a

low engine speed, the flames show a small regular curved flame structure during the

flame propagation, while with stronger turbulence they have irregularly and strongly



Chapter 5 110 Iso-octane burning velocity in SI engine

−10 −5 0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40

45

50

55

60

65

−6bTDC 5aTDC
8aTDC

10aTDC

Crank Angle [deg]

P
re

ss
ur

e 
[b

ar
]

 

 

φ=0.8
RPM150
RPM200
PRM250
PRM300

(a)

−10 −5 0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40

45

50

55

60

65

−6bTDC 5aTDC
8aTDC

10aTDC

Crank Angle [deg]

P
re

ss
ur

e 
[b

ar
]

 

 

φ=1.0
RPM150
RPM200
PRM250
PRM300

(b)

−10 −5 0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40

45

50

55

60

65

−6bTDC 5aTDC
8aTDC

10aTDC

Crank Angle [deg]

P
re

ss
ur

e 
[b

ar
]

 

 

φ=1.2
RPM150
RPM200
PRM250
PRM300

(c) (d)

Figure 5.18: Mean pressure trace at different engine speeds and equivalence ratios with
the same pressure at spark timing. The histories of pressure and temperature at these
engine conditions are shown in (d).

curved fronts. A similar set of CH* flame images for rich flame at equivalence ratio of 1.2

are shown in Figure 5.20.

The method employed to derive the burning velocity from each firing cycle is the

same one described in the Section 5.2.5. There were 30 cycles captured at each condition,

and the mean value and the first standard deviation of burning velocities were plotted

in Figure 5.21. The extrapolation method was applied using mean values at each engine

speed, and the values at zero rpm were presented in the same Figure. As expected, the

burning velocity decreases with the reduction of engine speed at equivalence ratio 0.8

and 1.0. The burning velocities are estimated as 0.78 m/s at equivalence 0.8, and 0.94

m/s at equivalence 1.0. Nevertheless, it is surprising that the burning velocity increases

with the engine speed decreasing at the equivalence ratio 1.2 case.
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Figure 5.19: Typical CH* chemiluminescence images (colour inverse) captured at stoi-
chiometric equivalence ratio at different engine speeds.
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Figure 5.21: Extrapolation of flame speeds using mean burning velocities from different
engine speeds at equivalence ratios 0.8, 1.0 and 1.2. The error bar is the standard devia-
tion of burning velocities at each condition.

By applying a similar method to that described in Section 5.2.3, the flame brush

thickness during the flame propagation was characterized. The flame thickness was de-

rived from the gradient of the image pixel intensity along the flame radius. The directions

of a sliced sections have been shown in Figure 5.22. Comparing the values of flame thick-

ness at equivalence ratio of 1.0 and 1.2 with different engine speeds, it can be seen that

there is a significant increasing of flame thickness at the stoichiometric case from δm =

1.3 to 2.0 mm, while this tendency is not obvious for the equivalence ratio 1.2. The flame

instability may compensate the turbulence influence at rich mixture. This finding needs

more data to be validated. However, this phenomena would not bring a large error in

the measured burning velocity, since the slope of extrapolation at equivalence ratio 1.2 is

very small.
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Figure 5.22: Comparison of flame brush thickness derived from Figure 5.19 for stoichio-
metric ϕ = 1.0 and Figure 5.20 for rich mixture ϕ = 1.2.
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5.4 Laminar flame speed correlations and simulation

The laminar burning velocity of iso-octane fuel has been widely measured in constant

volume combustion vessels (Bradley et al. [1998]; Galmiche et al. [2012]; Jerzembeck et al.

[2009]; Metghalchi and Keck [1982]. Nevertheless, the current measurement pressure and

temperature conditions are outside the range that can be obtained in these bomb exper-

iments as shown in Figure 5.23. The available experiment data from the literature also

could not cover the real boosted engine operation region, used in this work. In order to

validate the measurement results, correlation equations and computer modelling method

were used. First, various correlation equations for laminar flame speed and a chemical

reaction mechanism were evaluated by the experimental data from bomb at the low pres-

sure and temperature range in this Section. Then the calculated data were extended to

the current high pressure and temperature experimental conditions to compare the mea-

sured data in the next Section.

5.4.1 Experimental data review

Outwardly propagating flame configuration has been proven to be the most suitable for

high pressure flame speed measurements. Iso-octane burning velocities of laminar flame

at elevated pressures are often measured in a constant volume vessel. Early works in-

clude those of Metghalchi and Keck [1982], and Ryan and Lestz [1980]. They derived the

burning velocities from thermodynamic analysis of the pressure rise in a bomb. Even

though effects of flame stretch and hydrodynamic instabilities might be included in these

measurements, they were neglected for a long time. Recent works, e.g. Bradley et al.

[1998], and Jerzembeck et al. [2009], applied optical methods to record the flame propa-

gation process, hence it can be considered to be the direct measurement of the stretched

laminar flame propagation speed. Here, four sets of experimental data for iso-octane

laminar burning velocities were used to validate the correlation equations and chemical

reaction simulation at the low pressure, these experimental data are from four research

groups, and they are listed in Table 5.1.

All reviewed experiments were conducted in constant volume combustion ves-

sels or bombs, of different sizes and shapes. The spherical stainless steel bomb in Leeds

(Bradley et al. [1998]) has the large inner diameter of 380 mm and optical windows of

150 mm diameter, and it is capable of withstanding initial pressures of up to 15 bar and

initial temperatures of up to 500 K. The air and fuel were mixed using four fans driven

by electric motors. Galmiche et al. [2012], carried out experiment in a similar spherical
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Figure 5.23: Comparison of experimental conditions in this study with available experi-
ment data of iso-octane laminar burning velocity from bomb experiments in the literature
(Bradley et al. [1998]; Galmiche et al. [2012]; Jerzembeck et al. [2009]; Kelley et al. [2011]).

Table 5.1: Previous high pressure iso-octane air laminar burning velocity studies.

Investigators Equivalence
ratio

Pressure
[bar]

Temperature
[K] Closed vessel size

Bradley et al. [1998] 0.8,1.0 1-10 358-450 380mm spherical
Jerzembeck et al. [2009] 0.7-1.2 10-25 373 100mm spherical

Kelley et al. [2011] 0.7-1.7 1-10 353 82.55mm cylindrical
Galmiche et al. [2012] 0.8-1.1 1-10 323-473 200mm spherical
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combustion bomb relying on molecular diffusion for mixture preparation. The inner di-

ameter of the bomb used in his experiment was 200 mm, and the initial pressure inside

the combustion chamber was limited to 10 bar. Jerzembeck et al. [2009], used a small

bomb with inner diameter 100 mm, and optical windows 50 mm. The maximum initial

pressure achieved in his experiment was up to 25 bar. Kelley et al. [2011], developed

a dual-chamber cylindrical vessel. The outer chamber has 273 mm inner diameter and

304.8 mm length, the inner chamber was 82 mm inner diameter and 127 mm length. Two

quartz windows (114 mm diameter) were installed at the both end sides. The maximum

pressure was claimed to achieve 60 bar, however the data for iso-octane presented in their

published work was at 10 bar.

During experiments at the constant volume vessel, fuel and air mixture were ig-

nited at the centre, and schlieren photography was applied to record the progress of

flame development. The mean flame radius was derived from each schlieren image. The

laminar flame speed could be calculated as the rate of change of flame radius with time.

Only images of laminar flame propagation without ignition effect and captured before

the onset of flame instability were used (Bradley et al. [1998]). Bradley et al. [1998] ap-

plied a first order least-squares fit through four adjacent radii to obtain a flame speed,

then derived an unstretched laminar burning velocity using a first-order fitted Markstein

length as described in Section 2.2.1.2. Jerzembeck et al. [2009] adopted the similar way

to process the data. Both Kelley et al. [2011] and Galmiche et al. [2012] used a nonlinear

extrapolation method to obtain the unstretched laminar burning velocities.

5.4.2 Evaluation of modelling methods

A widely used laminar flame speed correlation expression has been proposed by Met-

ghalchi and Keck [1982], which is a simple power law equation with reference temper-

ature T0 and pressure P0 with two exponents α and β. these parameters were obtained

using pressure traces recorded in a bomb.

ul = (Bm +B2(ϕ− ϕm)2)

(
Tu

T0

)α( P

P0

)β

(5.1)

where ul is the laminar burning velocity, Tu is the unburnt gas temperature (K) and P

is the pressure (bar). ϕ is the equivalence ratio. Similar expression was proposed by Al-

Shahrany et al. [2005] using schlieren images recorded from two opposite propagating

flames in a constant volume bomb. For an iso-octane-air mixture, the input parameters
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Table 5.2: The range of applicability and data resource of different correlations.

Investigators Equivalence
ratio

Pressure
[bar]

Temperature
[K] Data source

Metghalchi and Keck [1982] 0.8-1.5 0.4-50 298-700 Experiment
Al-Shahrany et al. [2005] 0.8-1.4 5-30 358-470 Experiment

Martz et al. [2011] 0.1-1.0 1-250 298-1000 Simulation

Table 5.3: Constants for Equation 5.1 for iso-octane-air mixtures.

Item Metghalchi and Keck
[1982]

Al-Shahrany et al.
[2005]

α 2.18-0.8(ϕ-1) 1.16-3.33(ϕ-1)
β -0.16+0.22(ϕ-1) -0.30+0.42(ϕ-1)

P0 [bar] 1bar 5bar
T0 [K] 298 K 360 K

Bm [m/s] 2.632 0.32
B2 [m/s] -8.472 -1.07

ϕm 1.13 1.11

calculation are listed in Table 5.3. Another kind of laminar burning velocity correlation is

based on an asymptotic analysis of flame structure, and the coefficients of equations are

derived by fitting some approximate formulas with the data from numerical simulation.

This type of correlation was proposed by Muller et al. [1997], and further developed by

Martz et al. [2011] using a 215 species chemical kinetic mechanism to simulate steady

laminar burning velocity in a wider range of equivalence ratios, unburnt gas tempera-

tures, and pressures compared to the experiment, see Table 5.2. These data set were fitted

depending on following Equations (Martz et al. [2011]), with the fit parameters listed in

Table 5.4.

Sl = F (Y u
f )Mexp(−G/T 0)

(
Tu

T 0

)(
Tb − T 0

Tb − Tu

)n

(5.2)

where Y u
f represents the fuel mass fraction of the unburnt gas, Tb and Tu are burnt and

unburnt gas temperatures. The inner layer temperature T 0 is calculated:

T 0 =

(
−E

ln(p/B)

)(
Y u
f + C7

)C8 + C9Tu + a1p
a3

(
(Y u

f )a2 − Y a2
f,stoich

)
(5.3)
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Table 5.4: Constants for Equations 5.2, 5.3 and 5.4 for iso-octane-air mixtures.

F[cm/s] M G[K] n B[bar] E[K]

280583 2.0837 -1375.3 4.9991 2.52E+10 81006
C7 C8 C9 a1 a2 a3

0.01599 0.4539 0.3218 0.72 -1.1 0.1
c d e f g

2638.1 194.6 -773.045 -0.34968 0.3432

Burnt adiabatic flame temperature, Tb, is calculated from the Equation:

Tb = Tu + ϕ(c+ dϕ+ eϕ2 + fTu + gp) (5.4)

Unstretched laminar burning velocity also can be calculated by using one dimen-

sional adiabatic planar premixed flame simulation codes, such as the PREMIX in the

CHEMKIN II package (Robert [1989]) with a number of elementary reaction mechanisms.

In this study, a 99 species reduced mechanism for iso-octane/air mixture created by Yoo

et al. [2013] was employed, and PREMIX code was used to simulate the laminar flame

burning velocities. This mechanism was reduced from a detailed kinetic mechanism and

has been applied to characterize the ignition process under HCCI and SACI engine con-

ditions. The reaction mechanism should be carefully validated before applying them to

laminar flame speed calculations. Furthermore, the effects of flame stretch and instabili-

ties, which would typically be present at the elevated temperatures and pressures, were

not included in these calculated burning velocities. It is not clear what the relationship

of the idealised flame speed from such simulations to engine conditions where flamelets

are subjected to curvature and instabilities. In the following content, the laminar flame

correlation equations and adopted chemical kinetic mechanism are compared with the

reviewed experimental data, to evaluate the performance of these modelling methods.

First, the two published iso-octane experimental data and four laminar burning

velocity correlation expressions were compared at 358 K, 1 bar over a range of equiv-

alence ratios as shown in Figure 5.24. These results represented the unstretched and

stable laminar burning velocities, except the ones from Metghalchi and Keck [1982]. In

their experiment, the effects of stretch and instability on the flame front were not cor-

rected. However, their correlation gives slightly lower values at atmospheric conditions.

The maximum difference predicted from the burning velocity correlation equations at

stoichiometric was about 20 cm/s. For lean and rich flames, the divergences decreased

moderately. By comparing the two sets of experiment data they have close values at
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Figure 5.24: Laminar burning velocity correlations and experimental data compared at 1
bar and 353 K across a range of equivalence ratios.
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Figure 5.25: Laminar burning velocity correlations and experimental data compared at
10 bar and 353 K across a range of equivalence ratios.
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stoichiometric, but about 10 cm/s difference at the lean condition (0.8). The values of

burning velocity using the chemical kinetic mechanisms are located between two sets of

experiment data. By increasing pressure to 10 bar with temperature at 353 K, as shown in

Figure 5.25, the divergences between all the results became smaller at lean and stoichio-

metric sides. Martz’s correlation corresponds well with the measurements of Jerzem-

beck’s experiment, while chemical kinetic mechanisms results are closer to Galmiche’s

experiment.

Shown in Figures 5.26 is a comparison of the different laminar burning velocity ex-

pressions and experimental data over a wide temperature range. All the expressions ex-

hibit an increasing tendency when the temperature increases. Laminar burning velocities

of iso-octane in a wide range of temperature were only found in Galmiche’s experiment.

The differences between the results are not significant for low to intermediate tempera-

tures compared to their values at high temperature (above 500K). Correlation equations

show a large scatter at high temperature. The correlation equation of AI Shahrany pre-

dicts significantly lower values than the other correlation equations. The steepest temper-

ature gradient was shown in Metghalchi and Keck’s equation. The temperature evolution

predicted by Martz’s equations, and the chemical kinetic mechanisms, are very similar.

It is hard to draw a conclusion on high temperature effects on flame because of the lack

of experimental data.

The burning velocities are displayed on a logarithmic coordinate system with pres-

sure change at temperatures around 373 K in Figure 5.27. All expressions show similar

drop slops in the burning velocity with pressure increasing, with the exception of the

correlation of Metghalchi and Keck, which showed a slowly burning velocity decreasing

compared to the others at high pressure. Higher burning velocity was predicted by Met-

ghalchi and Keck’s equation, possibly due to the inclusion of cellular flames. The values

of other correlations are higher than the data from Kelley and Galmiche’s experiment,

but have the best match with the data from Jerzembeck’s experiment at high pressure.

Jerzembeck and Galmiche’s data have shown about a 10 cm/s difference at a pressure

of 10 bar. This difference could be attributed to the effects of confined volume and ex-

trapolation method. Even using the same extrapolated method, Kelley’s results are still

higher than Galmiche’s, therefore the size of vessel volume has an effect on measurement

of laminar flame burning velocity.

It can be concluded that these correlations can predict the tendency of laminar

flame behavior with temperature and pressure. Martz’s equations have a good predic-

tion at low pressure for unstretched and stable flames. Metghalchi and Keck’s correlation

equation over predict the burning velocity at high temperature and pressure, it is prob-
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Figure 5.26: Laminar burning velocity correlations and experimental data compared at
10 bar and equivalence ratio 1 across a range of temperatures.
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Figure 5.27: Laminar burning velocity correlations and experimental data compared at
373 K and equivalence ratio 1 across a range of pressures.
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ably due to existence of stretch and instability in the measured flame. AI Shahrany’s

correlation equation might not be accurate at high temperature. When comparing the

calculation results using the chemical kinetic mechanisms to the experimental burning

velocity values, it can be seen that it has similar prediction as Martz’s correlation equa-

tions. Because Martz’s equations was derived from massive data using chemical kinetic

mechanisms calculation, essentially, they employed the same method.

5.5 Comparison of experimental and numerical results

Comparing current measured burning velocities to predicted values from correlation

equations at high temperature (600 K) and pressure (15 bar) in Figure 5.28, it was seen

that the measurements in this study were higher than all calculation results at different

equivalence ratios. The values extrapolated from different engine speeds have lower val-

ues than the ones directly measured from 100 rpm except for the rich mixture case. The

difference between direct measurement and extrapolation at 100 rpm can be negligible.

Although the values derived from extrapolation method are lower than that from

direct measurement, they are almost twice higher than the predicted values from Martz’s

correlation equations and chemical kinetics simulation. This means that turbulence-free

environment is just one of pre-requisitions for accurate measurement of laminar flame

speed. Flame speed are strongly affected by flame stretch, instability or other factors.

For iso-octane-air mixtures at high temperatures and pressures, the Markstein number is

low (Bradley et al. [1998]), hence neglecting the stretch effect on laminar burning velocity

may not be too serious. Gerke et al. [2010] measured the hydrogen burning velocities in

a single-cylinder compression machine at high pressure, and estimated an approximate

speed ratio of 2, between the unstable laminar flame speed acquired from experiments

and the simulated stable laminar flame speed for stoichiometric mixtures. This agrees

well with the results presented here. Instabilities which arise at increasing pressure, may

play an important role on flame speed, and it results in an acceleration of the flame speed.

It should also be noted that the measured values are higher than those predicted

from Metghalchi and Keck’s correlation equation, which may have included instabil-

ity and stretch effects. Burke et al. [2009] reported that flame speed could be changed

through more wrinkled flame surface induced by the thermal expansion near the wall.

The size of combustion vessel has a great effect on determination of the laminar flame

speeds. This effect can be observed on flame measurement by comparing the experi-

mental data from different size bombs at the same pressure and temperature condition.
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Figure 5.28: Laminar burning velocity expressions and experimental data compared at
15 bar and 600 K across a range of equivalence ratios.

This difference could reach 10 mm at high pressure of 10 bar when the cylinder size was

halved in Galmiche’s and Jerzembeck’s experiment, see Figure 5.27. This might explain

the difference between the measured value and that predicted one of Metgakhatchi and

Keck’s correlation equation. Their original data were from a spherical bomb with inner

diameter 152.4 mm, while the bore size of the LUPOE engine is only 80 mm, height is

about 8 mm.

In the combustion literature, a successful measurement of laminar flame usually

is defined at these conditions (Kelley et al. [2011]): the experiment must be conducted

at a nearly constant pressure and turbulence-free condition, must ensure that no cellular

structure on the flame surface, and the effects of stretch need to be processed properly.

Therefore, the flame radii are measured only before the onset of instability, or applying

correction method to derive a stable flame speed (Al-Shahrany et al. [2005]). The mea-

sured stretched cylindrical laminar burning velocities also need to be corrected by using

the Markstein length. However, it might be hard to apply these corrections in this study.

First, the small volume of the engine chamber could not be seen as a constant pres-

sure process. At this condition, the confined small volume would have a significant effect

on flame propagation. Second, the flame instability may occur immediately after ignition,
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which can accelerate the flame speed. At the same time, ignition had similar influence on

the flame speed. Therefore, it was hard to determine if the flame speed was accelerated

by the flame instability or ignition in the initial stage, see Figure 5.15. Lastly, the cylindri-

cal flame would have a large area contacting with the cylinder head and piston surface

during flame propagation. The expansion gas in front of the flame front may push the

air-fuel mixture, and the viscous boundary conditions can lead to velocity variations be-

tween flame front in the middle plane of chamber and the walls. The flame front may be

bent in the contact places under these effects. This can accelerate the flame speed. How

large the effects will be induced by this phenomenon has not been studied for the engine

condition.

In conclusion, it has been shown that the flame speed, measured at a turbulence-

free engine environment, can reach high values compared to that measured from con-

stant volume combustion vessels. This is mainly due to flame instability and small con-

fined volume. It is unreliable to apply the correction methods to correct the current

measured ”quasi-laminar” burning velocity to unstretched and stable burning velocity

directly. However, since there existed a large difference of burning velocity between sta-

ble and unstable flames at engine relevant pressure and temperature conditions, it worth

considering whether the influence of flame front instabilities should be included in lam-

inar burning velocity, before putting it into a turbulent combustion model. This requires

further investigation with the turbulent flame studies.



Chapter 6

Flame development in a boosted

engine

Understanding the influences of high pressure on the flame dynamics and structure are

crucial for designing new efficient ”Downsizing” spark ignition engines. The effects of

highly boosted initial pressure on unsteady flame development, turbulent burning veloc-

ity and flame structure at the same condition of turbulence intensity have been investi-

gated experimentally in this Chapter. The measurements were performed in the boosted

optical engine LUPOE 2D with an independently controlled exhaust system valve de-

tailed in Chapter 3. The turbulent intensity and the integral length scale were character-

ized by two-dimensional Particle Image Velocimetry (PIV). High speed CH* chemilumi-

nescence imaging method was applied to record the flame front position, combined with

a ”reverse” thermodynamic analysis engine model, burning rate and flame brush thick-

ness can be obtained. The structure of the flame front at high pressure and its response to

pressure effects have been further investigated using a laser sheet visualization method.

The detailed cross section flame front topology was observed. Wrinkle and curvature of

the flame front were characterized to compare the flame shapes under different boosted

initial pressures.
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6.1 Engine operation condition

The LUPOE 2D boosted engine can be boosted by two methods. The first method is to

increase the inlet flow mass rate. It is widely used in most boosted engine experiments

(Landry et al. [2008]; Merola et al. [2007]). Compared with the lifted valves engine, the

turbulence generated by the jet-type intake of LUPOE 2D engine shall be more sensitive

to the inlet flow velocity. Increasing the inlet flow velocity may result in the turbulence

intensity increasing. The second method is to use the exhaust valve described in the

previous Chapter 3; the LUPOE 2D engine can gain the higher initial pressure at the

same flow rate setting through extending the time during which the exhaust valve closed

before a firing cycle.

An initial inlet pressure map for the boosted LUPOE 2D engine has been developed

and it is shown in Figure 6.1 for different combinations of inlet flow rate and exhaust

valve closing time. The engine was fired at a speed of 750 rpm. At this speed, each

cycle lasts 80 ms. It can be seen that the initial pressure does not change significantly

when the exhaust valve closes one cycle before firing. This is because of the small flow

rate and delay time of exhaust valve, about 15 ms. Due to the skip firing cycles, the the

exhaust valves closing time can be advanced further before the firing cycles. Under the

same condition of valve closing time, the initial pressure increases rapidly with the flow

rate. However, the flow rate has to be increased up to 50% in order to increase the initial

pressure 1.6 to 2.0 bar. Such a change might affect the turbulence intensity at the same

time.

The maximum initial pressure shown in the map is approximately 4 bar, see Figure

6.1. Analysis of this Figure shows that when the mass flow rate is changed at a constant

number of cycles before the firing one during which the exhaust valve is closed, it will

change at the same time the turbulence and the initial pressure. However, by a simultane-

ous variation of the time of the exhaust valve closure and the flow rate, one may achieve

the same inlet pressure at different turbulence strengths. This has been attempted in the

present work. These assumptions are confirmed by using Particle Image Velocimetry

(PIV) in the following Section.

Most experiments in this work have been done with conditions shown in the first

column of the map, the initial pressures of these points are 1.6 bar, 1.8 bar and 2.0 bar,

respectively, these cases are denoted as Pi16, Pi18, Pi20. In order to test the flow rate

effects, other two conditions were also used, which have almost same initial pressure,

but higher inlet flow rates, these are denoted as Pi18ref, Pi20ref. These five conditions are

listed in Table 6.1.
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Figure 6.1: Initial inlet pressure map with different inlet flow rates and exhaust valve
operation times.

Table 6.1: Selected LUPOE 2D engine operation conditions.

Item value

Baseline Pi16
Initial pressure (Pi) 1.6 bar

Flow rate each inlet (FR) 5.2 g/s
Exhaust valve (EV) open

Spark timing 2o bTDC
Equivalence ratio 1

Engine speed 750 rpm
Fuel Iso-octane

Method 1 Increasing air charging time
Pi18 Pi=1.8 bar, EV closes 2 cycles before firing
Pi20 Pi=2.0 bar, EV closes 3 cycles before firing

Method 2 Increasing inlet flow rate
Pi18ref Pi=1.8 bar, EV open, FR 25% increase
Pi20ref Pi=2.0 bar, EV open, FR 50% increase
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The LUPOE 2D engine was set to run at the following reference conditions: equiv-

alence ratio was 1, engine speed was 750 rev/min, sparking timing was 2o bTDC (before

Top Dead Centre). The tested fuel was 100% iso-octance. All conditions were selected

in the non-knocking region, in order to avoid the abnormal combustion affecting on the

flame propagation. Pi20ref is the condition which is the closest to the knock boundary.

The knock boundary map of the LUPOE 2D boosted engine is presented in Chapter 7.

100 cycles have been recorded in each experimental condition for statistical analysis. The

number of cycles required to compare the variance of engine pressure cycles has been

investigated by Hussin [2012]. He found there was not a significant change of statistical

results when more than N/7.5 cycles were used for the LUPOE 2D engine, N is the engine

speed. Intake and cylinder head temperature were all kept at 323 K. When the temper-

atures were set below 40oC, an unsteady air fuel mixture strength would happen due to

condensation of fuel on the wall surface of the intake pips (Dawood [2010]), while these

temperatures were set above 60oC, high initial temperature would cause occurrence of

knock and increase the risk of the optical window damage. For all engine experiments,

its skip-fire ratio was set at 20, sufficient for effective exhaust scavenging with no occur-

rence of the run-on phenomenon.

6.2 Flow characteristics in boosted LUPOE 2D engine

This Section examines whether the installed exhaust valve has the ability to boost the

initial pressure and control the turbulence at the same time. Increasing the pressure by

flow rate was also tested to validate the assumption that the inlet flow rate might change

the turbulent flow significantly in the LUPOE 2D boosted engine.

6.2.1 Individual cycle

A snapshot of the flow velocity field captured using PIV system at the condition Pi20 is

shown in Figure 6.2 in the form of vector and scalar maps. The measurement was taken at

2o bTDC in the mid plane of the clearance volume. The flow structure changes from cycle

to cycle, as mentioned in Chapter 3, the engine was designed to eliminate the strong bulk

flow and make the flow uniform. It is clearly shown in this Figure that there does not

exist a swirl structure, and no significant flow direction could be observed. The large and

small vortices distribute all over the field homogeneously. These vortices have a spatial

dimension of order of 5-10 mm. The flow velocity decreases near the wall. The accuracy
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of velocity values near the image edges may be degraded by the laser light reflections

from the curved side windows and cylinder wall.

The velocity probability density functions (pdf), over the entire flow field of Figure

6.2, is shown in Figure 6.3. This Figure also shows the inlet and exhaust port positions

and their coordinates. This coordinate definition was used in the following sections for

the PIV measurements. The mean velocity along the Y direction is close to zero, while

the velocity along the X direction is slightly skewed towards positive values. The proba-

bility of large velocity fluctuations is low, as is the frequency of their occurrence, e.g. the

probability of the instantaneous velocity attaining the value of 5 m/s is 1%.

The energy density spectrum of this individual turbulence flow field also was cal-

culated and shown in Figure 6.4. The wave number distributes in the region of 10−2 − 10

mm−1. The -5/3 power law can be seen in the large length scale region of energy den-

sities spectrum, which agrees with the energy density spectrum of flow fields measured

from in the constant combustion vessel (Scott [1992]) and burner (Kobayashi et al. [2002]).

The position of the engine bore size, the estimated integral length scale li of 10 mm and

Taylor length scale lt of 0.2 mm are also marked in this Figure. The measured eddies size

are between the integral length scale and Taylor length scale, the eddies smaller than the

Taylor length scale could not be resolved by the current PIV system.

6.2.2 Compression stroke process

In-cylinder flow was measured during the compression stroke before the spark at the en-

gine speed of 750 rpm. The measurements were taken in the mid plane of the clearance

volume. Ensemble averaging was adopted to calculate the mean and RMS (Root Mean

Square) flow velocity at each grid point in the measurement plane from about 100 cy-

cles. Such spatial ensemble evaluation was considered to be a suitable way to investigate

the turbulence structure in the engine cycle experiments (Larsson [2009]). The detailed

calculation process has been presented in Section 4.1.3.

Calculated fields of mean and RMS (Root Mean Square) velocities during the com-

pression stroke are shown in Figure 6.5 for the initial pressure of 1.6 bar case. From the

top to bottom of this Figure, illustrated are times 40o bTDC, 20o bTDC, 10o bTDC and 2o

bTDC, suitable for spark timing. Turbulence in this time period range has a strong effect

on subsequent combustion. In general, as the piston approached the TDC position, the

mean and RMS turbulent velocity decreased. A strong turbulence intensity of 2 m/s was
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Figure 6.2: A snapshot of flow velocity field captured by PIV for the condition Pi20,
illustrated in the form of vector (left) and scalar (right) maps.
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evident at the beginning of the compression stroke and reduced to approximate 1 m/s

near the TDC position.

No significant swirl motion can be observed. Comparing to the individual flow

field, one significant difference is that the patchy structures can be seen in the images,

this might be caused by the ensemble data processing. From the mean flow field, the

velocities near the exhaust pipe side have higher mean velocities than those on the other

side. In the RMS flow field, there is clearly strong turbulence near the inlet (on the lower

part of the picture), also, much smaller values at the exhaust. From a previous study

(Cairns [2001]), the tumble motion may exist during engine charge in the LUPOE engine

and it is dissipated during the compression stroke. Moreover, each inlet air flow rate has

been separately and accurately controlled by mass flow meters, but the new seeding flow

was controlled only by one flow meter and then separated into two channels to each inlet.

This configuration may potentially lead to uneven flow rates between the intakes.

It also needs to be noted that the spark plug and reflections from it, may cover

the centre and partially right side area, leading to some erroneous and missing velocity

vectors near these areas. Nevertheless, there is no significant directional flow motion

observed near the TDC, when the piston is very close to the cylinder head, and the tumble
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Figure 6.5: Flow fields of mean (left) and RMS (right) velocity during compression stroke
at 40o bTDC, 20o bTDC, 10o bTDC, 2o bTDC (from top to bottom), in the LUPOE 2D
boosted engine running at a speed of 750 rpm, the inlet initial pressure was 1.6 bar.
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effects can be neglected. The spatial variation of the RMS velocity also was lower than

1.0 m/s, therefore, the turbulence in the LUPOE 2D boosted engine might be assumed as

locally homogeneous and isotropic, especially in the proximity of the spark plug.

6.2.3 Effects of inlet flow rate and pressure

In order to compare the effects of the inlet flow rate on flow velocities, approximately

100 cycles of flow field measurement were collected at 2o bTDC under 5 conditions listed

in Table 6.1, where the initial pressure for the test cases Pi20, Pi20ref are 2.0 bar; Pi18,

Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow rate for the three test cases Pi16, Pi18,

Pi20 equals 5.2 g/s, for the case Pi18ref, it is 6.48 g/s, and Pi20ref equals 7.77 g/s. The

clearance height is about 8 mm at the instant when the PIV image is taken.

Flow fields of the ensemble mean and RMS velocities for 5 conditions near the

TDC position are shown in Figure 6.6 and Figure 6.7. The baseline condition is Pi16, at

the same flow rate, the initial pressure can be increased to 1.8 bar (Pi18) and 2.0 bar (Pi20)

by closing the exhaust valves 2 cycles and 3 cycles before a firing cycle. Effectively, this

procedure pressurizes the volume between the liner and barrel, together with the exhaust

pipe between the exhaust valves and the barrel.

Meanwhile, an increase of the flow rate by 25% and 50% in each inlet can boost the

inlet pressure to 1.8 bar (Pi18ref) and 2.0 (Pi20ref) bar, respectively. The seeding flow rate

also needs to be carefully adjusted in order to keep the total air mass flow rate constant.

It can be seen from Figure 6.7 that all five conditions show similar flow structures. Distri-

bution of the RMS values gradually decreases from the centre spark position towards the

cylinder wall, especially for the right and left sides. The magnitude and distribution of

turbulence intensity were very similar when using the exhaust valve. The flow structure

tends to be more homogeneous under higher inlet flows.

Figure 6.8 and Figure 6.9 show the averaged mean and RMS flow velocities along X

and Y axes from the flow fields in Figure 6.6 and Figure 6.7. The first standard deviation

of these flow fields were also calculated and indicated as error bars. The definition of the

X axis and Y axis is the same as the one used in Figure 6.3. It can be seen that velocity

components along the X axis have near zero mean velocity, which indicate a balance

of flow between the opposite inlets. Velocity components along the Y axis seem to be

higher on the side opposite to the exhaust port; they increase with the inlet flow rate. The

standard deviation of the mean flow value also increased with the increasing inlet flow.

The mean flow velocity at baseline Pi16 was the lowest.



Chapter 6 135 Flame development in a boosted engine

−40
−40

−35

−35

−30

−30

−25

−25

−20

−20

−15

−15

−10

−10

−5

−5

0

0

5

5

10

10

15

15

20

20

25

25

30

30

35

35

40

40

[mm]

Pi20

−40
−40

−35

−35

−30

−30

−25

−25

−20

−20

−15

−15

−10

−10

−5

−5

0

0

5

5

10

10

15

15

20

20

25

25

30

30

35

35

40

40

[mm]

Pi20_ref

−40
−40

−35

−35

−30

−30

−25

−25

−20

−20

−15

−15

−10

−10

−5

−5

0

0

5

5

10

10

15

15

20

20

25

25

30

30

35

35

40

40

[mm]

Pi18

−40
−40

−35

−35

−30

−30

−25

−25

−20

−20

−15

−15

−10

−10

−5

−5

0

0

5

5

10

10

15

15

20

20

25

25

30

30

35

35

40

40

[mm]

Pi18_ref

−40
−40

−35

−35

−30

−30

−25

−25

−20

−20

−15

−15

−10

−10

−5

−5

0

0

5

5

10

10

15

15

20

20

25

25

30

30

35

35

40

40

[mm]

Pi16

Figure 6.6: Flow fields of mean velocity at 2o bTDC in the LUPOE 2D boosted engine
running at a speed of 750 rpm, the initial pressure for the test cases Pi20, Pi20ref are 2.0
bar; Pi18, Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow rate for the three cases Pi16,
Pi18, Pi20 equals 5.2 g/s, for the case Pi18ref, it is 6.48 g/s, and Pi20ref equals 7.77 g/s.
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Figure 6.7: Flow fields of RMS velocity at 2o bTDC in the LUPOE 2D boosted engine
running at a speed of 750 rpm, the initial pressure for the test cases Pi20, Pi20ref are 2.0
bar; Pi18, Pi18ref are 1.8 bar, Pi16 is 1.6 bar. Air mass flow rate for the three cases Pi16,
Pi18, Pi20 equals 5.2 g/s, for the case Pi18ref, it is 6.48 g/s, and Pi20ref equals 7.77 g/s.
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A similar tendency also was observed in the RMS velocities in Figure 6.9. Increas-

ing the inlet flow rate can cause a stronger turbulence intensity. The averaged RMS ve-

locity at Pi16 was 0.65 m/s, then it changed to 0.9 m/s at the Pi20ref case after the intake

flow rate was increased by 50%. While the exhaust valve can keep the RMS velocity at the

almost same level. For the highest and lowest levels of tested mass flow rate, both the X

axis and Y axis have the similar mean and standard deviation values. These observations

were in agreement with the flow field map results.

The turbulence intensity changes during the compression process at different en-

gine inlet air mass flow rates with different exhaust valve closing timing, as shown in

Figure 6.10. It can be observed that the effect of inlet mass flow rate on the RMS in-

cylinder flow velocity is very significant in the early stage of the compression stroke, but

reduces towards TDC. Increasing each inlet flow rate 25-50% can raise the turbulence

intensity by 20-40% near the TDC position, while the exhaust valve can keep the differ-

ence of RMS velocity in a minimum range when the initial pressure was increased. These

observations confirmed that the new boosting configuration using the exhaust valve en-

abled the intake mass flow rate and the initial pressure to be independently varied. The

turbulence quantities, which were heavily influenced by the inlet flow velocities in the

ported engine, can be controlled to the greatest extent.

Dawood [2010] performed PIV measurement in the aspirated naturally LUPOE

engine with a liner having four rows of exhaust orifice at 750 rpm. The measured mean

velocity magnitude was about 0.2 m/s and the RMS velocity was 1.5 m/s at TDC. In this

study, the exhaust gas leaving the cylinder chamber might be blocked to a certain extent

due to the small orifice section of the installed exhaust valves. This resulted in a lower

flow velocity compared to the value measured in the naturally aspirated LUPOE engine.

Landry et al. [2008] investigated the turbulence in a four stroke boosted optical engine,

and the turbulence intensity was measured as 1.15 m/s at 10o bTDC at the engine speed

of 1200 rpm. Since the turbulence intensity decreases with engine speed decreasing, mean

velocity magnitude was 0.1 m/s and RMS velocity was 0.65 m/s at the LUPOE 2D engine

baseline condition Pi16, which can provide a good approximation to conditions in real

commercial lifted valves engines at a low engine speed.

The longitudinal integral length scales along the X axis Lxl, along the Y axis Lyl,

and transverse length scales along the X axis Lxt, along the Y axis Lyt were calculated

following the procedure described in Section 4.1.3 using the mean PIV vector fields and

have shown in Figure 6.11. It can be observed that, in general, average values of the

longitudinal integral length scales are between 8-10 mm, which was approximately twice

that of the transverse integral length scales 4 mm. This is a further indication that the
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Figure 6.11: Longitudinal and transverse integral length scales based on spatial analysis
at 2o bTDC, in the LUPOE 2D boosted engine running at a speed of 750 rpm, the initial
pressure for the test cases Pi20, Pi20ref are 2.0 bar; Pi18, Pi18ref are 1.8 bar, Pi16 is 1.6
bar. Air mass flow rate for the three test cases Pi16, Pi18, Pi20 equals 5.2 g/s, for the case
Pi18ref, it is 6.48 g/s and Pi20ref equals 7.77 g/s.
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in-cylinder turbulence at 2o bTDC could be considered locally isotropic. There is a small

difference in the mean values of the longitudinal scales for X and Y velocity components.

Hussin [2012] measured the transverse length scale to be about 3.5 and 7 mm at TDC

with turbulence intensity at about 1.5 m/s at a speed of 750 rpm in the natural aspirated

LUPOE engine, thus the length scales decreased slightly with the decreasing of the tur-

bulence intensity.

6.3 Engine combustion experimental results

Following the investigation of the engine flow, combustion experiments were conducted

and the results are presented in this Section.

6.3.1 Observations of turbulent flame propagation

Before studying the pressure effects on flame propagation, several images of flame de-

velopment with different equivalence ratios and engine speeds were obtained, and they

are shown in Figure 6.12, to provide a general observation of the turbulent flame charac-

teristics. These images were captured from the LUPOE 2D boosted engine using a CH*

chemiluminescence imaging method, and the main experimental operation parameters

were listed on the left-up insert. The head and intake temperature were kept at 323K,

and the spark timing was fixed at 2o bTDC for all cycles. The second cycle was the Pi16,

which has the initial pressure of 1.6 bar. On the left of Pi16 was the case which had the

similar operation conditions as Pi16, except that the equivalence ratio was reduced to 0.8.

The third column was cycle Pi20ref, which had a higher initial pressure of 2.0 bar and

turbulence than Pi16. The last cycle had almost the same operational conditions as cycle

3, except that the engine speed was increased to 1500 rpm.

From these images, it was clearly shown that the flame speed of lean cycle 1 had the

slowest flame propagation speed compared to the stoichiomtric one (cycle 2), when the

other operational parameters were kept the same. There was not significant difference

between cycle 2 and cycle 3 from image observation for the flame speed. Under the same

initial pressure of 2.0 bar, the flame speed at the high engine speed achieved a faster

burning velocity and more wrinkled flame front, see last column in Figure 6.12.

These flame images were analyzed using the method described in Section 4.2.1,

the flame thickness values were estimated from the gradient of image intensity along

the flame radius at several angles. The positions of the sliced section of the flame are
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the Figure.
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Figure 6.13: Local flame propagation with image intensities as magnitude derived from
Figure 6.12 at the first direction in Figure 6.14.
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Figure 6.14: Local flame brush thickness development at 5 directions along flame radius
with image intensity as magnitude, these data are derived from 6.13.
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illustrated in Figure 6.13, and the third direction of each flame with crank angle was

shown in Figure 6.14. It can be clearly seen that the sharp intensity gradient existed in

the flame front position, and the peak position near the flame front was denoted by red

circles.

The derived flame brush thicknesses along five directions at each flame radius po-

sition were plotted in Figure 6.13. There was a considerable scatter in each direction for

all cycles, because the turbulence effect was non-uniform in the each flame propagation

direction. Moreover, the bright spots associated with the optical window also would

bring errors into the data analysis process. In order to further characterize the difference

between four cycles, the mean flame brush thickness was averaged, this value with stan-

dard deviation were shown in the 6.14, it can be seen that these values were much larger

than that observed at the engine speed of 100 rpm (δm= 1.1 mm, δm= 0.4 mm), see Figure

5.12. The lean flame (cycle 1) had the smallest value of flame brush thickness, and this

value was not changed much when the equivalence ratio was increased to 1. Increasing

engine speed can raise the turbulence intensity in the engine, resulting in a strongly wrin-

kled flame surface, this phenomena can be observed from cyele 4. There existed a large

difference of flame brush thickness between cycle 2 (Pi16) and cycle 3 (Pi20ref), although

they had similar flame speeds.

6.3.2 Pressure traces and mean flame radius

More experimental data have been collected under the experimental conditions discussed

in Section 6.1. The conditions were kept unchanged except inlet flow rate and exhaust

valve closing time, leading to the different initial pressures. For each tested condition,

more than 150 pressure traces of firing cycles were recorded in approximately 12 engine

runs, each run comprised of only 15 firing cycles to avoid any increase of engine inlet

and wall temperatures. 20 skip firing cycles between each firing cycle were employed

to scavenge the exhaust gas. Finally, only 100 firing cycles were accepted for further

analysis with achieved images data. These data were collected at spark timing 2o bTDC

and engine speed 750 rpm, 100% iso-octane was used as fuel. Displayed in Figure 6.15

are plots of 100 cycles for individual supercharging conditions, with separation of fast,

medium and slow cycles. The procedure of pressure data was presented in Section 3.5.

These firing cycles were averaged based on crank angle and shown in Figure 6.16.

With the initial pressure increasing, the maximum pressure of the fast cycles was

changed from 60-70 bar at initial pressure 1.6 bar to 80-90 bar at initial pressure 2.0 bar.

Cycle variance also was increased with initial pressure. Paired comparisons of case Pi18
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Figure 6.15: Pressure-crank angle diagrams of Pi16, Pi18, Pi20, Pi18ref and Pi20ref, col-
lected in the LUPOE 2D boosted engine running at a speed of 750 rpm and a spark timing
2o bTDC, stoichiometric iso-octane fuel. The cycles were split into three categories de-
pending on their average rate of combustion; the fast cycles were shown in red, medium
in blue and slow in green colors, respectively.
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Figure 6.16: Crank-angle based ensemble average pressure for Pi16, Pi18, Pi20, Pi18ref
and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750 rpm and a spark
timing 2obTDC, stoichiometric iso-octane fuel.
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Figure 6.17: Peak pressure versus corresponding crank angle for its occurrence at experi-
mental conditions: Pi16, Pi18, Pi20, Pi18ref and Pi20ref, in the LUPOE 2D boosted engine
running at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel.
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Figure 6.18: Mean flame radius versus crank angle for experimental conditions: Pi16,
Pi18, Pi20, Pi18ref and Pi20ref, in the LUPOE 2D boosted engine running at a speed of
750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel. The cycles are split
into three categories depending on their pressure trace; the fast cycles are shown in red,
medium in blue and slow in green colors, respectively.
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and Pi8ref, Pi20 and Pi20ref show that the 20% increase of RMS turbulent velocity has a

fairly strong effect on the burning velocity and the rate of combustion in the ”ref” cases

is noticeably faster. In case Pi16, Pi18 and Pi20 variations of turbulence are small. Figure

6.16 shows that higher pressure leads to slightly slower combustion. In these three cases

the peak pressure is achieved between 24o to 30o aTDC.

Figure 6.17 shows an approximately linear relationship between the peak pressure

and corresponding crank angle for its occurrence. The general trend is that the higher

peak pressure is achieved at the earlier corresponding crank angle. Increased initial pres-

sure shifts the linear relationship to the higher peak pressures at the same crank angle,

but the slope remains almost same, whilst turbulence could increase the slope of fitting

line, when Pi18 and Pi18ref or Pi20 and Pi20ref were compared.

Illustrated in Figure 6.18 are mean entrainment flame radii derived from the CH*

chemiluminescence images for the all tested conditions. The cycles are split into three

categories depending on their pressure trace. The entrainment flame radius is defined

as the radius of a circle having the same area as the observed irregular flame bound-

ary, see Section 4.2.1. There are some overlaps between adjacent categories at early and

mid-stages of propagation. These entrainment flame radius will be used to calculate the

entrainment burning velocity in the Section 6.5.

6.4 Combustion regime

In order to register the experimental conditions, described in the Section 6.1, on the

Borghi regime diagram, both the parameters of turbulent flow and laminar flame prop-

erties are required for the calculation. The turbulent parameters include integral length

scale and turbulent intensity, which have been measured and derived using the PIV sys-

tem illustrated in Section 6.2. In order to obtain the laminar flame burning velocity and

thickness values, the initial temperature needs to be estimated. This was achieved using

the experimental pressure data as input for the LUSEIDA code. The histories of mean

unburnt gas temperature for the three conditions Pi16, Pi18 and Pi20, after the spark ig-

nition are shown in Figure 6.19. The temperatures did not change significantly with the

inlet initial pressure increasing, and they have remained approximately 620-630K during

the flame propagation at the initial stage.

According to the calculated temperature of 620-630K and the measured initial pres-

sure of 28-34 bar, it was found that no experimental laminar burning velocity data were

available at such high temperature and pressure. An attempt to measure ”quasi” laminar
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Figure 6.19: Calculated laminar flame speed and temperature after ignition at three initial
pressure conditions: Pi16, Pi18 and Pi20, in the LUPOE 2D boosted engine running at a
speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel.
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iso-octane flame has been described in Chapter 5. Nevertheless, the peak pressure of 15

bar, achieved at the slow engine speed of 100 rpm, was still lower than 30 bar at the high

engine speed of 750 rpm, owing to the strong blow-by effect. The results in Chapter 5

have shown the ”power law” equation proposed by Metghalchi and Keck [1982] has a

predicted value between the measured ”quasi” stretched laminar burning velocity and

the one dimensional unstretched flame simulation. Flame stretch and instability effects

were not excluded in this equation. Therefore, this equation was adopted to calculate

the laminar burning velocity, which has been inserted into the LUSEIDA code. The cal-

culated laminar burning velocities after the spark ignition for the three conditions have

been plotted in Figure 6.19. Pi16 condition has the highest laminar burning velocity at

around 0.75 m/s, while the Pi20 has the lowest value of 0.7 m/s. This tendency did not

change at the initial flame propagation stage. The laminar flame thickness was calculated

from the Equation 2.19, the kinematic viscosity was acquired using the Gaseq chemical

equilibrium code developed by Morley [2005]. The estimated experimental conditions

on the Borghi regime diagram are plotted in Figure 6.20. Five selected conditions in

Section 6.1 are located across the wrinkled flamelets and wrinkled flames with pockets,

since the turbulence intensity is very close to the value of the laminar flame speed. Un-

der the similar turbulent intensity conditions, the calculated laminar flame thicknesses

become thinner, resulting in the operation regime horizontal shift to the right hand side,

see conditions Pi16, Pi18 and Pi20. At the wrinkle flamelet regime, moderate turbulent

flow wrinkled the flame front weakly, thus the effects of flame instability induced by high

pressure might become significant. At the same initial pressure, stronger turbulence in-

tensity leads the operation regime to enter into the wrinkled flame with pockets regime,

see Pi18ref and Pi20ref, where the flame front could be strongly wrinkled by the turbulent

eddies, and flame pockets or islands will appear in the flame front.

6.5 Effect of initial pressure on flame development

This Section presents the investigation of the degree of supercharging on flame devel-

opment, and emphasizes the pressure effects on different flame development phases i.e.

initiation, main phase, and termination phase. These analysis and discussions are based

on the image and pressure data collected in Section 6.3. The experimental conditions

have been presented in Section 6.1.
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6.5.1 Experimental observation on burning velocity

In an SI engine, flame propagation happens in a small confined volume, the pressure

changes significantly during this process, and the chamber volume also changes with

the piston moving, it is necessary to clarify the change in conditions during the flame

development stages. One pressure trace and the corresponding entrainment flame radius

of an individual firing cycle from Pi20 condition are plotted in Figure 6.21. From the

flame radius development curve, it is clearly shown that the flame propagation process

could be separated into three stages: flame acceleration, fully development flame and

flame deceleration. In the left side of this Figure, the cross-section of disc-shape engine

chamber was illustrated with the piston moving positions at different stages.

In the initial stage, because the spark timing is close to the TDC (Top Dead Centre),

the piston speed is very slow, so the volume change is also very small, and the pressure

is nearly constant. The flame radius developed fast due to flame acceleration. Follow-

ing this stage, flame propagation is at a nearly constant speed, during which both the

pressure and the volume change a large amount, e.g. volume is increased by almost

50%, pressure is increased between 3 and 8 bar. This change affects the thermal expan-

sion and ratio between burning velocity and flame speed. In this stage, flame radius

development is almost linear with crank angle. When the flame is approaching the wall,

the flame deceleration effect decreases the rate of flame radius development. There is

still 50% mass unburnt at this last stage, the change in volume is small, but pressure in-

creases significantly; it is supposed that this is a constant volume and pressure increasing

process. Here, for the following data analysis, we define the pressure at the transition

point between flame acceleration and fully developed as P0, between fully development

and flame deceleration as P1, the pressure at the moment of flame reaching the walls as

P2. ∆p1 is the pressure change during the flame fully development; ∆p2 is the pressure

change during the last combustion stage.

Based on the entrainment flame radius recorded using the CH* chemiluminescence

imaging method, the entrainment flame speed can be directly estimated from the time

derivative of this radius. The expansion factor, the density ratio of unburnt to burnt gas,

is used for the conversion between entrainment flame speed and entrainment burning

velocity, which is the rate of the fresh mixture being consumed by the flame front. The

expansion factor was calculated from thermodynamic equilibrium using LUSIEDA. One

example of entrainment burning velocity was shown in Figure 6.22. Three flame devel-

opment stages can be easily discerned. Traditionally, combustion duration in SI engine

was subdivided in terms of the burnt mass fraction xb into the initial: xb < 0.1, main: 0.1
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≤ xb ≤ 0.9, and final: xb ≥ 0.9 stages. Based on an analysis of flame development, the

recent work of Liu et al. [2013] showed that a more physical division is in terms of the

burning velocity: initial acceleration, more or less constant speed propagation, and the

final deceleration by walls. The boundaries of the initial acceleration period correspond

only to few percent of the burnt mass, while more than half of the mass is unburnt when

the walls begin to slow the combustion down.

Following the ideas of Liu et al. [2013]. Figure 6.22 presents a sample illustrating

variations of burning velocity during one cycle. The flame images obtained with CH*

chemiluminescence images are shown for the three individual stages. In order to com-

pare the pressure effect on the flame development at different stages, two turning points

were defined. The turning point is the maximum curvature point of the velocity curve at

the beginning and end of the flame development, and then a linear fit was used to get the

value of the initial flame acceleration and final deceleration. At the fully developed flame

stage, the velocity was linear fitted from the flame radius between two turning points di-

rectly. Based on the split of flame propagation into the three stages described above, the

burning velocity of each individual cycle was calculated and separated into three stages

by using the turning points. The initial flame acceleration, fully developed burning ve-

locity and final deceleration of 100 cycles for each condition were shown in Figure 6.23 in

the form of histograms. The red line shows the mean value. The pressure and tempera-

ture at spark timing are listed in the table on the margin of Figure 6.23. Pressure values

were measured and temperatures were calculated with LUSIEDA using the experimental

pressure trace. The turbulent intensities (RMS velocity) presented in Section 6.2 are listed

in the second column.

It is seen that the influence of pressure does not appear to greatly alter the low

turbulent burning velocity. At the initial stage, the flame acceleration was decreased

with the rise of pressure, but the rate of decrease was not monotonic. Usually, turbulence

has a great positive effect of flame development (Lipatnikov and Chomiak [2002]), this

conclusion also can be confirmed by comparing Pi18 and Pi18ref, Pi20 and Pi20ref, both

of them have higher flame acceleration under the higher turbulence intensity conditions.

This can explain why the Pi20 is larger than Pi18, However it is still lower than Pi16. This

implies that pressure has negative effect on the initial stage of the flame. The initial stage

of the flame may stay in a laminar flame mode, which is usually reduced by pressure.

At the fully development stage, all conditions show similar burning velocities. The

LUPOE 2D boosted engine’s turbulence intensities are not strong, the fully development

flame is in the weakly wrinkled region on the Borghi diagram. The turbulence still has a

positive effect on the burning velocity, but this kind of effect becomes weaker compared
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Figure 6.23: Histogram of flame development for the experimental conditions: Pi16, Pi18,
Pi18ref, Pi20 and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750 rpm
and a spark timing 2o bTDC, stoichiometric iso-octane fuel. The red line shows the mean
value.
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with the one in the initial stage. The higher pressure did not increase burning velocity,

there is a slightly negative effect on it. However this could be caused by the low initial

acceleration of the flame. The correlation between pressures at the beginning of fully de-

veloped stage ( S1 shown in Figure 6.21) and burning velocities was made and shown in

Figure 6.24. There does not exist relationship between burning velocities of each condi-

tion with initial pressures. The weakly relationship only can be observed at Pi20, where

burning velocity increases with pressure, especially this effect is more significant under

higher turbulent intensity. The measured turbulent burning velocities of iso-octane/air

mixtures at high pressure of 26-35 bar, under the turbulent intensities that ranged from

0.65 m/s to 0.88 m/s, are 2-3.4 m/s. This value is very close to the one measured by

Landry et al. [2008] in a 4 stroke boosted engine with a turbulent intensity of 1.15 m/s.

The turbulence in the near-wall region is always much smaller than in the bulk of

the charge. Therefore, the role of the laminar burning velocity should become greater

near the walls. It is well known that the laminar burning velocity decreases with the

increased pressure; however the rate of burning velocity observed near the wall region is

increased with the pressure increasing, therefore some other mechanisms such as flame

instability or enhanced unburnt mass temperature by elevated pressure could play a role.

These effects can make the flame speed decreasing rate slow. The correlation between the

pressure change at the last combustion stage and the flame deceleration was shown in

Figure 6.25. There is a strong relationship between them, a higher pressure change leads

to a slower flame deceleration.

6.5.2 Burning rate and flame thickness

Pressure traces presented in Section 6.3.2 were used to calculate the mass burning rate in

the LUSIEDA, which has been introduced in Section 3.5. The LUSIEDA code can calculate

the burn rate by comparing the firing cycle pressure and a motoring cycle pressure within

each 0.2 crank angle increment. The results are compared in the left side of Figure 6.26.

Three conditions show a similar burn rate in the flame acceleration and fully developed

stages. The burn rates increase with flame propagation until the flame approaches the

walls. The burn rates have a slight decrease at the final stage. At this stage, the pressure

has an effect on the burn rate, and a higher initial pressure results in a faster burn rate.

These results match with the burning velocity observed from optical method. The cyclic

variation has also increased with initial pressure, especially at the final stage.

By using the burn rate calculated from the cylinder pressure, the burnt gas ra-

dius could be calculated, and the mean flame brush thickness might be derived from
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Figure 6.26: (a) The Burn rate of the mixture derived from LUSIEDA, (b) Flame brush
thickness calculated from the difference between entrainment flame radius and burnt
gas flame radius, for the three initial conditions: Pi16, Pi18 and Pi20, in the LUPOE 2D
boosted engine running at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric
iso-octane fuel.
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the difference between this burnt flame radius and the entrainment flame radius which

are measured from the same cycle’s CH* chemiluminescence images. The details of this

method have been introduced in Section 3.5, and this method was applied to process each

individual cycle for the three initial conditions. The instantaneous flame brush thickness

at the different initial pressures were compared and they are shown in the right side of

Figure 6.26. It can be observed that the flame brush thickness increases with the flame

development. The peak values of flame brush thickness for the three initial pressure con-

ditions are approximately 8-10 mm, which are achieved when the flame speed starts to

decelerate after 15o crank angles after ignition, about 10 mm far from the engine wall.

This value agrees well with the one observed from the CH* chmeiluminescence images

shown in Section 6.3.1. The flame brush thickness increases slightly with the rise of the

initial pressure when the flame is near the walls, the variance of thickness is also ampli-

fied by the increased initial pressure.

6.5.3 Further discussion on flame development

Based on data from experiments, many models and correlations have been developed

to express turbulent burning velocity. Abdi Aghdam [2003] investigated performance of

three turbulent burning velocity correlation methods: the Leeds Ka and KaLe correlations

(Abdel-Gayed et al. [1987]) and the Zimont model (Lipatnikov and Chomiak [2002]). It

was found that the Zimont model was the most promising tool for engineering applica-

tion. Here the Zimont model is validated by current data collected at high pressure, more

details about Leeds Ka and KaLe correlations can be found in Abdi Aghdam [2003]. The

turbulent combustion model developed by Zimont [1979] based on an assumption that

the rate of the turbulent entrainment of fresh mixture into the flame brush is equal to

the consumption of this mixture in the thickened reaction zone. The turbulent steady

burning velocity is given by:

Ut,0 = Au′Da1/4 = Au′3/4Ulk
−1/4L1/4 (6.1)

Where Ut,0 is the developed turbulent burning velocity, A is a constant value of 0.5, u′

is the root mean square (rms) turbulent velocity, Ul laminar burning velocity, Da is the

Damkhöler number, Da = τl/τc where τl = Li/u
′ is the integral time scale, and τc = U2

l /k

is the characteristic laminar chemical time, k is the characteristic laminar chemical time

scale.
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Figure 6.27: Comparison of modelling (Zimont model) and measured turbulent burning
velocities for the three initial conditions: Pi16, Pi18 and Pi20, in the LUPOE 2D boosted
engine running at a speed of 750 rpm and a spark timing 2o bTDC, with stoichiometric
iso-octane fuel.

The Zimont turbulent burning velocity model has been implanted into the LUSIEDA

code. The thermodynamic conditions could be estimated from the input pressure trace.

The laminar burning velocity and the temperature used to calculate the molecular trans-

port coefficient have been shown in Section 6.4. The turbulent parameters were measured

using the PIV system, then input into the code. The predicted mean turbulent burning ve-

locities at the fully developed stage for the three initial pressure conditions are compared

with the corresponding measured entrainment burning velocities derived from the CH*

chemiluminescence images in Figure 6.27. The results show a good agreement in the

values of burning velocities, the maximum error between the measured and predicted

values is approximately less than 0.3 m/s, and it occurred at the strongest boosted condi-

tion Pi20. With the pressure rise, the predicted burning velocity increases. This tendency

contrasts with the measured values. This may be attributed to the fact that the model

does not include the effect of flame transient phenomenon.

There have been so far several models of flame acceleration proposed, e.g. an ex-

pression based fractal combustion models (Baratta et al. [2006]), integral of the dimen-

sionless turbulence PSD by Abdel-Gayed et al. [1987]; and the one proposed by Lipat-
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nikov and Chomiak [1997] based on Taylor diffusion theory. Rather than approximate

the acceleration by a constant value in Section 6.5.1, it seems more physical to approxi-

mate it with one of the three functions proposed in the literature and derive from it with

any turbulence-related parameters. Potential problem in doing so comes from variable

thermal expansion and usual complicate application to engines. Here, the flame acceler-

ation expression proposed by Lipatnikov and Chomiak [1997] was used to approximate

the experimental data, the equation is as follow:

fd =

{
1 +

τ ′

t

[
exp

(
− t

τ ′

)
− 1

]}1/2

(6.2)

where τ ′ is a turbulent time scale. The fast, medium and slow burning velocity cycles de-

rived from CH* chemiluminescence images from three initial conditions Pi16, Pi18 and

Pi20 are plotted in the left side of Figure 6.28 according to the crank angle. The burning

velocities were normalized by dividing by the maximum burning velocity. Pi16 has the

fastest flame development rate in all fast, medium and slow cycles. Nevertheless, the dif-

ference between the three initial pressure conditions during the first 5o crank angle after

ignition is negligible in the fast and medium cycles, while only Pi20 has a lower burning

velocity at the slow cycle. The curves calculated using Equation 6.2 are compared to the

experimental data. The turbulent time scale was adjusted to achieve a minimum error

between the predicted curve and the mean values of fast, medium and slow trace. From

the left side of Figure 6.28, The predicted flame acceleration curve have a higher burning

velocity value at the initial rate of flame acceleration, whilst it becomes smaller at the

later stage of the flame acceleration. This trend is more evident at the slow cycles.

The same goes about deceleration by walls. Instead of quantifying the deceleration

as a constant, it is much better to approximate the burning velocity at this stage in terms

of an error function (Abdi Aghdam [2003]) and derive the best fit parameters from it. The

original function used the flame thickness and radius position as two input variables.

This study has found that the crank angle, instead of flame position, was the better value

for fitting the error function:

fw =
1

2
erfc

(
θf − θ0
δ(θ)

)
(6.3)

where θf is the crank angle with the flame radius development, δ(θ) is the duration of

flame deceleration, and θ0 is the crank angle at the medium of flame deceleration du-

ration. The fast, medium and slow cycles were selected from three initial conditions

Pi16, Pi18 and Pi20. The burning velocities were obtained from CH* chemiluminescence
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Figure 6.28: (a) Fitted curves of flame acceleration and (b) deceleration compared against
the experimental data (points) in terms of fast, medium and slow cycles, for Pi16, Pi18
and Pi20 in the LUPOE 2D boosted engine running at a speed of 750 rpm and a spark
timing 2o bTDC, stoichiometric iso-octane fuel.
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images at the engine speed of 750 rpm and normalized using the maximum burning ve-

locity. The differences between the three conditions are only obvious for the slow cycles,

the higher pressure has the faster burning velocity than the lower one at the same crank

angle. Since the fast, medium and slow cycles were mainly affected by the turbulent

intensity (Hussin [2012]), this implied that the pressure effect might become significant

at the low turbulent conditions. The least-squares method was applied to fit the non-

linear flame deceleration curve using the error function Equation 6.3. The fitting curves

are plotted in the left side of Figure 6.28. The calculated values of θ0 and δ(θ) were also

presented. The duration of flame deceleration δ(θ) does not seem to have a direct rela-

tionship with the time at the medium of flame deceleration duration θ0. It is clear that

the θ0 will be short if the flame develops faster. Thus, all fast cycles show lower values

of θ0 than that of the slow cycles. In general, The θ0 of Pi16 is smaller than the other two

cases. Nevertheless, for the duration time of flame deceleration δ(θ), Pi16 has the highest

value. For the fast cycle, the flame deceleration crank angle δ(θ) is the main value which

is adjusted to fit the curve shape, whilst for the slow cycle, the θ0 value becomes more

important.

6.6 Effect of initial pressure on flame structure

In this section, the structure of flame at high pressure and its response to pressure effects

were further investigated. The laser sheet visualization method was applied to observe

the detailed cross section of the flame front topology. Wrinkle and curvature of the flame

front were characterized to compare the flame shapes under different boosted initial pres-

sure and turbulence. Flame spectral analysis also was applied.

Three conditions have been selected: Pi16, Pi20 and Pi20ref. The details of these

condition operation have been presented in Table 6.1. Pi20 has a higher initial pressure

than Pi16, while the rms velocities at spark timing are similar. The pressure effects can be

seen by comparing these two conditions. Pi20 and Pi20ref have the same initial pressure,

while the rms velocity of Pi20ref is higher than Pi20, turbulence effects may be obtained

by comparing these two conditions. The other engine operation parameters were main-

tained the same for all the conditions: the engine speed was 750rpm, spark timing was

2o bTDC, images were taken at 10 degrees after spark, and iso-octane was used as fuel.



Chapter 6 162 Flame development in a boosted engine

6.6.1 Mean progress value and self-similar structure

A map of mean combustion reaction progress variable, which represents the probability

of finding the burnt gas at a particular position, can be calculated on the amount of flame

contour derived from laser sheet images. The mean progress variable c̄ij at each pixel (i,j)

is the average value of intensities of all binary images at the same position. This leads to

the equation:

c̄ij =
1

n

n∑
k=1

Ii,j,k (6.4)

where n is the number of images. The calculated c̄ contours become stable when the

number of images tend to be infinite. Nevertheless, it is only possible to collect a finite

number of images in the experiment. Hattrell [2007] found that the required number

of images to obtain a stable contours of c̄ was less than the estimated one from error

analysis, there was little difference between the c̄ values produced by averaging 50 and

100 images. In this study, about 40 to 50 laser sheet images have been collected for each

conditions, some low quality images have been discarded during the image processing.

Limited by the low repetition laser (15 Hz), only one image could be captured

during a firing cycle. The laser sheet also caused a strong light reflection near the engine

wall region, thus only the flame structure at one crank angle during the flame fully-

developed stage was studied here. The c̄ field for the three initial pressure conditions

Pi16, Pi18 and Pi20 are illustrated in the left side of Figure 6.29. These contours were

obtained by averaging the binarised flames of 40-50 cycles for each condition at the crank

angle 8o bTDC (10o CA after ignition). The lower limit of the scale (blue) represents 0%

probability, whilst the upper (red) is 100%. The black circle represents the position of the

engine cylinder walls. The three c̄ fields show similar distributions. The largest flame size

was observed in Pi16. Based on the map of progress variable c̄ field, progress variable

values along the flame radius direction could be sliced in each 10o angle, and plotted in

the right side of Figure 6.29. The measured profiles of the mean progress variable could be

collapsed by a universal curve. This curve can be well approximated by complementary

error function (Lipatnikov and Chomiak [2000]):

c̄(x) =
1

2
erfc

(
x− x0
δt(t)

)
(6.5)

where x0 is the position of the value of c̄(x) = 0.5. δt(t) is the flame brush thickness.
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(a)Mean progress variable maps (b)Sliced mean progress variable profiles

Figure 6.29: (a) Mean progress variable maps, (b) corresponding sliced mean progress
variable profiles along the flame radius direction with 10o angle interval, for the three
initial pressure conditions Pi16, Pi18 anf Pi20 in the LUPOE 2D boosted engine running
at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel.
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The right side of Figure 6.29 shows the mean progress variables along the flame

radius direction for the three initial pressure conditions derived from the left side c̄ value

maps with an angle interval of 10o each. All the curves show a similar shape, the left

side represents the burnt gas as value 1, and the fresh gas is in the right side as value

0. The mean profile curve is calculated according to crank angle, and is plotted in the

right side of Figure 6.29. Based on Equation 6.5, the minimum least square method was

applied to obtain the best values of position of flame x0 and flame brush thickness δt(t)

to fit this mean curve of the progress variable. The acquired two values are also listed in

the Figures. From the results, it can be seen that the mean progress variable profiles can

be well fitted by the complementary error function. This means that the flames at high

pressure have the same self-similar properties of those observed at low pressure. From

the positions of flame at the same crank angle, it can be observed that the case Pi16 has a

faster speed than Pi18’s and Pi20’s. This result obtained using a laser sheet visualization

method agrees with the one from the CH* chemiluminescence images. The thickness of

the three conditions have similar values which range from 4.3 to 4.7 mm, and are close to

the values of flame thickness of 6 mm acquired in Section 6.5.2.

6.6.2 Flame wrinkle and curvature

As shown in Section 6.3.2, the fast, medium and slow cycles classified using the peak

pressure of each cycle have a relationship with the flame radius derived from the flame

images. The fast cycles have significant larger mean flame radius values than the slow

cycles’ at each crank angle in the ”fully developed flame” stage. Therefore, the cyclic vari-

ability also can be characterized using the mean flame radius below, within, or above one

standard deviation from the ensemble average value. Figure 6.30 show the fast, medium

and slow cycles selected from about 40-50 cycles at each experimental condition.

These individual cycles show the same tendency as observed from mean progress

variable maps, that the Pi16 and Pi20ref have a larger radius than that of Pi20. The indi-

vidual flame centre was calculated as the center of mass of the region covered by flame. It

can be seen that the flame centres distribute uniformly around the spark plug (detonated

as ”+”). This is an evidence that the bulk air flow is homogeneous in the cylinder, which

does not lead the flame to move in a certain direction.

It is arguable that the large eddies distort the overall flame shape; while those small

eddies have wrinkled the flame locally. In order to study quantitatively these small eddy

effects from images, filter methods could be applied to define a ”mean flame contour” of

the flame. The number of crossing points, and local distance between the instantaneous
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Figure 6.30: Flame contours of fast, medium and slow cycles selected from three condi-
tions: Pi16, Pi20 and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750
rpm and a spark timing 2o bTDC, stoichiometric iso-octane fuel.

and filtered contours could be further defined to qualify the flame wrinkle (Aleiferis et al.

[2004]; Cairns [2001]). In this study, a ”flame radius” was calculated using minimum least

square algorithm. Thereafter, the wrinkle structure of a flame contour was characterized

using the deviation between the flame contour and the mean radius at the sample points

along the contour. The detailed calculation equation has been presented in Section 4.2.2.2.

The deviation values have been calculated for the three conditions: Pi16, Pi20 and

Pi20ref, and the results are shown in Figure 6.31. The mean and standard deviation val-

ues are also listed in Figure 6.31. Generally, larger flame radius have longer flame contour

lengths. By comparing Pi16 and Pi20, the wrinkle level of flame Pi16 is stronger than that

of Pi20 at all fast, medium and slow cycles. These two conditions have the similar tur-
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bulence intensities and different pressure above 6 bar, see Figure 6.24. This observation

implies that the pressure decreases the wrinkle effect under moderate turbulence, which

contrasts to the knowledge that flame front tends to be cellular under flame instability.

The Le number was estimated approximate 2.0 in these conditions, thus, the diffusive-

thermal effects may suppress the hydrodynamic instability, therefore, the flame surface

retains a smooth shape. Stronger turbulence leads to severe flame front wrinkle, this

can be observed when the Pi20 and Pi20ref were compared in medium and slow cycles,

except that one in the fast cycle.

The mean flame curvature was also examined, because the geometry of the flame

front also was influenced by the wrinkled flame structure. The calculation method has

been introduced in Section 4.2.2.2. The curvature values of each individual flame front

were combined together at each condition. The probability distribution curves for the

three conditions are plotted in Figure 6.32. The curvature values are between -5 to 5

(1/m), similar to the measured values from a burner flame at 1 to 10 bar (Soika et al.

[2003]). With the pressure increased by up 6 bar, no discernible systematic difference in

either length-scales or shapes of the probability distribution can be observed.

Figure 6.33 show the normalized spatial autocorrelation curves of fast, medium

and slow cycles at the three conditions: Pi16, Pi20 and Pi20ref. The La obtained from the

Equation 4.21 are listed in the Figure 6.33. Pi20ref has the largest values of 6-8 mm in

the medium and slow cycles, whilst, the values of Pi20 are smallest at the same group

of Pi20ref. This means the turbulence effects on the flame contour happens in the large

scales. By comparing the Pi16 and Pi20, it can be observed the decrease of La by increas-

ing pressure, the value of Pi20 is about 1-3 mm, thus, the influence of pressure on flame

wrinkle occurs in the small scales. In the fast cycle, the Pi20ref seems to have an abnor-

mal small value if it was compared to the medium and slow ones. The same problem

was also seen in the results shown in Figure 6.31. This may be due to the fact that using

the flame radius to select the fast, medium and slow cycles is not the best way to choose

a typical cycle. Ensemble averaging of all cycles’ parameters may be better to represent a

turbulent flame’s characteristic.

Power spectral density (PSD) S(k) was estimated based on the Equation 4.22. The

results of 9 flame contours are plotted in Figure 6.34 against the logarithms of the associ-

ated wavenumber,κ. No great difference can be distinguished, only a small spread in the

values in the end of the spectrum. Thus, the shape of PSD is not affected by the pressure

or turbulence increasing at the large scales. At the fully developed stage, the flame front

experiences the full spectrum of wrinkle length scales. The PSD deceases with a almost

constant slop as κ−2.4, this value is steeper than that observed from the isotropic turbu-
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Figure 6.31: Comparison of flame radius deviation along the flame contour of fast,
medium and slow cycles for three conditions: Pi16, Pi20 and Pi20ref, in the LUPOE 2D
boosted engine running at 750 rpm, spark timing 2obTDC, stoichiometric iso-octane fuel.
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Figure 6.32: Mean curvature distribution of flames from the three conditions: Pi16, Pi20
and Pi20ref, in the LUPOE 2D boosted engine running at a speed of 750 rpm and a spark
timing 2o bTDC, stoichiometric iso-octane fuel.
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Figure 6.33: Comparison of autocorrelation along the flame contour of fast, medium and
slow cycles for the three conditions: Pi16, Pi20 and Pi20ref, in the LUPOE 2D boosted
engine running at a speed of 750 rpm and a spark timing 2obTDC, stoichiometric iso-
octane fuel.
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lence flow κ−5/3 in the LUPOE 2D engine shown in the Figure 6.4. This gradient of the

PSD curve agrees with the measurement of Kheirkhah and Gülder [2013] and Hicks et al.

[1994]. Several characteristic length scales also were labelled in Figure 6.34. The largest

wavelength of PSD is close to the engine bore size, while the smallest wavelength is cut

off above the estimated Taylor length scale (0.2mm), this is mainly caused by the restric-

tion of the resolution of the images. The flame can be influenced by the eddies which are

significantly larger (10 to 20 times) than the turbulence integral length scale Li (10 mm).



Chapter 7

Autoignition in a boosted SI engine

This Chapter presents the effects of increased inlet pressure on knock characteristics stud-

ied in the strongly supercharged spark ignition engine, with a particular emphasis on

understanding the occurrence of extreme knock. The knock images with different pres-

sure oscillation amplitudes were obtained from the LUPOE 2D boosted engine. Based

on these knock images and their corresponding pressure data, the development of au-

toignition sites and subsequently produced combustion waves were described, and the

definitions of knock characteristic parameters, i.e. knock onset and knock intensity, were

also evaluated. These defined knock parameters were used to understand the difference

of cyclic variability and knock properties under naturally aspirated and strongly boosted

engine running modes. Furthermore, several individual imaging knock cycles with grad-

ually increased knock intensities from the same engine operation condition were selected.

The effects of thermodynamics state of the end gas condition, unburnt gas mass fraction,

and burning velocity on knock intensity were analyzed. The speed of the reaction front

generated by autoignition site was calculated to check whether detonation exists in the

extreme knock cycles.

7.1 Knock map of LUPOE 2D boosted engine

As a starting point, a series of experiments with different inlet initial pressure and spark

timing at engine speed of 750 rpm have been conducted in the LUPOE 2D boosted engine

to discriminate between knock and ”no knock” regions of operation regimes. The knock
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boundary was defined at the regime the number of knocking cycles is above 90% of all

firing cycles 1. An example of knock boundary is illustrated in Figures 7.1, which shows

pressure traces of firing cycles around knocking borderline at the inlet initial pressure

1.6 bar. The spark timings were retarded and advanced by 2o in such a way that the

engine exhibits (a) slight knock, (b) ”average” knock, and (c) severe knock. These data

were obtained from the engine running at 750 rpm with ignition timing set at 5o bTDC,

7o bTDC, 9o bTDC, respectively. The LUPOE 2D engine run with a stoichiometric iso-

octane-air mixture. With an advanced spark timing, the flame propagation happens in a

progressively decreasing volume as the piston is moving to the Top Dead Centre (TDC)

position, thus a higher in-cylinder pressure could be achieved. This potentially results

in the unburnt mixture self-ignition, and followed a rapidly pressure rise with pressure

oscillation. The peak pressure and the magnitude of pressure oscillation of knock cycles

were increased by an earlier spark timing and higher initial pressure in the manifold. The

regime of knocking cycles (b) was selected as the knock boundary; a metal engine head

was used and only pressure data were recorded, while the imaging data were obtained

by using the optical head at the condition where the spark timing or initial pressure was

retarded or decreased from knock boundary, e.g. the slight knocking in Figure 7.1.

During these knock mapping experiments, the metal engine head was used, and

the knock was detected from the pressure trace and by ear. The knock map at an engine

speed of 750 rpm, and the temperature of engine intake and head of 323 K is shown in

Figure 7.2. Iso-octane was used as fuel; it has a high anti-knock property, RON of 100 and

this ensured that the combustion proceeds in a normal mode for a wide initial pressure

region. Under naturally aspirated condition, knock experiments have been conducted

by Roberts [2010]. This study found that the knock occurred in more than 90% of the

firing cycles when the spark timing was advanced to 15o bTDC and about 100 knock

cycles have been collected as samples to analyze the knock properties. In this study, the

initial pressure in the inlet was increased from 1.6 bar to 2.1 bar, and the spark timing

was varied starting from the TDC position, and advancing by one degree of the crank

angle until more than 90% of cycles became knocking. This spark timing was defined

as the knock boundary. It can be seen that the spark timing had to be retarded towards

the TDC position with increasing initial pressure, and there was an approximately linear

relationship between initial pressure and spark timing for the knock boundary. The spark

timing of knock boundaries for intake pressures of initial 1.6 bar, 1.8 bar, and 2.1 bar, are

1Usually, knock boundary is defined at which the number of knock cycles is above 10% of all
firing cycles. In this study, 90% was chosen in order to acquire as much as knock cycle samples
for statistical analysis.
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Figure 7.1: Pressure traces near the knock boundary at initial pressure 1.6 bar: (a) slight
knocking, (b) ”average” knocking, (c) severe knocking. Other operation parameters are
listed in the Figures.

7o bTDC, 4o bTDC, and 2o bTDC respectively. The peak in-cylinder pressure of normal

cycles near the knock boundary reached approximately 100 bar.

The experimental data have been also collected at an initial pressure of 2.1 bar and

spark timing 2o bTDC at the engine speed of 750 rpm with only pressure measurement

for a further clarification of the role of the pressure. Surprisingly enough, extreme knock

was only randomly found at the very strongly boosted conditions. Although there is

no strict definition of extreme knock, it can be considered as a kind of knock where a

pressure oscillation amplitude exceeds 50 bar and occurs at random. In order to observe

this phenomena under the acceptable maximum pressure that the optical window can

withstand, an imaging method was employed with spark timing of 2o bTDC, and initial
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Figure 7.2: Engine knock map of the LUPOE 2D boosted engine at a speed of 750 rpm,
the temperature of engine intake and head were kept at 323K. The numbers in the square
bracket are coordinates.

pressure was decreased to 2.0 bar; in this region, most cycles were normal or only slightly

knocking. The probability of the extreme knock occurrence is low. These images with

corresponding pressure traces will be presented in Section 7.2 to show how autoignition

develops in different abnormal combustion phenomena. Nevertheless, the rare occur-

rence of knock for the high octane number fuel, i.e. iso-octane renders its capture more

difficult. Moreover, it was found that once the knock occurs, its intensity for an iso-octane

and air mixture has a high magnitude pressure oscillation quite capable of destroying the

engine windows. Therefore, a mixture of 95% iso-octane and 5% n-heptane by volume,

referred to as PRF95 was used. This fuel has a shorter ignition delay time and it tends

to cause knock more easily. The knock intensities of the PRF fuel show a wide spread

of magnitudes at the same operation conditions. At the same spark timing setting at 2o

bTDC of iso-octane fuel, the knock boundary of PRF95 fuel is at a lower initial pressure

of 1.8 bar, thus, this condition was selected to collect different knock intensity cycles with

the imaging method. PRF95 fuel data will be analyzed in Section 7.5.

The pressure signal frequencies, amplitudes and phase could all be varied by chang-

ing the location of the pressure transducers (Heywood [1988]). Since there is only one dy-

namic pressure transducer installed in the LUPOE 2D engine, the relationship between

location and the pressure profile was not studied in the present study. Engine resonant
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frequencies and appropriate cut-off bandwidth frequencies were evaluated from the pre-

vious LUPOE 2D engine studies (Conway [2013]; Roberts [2010]; Smallbone [2004]). The

frequency of knock oscillation in the LUPOE 2D engine is usually in the range of 2.5 to 12

kHz. Therefore, a wide bandwidth filter 2.5 kHz-12 kHz was selected to remove the noise

at low and extremely high frequency regions in the following analysis of knock intensity.

Peak pressure was defined as the maximum value of the band-filtered pressure.

7.2 Observations of autoignition

This Section shows images of different abnormal combustion phenomena, including end

gas self-ignition, extreme knock and auto-ignition. These images were recorded simulta-

neously with pressure data recording in the LUPOE 2D boosted engine at fixed operation

conditions .

7.2.1 End gas self-ignition

Sequential frames from a natural light high speed camera, see Chapter 4 for description,

set at 10,000 frames per seconds, are presented in Figure 7.3 for a typical slight knock

cycle, The optical LUPOE 2D engine was operated near the knock boundary and close to

the knock-free region as shown in Figure 7.2. The engine would be stopped immediately

after the extreme knock was detected. The operational conditions chosen were deter-

mined as follows. The engine speed was set at 750 rpm and the intake temperature was

kept at 323K, while the equivalence ratio was 1. The spark timing was set at 2o bTDC,

and the initial boost pressure was 2.0 bar. Iso-octane was used as fuel.

A large autoigntion site can be discerned quite clearly in the image 6 at around

six o’clock position in Figure 7.3; it occurred at the late stage of combustion process,

where a small volume of unburnt mixture was left in a high pressure and temperature

environment. A second autoignition site can be observed at the left hand side of this

image with a negative curvature of the regular flame front ahead of it. In the next image,

these autoignition sites grew larger, and the local movement of main flame in front of

these sites became slow compared to the other directions. In the next two milliseconds,

the rest of the end gas was engulfed, usually this process happened in only 1o CA interval.

From the pressure trace shown in Figure 7.4, there was a little acceleration of the

pressure rise, after the onset of autoignition at point 6. The mild pressure oscillations

arise not at the moment of the autoignition, but several milliseconds later at point 8.
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 Figure 7.3: End gas self-ignition, the operating condition and the corresponding pressure
trace can be seen in the Figure 7.4. The times shown are the time elapsed from the spark
discharge.
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Figure 7.4: Pressure trace of a self-ignition cycle in Figure 7.3, the number of the images
in Figure 7.3 are shown next to the pressure points at which the images were taken.
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The self-ignition of the end gas produces slight knock and ensuing pressure oscillations

which are relatively small. Occasionally, the knock phenomena may not happen, and the

engine might benefit from the rapid heat release from self-ignition. This kind of knock

has been widely observed in engine knock experiments in naturally aspirated engines

(Konig and Sheppard [1990]; Pan and Sheppard [1994]), it also exists at current strongly

boosted engine conditions. The autoignition delay time of the fuel, and the inhomoge-

neous pressure and temperature environment in the unburnt end gas are believed to be

the main factors which influence the onset of self-ignition. The weak knock intensity may

be related to only a small volume of unburnt mixture resided in the engine cylinder after

autoignition onset.

7.2.2 Extreme knock

With the rise of the initial boosted pressure at low speed in a supercharged engine, be-

sides the slight knock phenomena induced by the end gas self-ignition, a sporadic ex-

treme knock has been observed at the same engine operation conditions. The maximum

amplitude of this kind of knock pressure tends to be extremely high compared to the

knock combustion pressure in a naturally aspirated engine. Previous research has found

that extreme knock usually accompanied the pre-ignition in the modern supercharged

engine (Zahdeh et al. [2011]). However, an extreme knock could also occur after regular

spark ignition, especially for very advanced spark timing.

Figure 7.5 represents a sequence of images of an extreme knock cycle captured with

camera speed 10,000 fps, captured are about 300 firing cycles at identical conditions. The

operation conditions of the engine presented in Figure 7.6, essentially the same conditions

as the self-ignition experiment described in Section 7.2.1: the engine speed was 750 rpm,

spark timing was 2o bTDC, and the initial pressure was 2.0 bar. Iso-octane was used as

fuel and mixed at equivalence ratio 1. A different behaviour of combustion in the end

unburnt gas was observed during an extreme knock event. After first 2.5 msec elapsed

since ignition, and while the main flame was very small, see frame 4 in Figure 7.5, there

appeared a hot spot ahead of the flame, and at some small distance away from the wall.

The autoignition kernel does not seem to be in a direct contact with the wall, therefore a

surface ignition may be ruled out. At the onset of autoigniton, the volume of autoigniton

flame tended to be equal with that of the main flame, only approximately 50% of the

mixture of fuel and air has been burnt and the left part of mixture burnt after autoigniton

happened in an interval of as little as 2o crank angles. This contrasts strongly with the

slight knock occurred at the same engine operating condition.
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Figure 7.5: Extreme knock, the operating condition and the corresponding pressure trace
can be seen in the Figure 7.6. The times shown are the time elapsed from the spark
discharge.
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Figure 7.6: Pressure trace of an extreme knock cycle in Figure 7.5, the number of the
images in Figure 7.5 are shown next to the pressure points at which the images were
taken.
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Subsequently, it generated a second fast growing flame pushing the main flame

backwards, cf. frames 6-9 in Figure 7.5. No pressure oscillations could be discerned nei-

ther at the instant of the auto-ignition nor the subsequent flame propagation. In the frame

8, the flame originated from autoigniton interacted with the main flame, and a secondary

self-ignition of the end gas can be seen clearly in the areas at 7-8 o’clock in this frame,

resulting in a fast rapid heat released and a pressure increasing. As a consequence, a first

pressure peak was generated in the point 9 in Figure 7.6. Then strong pressure waves

travelled across the engine cylinder, leading to pressure oscillations in the chamber. It

should be noted that the second peak pressure has a much higher oscillation amplitude

than the first one after 0.4o CA (0.9 ms). The maximum amplitude of the pressure oscil-

lation can reach 100 bar. It may be in the form of a detonation-like wave, which is the

most dangerous hazard for an engine (Rudloff et al. [2013]). The following image frames

were extremely bright so that nothing could have been observed. The light was emitted

by strong heat release and soot formation throughout the entire chamber area.

The filming speed 10,000 fps (10 thousand frames per second) proved barely ad-

equate for autoignition centre development. Presented in Figure 7.7 is another extreme

knock cycle recorded at a faster imaging speed 25 kfps, with CH* chemiluminescence

technique, i.e. with 430 nm interference filter. The engine was operated under the same

conditions as the above cases, and listed in Figure 7.8. Compared to the first extreme

cycle, this extreme knock has lower peak pressure, about 130 bar, however the maximum

amplitude of pressure oscillation of both cycles are similar. By using the CH* chemilu-

minescence technique, the reaction front could be discriminated well, the bright multi-

autoignition centres appears in the image 5, i.e. 2.68 ms after spark ignition, which is

about 0.2 ms later than the first extreme knock cycle. The unburnt mixture might gener-

ate more autoignition events due to local temperature imhomogenity and pressure waves

induced by the initial autoignition event. Compared to the ignited flame, luminescence

intensities of the autoignition centres are higher, thus indicating a stronger heat release.

These autogintion centres occurred between the engine walls and flame front, then ex-

panded toward different directions merging with neighbouring centres. Thereafter, from

Figure 2.7, it is clearly seen that the reaction front, indicated by bright CH* emission,

propagates along a ring encircling the main flame front and the wall. This development

process might contribute to two effects: the reaction front propagation of auto-ignition,

and subsequently continuing autoignitions occurring in front of the reaction front. Es-

sentially, the auto-ignition induced a reaction front propagation as a second ”flame”. At

the same time, new autoignition centres continue to appear in the unburnt gas see e.g.

image 13 in Figure 7.7, until they covered all the end-gas region. During this process, the

main flame seems to be virtually frozen and there is a clear boundary between ignited
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Figure 7.7: An extreme knock with high speed imaging 25 kfps. The operating condition
and the corresponding pressure trace can be seen in the Figure 7.8. The times shown are
the time elapsed from the spark discharge.
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Figure 7.8: Pressure trace of an extreme knock cycle in Figure 7.7, the number of the
images in Figure 7.7 are shown next to the pressure points at which the images were
taken.
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flame and autoignition flame. The pressure increases smoothly without any oscillation

until image 16, where a peak pressure was achieved with an approximate 50 bar differ-

ence compared to the pressure at image 15. A bright region was generated around the

10 o’clock direction where the autoignition reaction fronts from the two sides around the

ignited flame met. In the same way as the first extreme knock, the maximum pressure

of the cycle happened after the first peak pressure. That may indicate a more rapid con-

sumption of the end gas after image 15, because the autoignition might continue reacting

with a relatively large volume of unburnt gas in front of the main flame.

Even with this high imaging speed, it is still not clear whether the strong pressure

increase in a short interval time was caused by the detonation or not. However, these

images provided some clues that detonation might be created when autoignition centres

developed as a ”flame” after a long distance travel around the circumference of the cham-

ber, and generated a second ignition by interference of the new autoignition sites. The

autoignition in extreme knock cycles may happen in several stages. At the initial stage,

the autoignition was generated near the wall, then it developed with self-propagation or

merging of more autoignition centres with the space restriction of ignited flame and wall.

During this period, no pressure oscillation was detected. New autoignition may appear

far from the first autoignition developed ”flame”. Once this ”flame” passed these new

autoignition sites, the visible regions were covered immediately, and a peak pressure was

generated at the same time. The reaction still continued to generate a second peak pres-

sure, which might be higher than the first one. Once there is a fast strong pressure pulse,

as seen in Figure 7.8 between the images 15 and 16, the derivation of the burning rate

from the pressure becomes impossible because of an extremely fast rate of heat release,

equally the imaging is of little help because the unburnt gas region is hidden from the

view by the bright glow.

7.2.3 Abnormal combustion in a skip-fired cycle

An autoignition cycle accidentally recorded in a skip-fired cycle provided an opportunity

to observe the autoignition kernel development process much more clearly. The images

and the pressure history of this event are shown in Figure 7.9 and 7.10. The engine op-

erating conditions were exactly the same as for the previous cycle, engine speed was 750

rpm, initial pressure was 2.0 bar, engine head and intake temperature set at 323 K. The

imaging acquisition system is for CH* chemiluminescence with a filming rate of 25 kfps.

The first autoignition center could just be observed in the first frame image close to

the wall. Then more self-ignition centres appear in images 2-4 and become more appar-
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Figure 7.9: Autoignition process captured in a misfire cycle. The operating condition and
the corresponding pressure trace can be seen in the Figure 7.10. The times shown are the
time elapsed from the spark discharge. The red circles indicate the onset moment of two
autoignition sites.

−5 0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

135 6 7 89
1114

16

P
re

ss
ur

e 
[b

ar
]

 

 
Fuel: Iso−octane
CR: 10
Speed: 750rpm
Head & Intake Temp:
50K, 50K
Flow rate: 5.2g/s
SP: 2bTDC
Pinit: 2.0 bar

−5 0 5 10 15 20 25 30 35 40
−20

0

20

40

60

80

B
an

d 
pa

ss
 fi

lte
r 

pr
es

su
re

 [b
ar

]

Crank angle [deg]

Experimental pressure
Band pass filter pressure

Figure 7.10: Pressure trace of an autoignition cycle in Figure 7.9, the number of the images
in Figure 7.9 are shown next to the pressure points at which the images were taken.
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ent in the vicinity of the first one. They are bright and associated with rapid consumption

of the unburnt gas. After these autoignition sites merged together, they form a propagat-

ing flame front, indicated by CH* luminescence. Flame propagation is accompanied by

appearance of new self-ignition centres ahead of it. A process of autoignition geneated

in front of the ”flame front” can be observed in the sequence of images 11 to 14: the

shape of one close to the wall was affected by the compression of the burnt gas, while

the one in the center area of chamber developed more freely, later they are engulfed by

the flame. In the following frame, the whole end gas is engulfed by the flame, and no

pressure oscillation was detected in this cycle. In a sense, this sequence is very similar to

HCCI combustion with an important distinction that the charge is stoichiometric without

dilution.

7.3 Knock onset and intensity

Knock onset and intensity are usually the two main parameters to characterize the knock

properties (Heywood [1988]). From previous knock images, the knock onset can be fur-

ther discriminated as an autoignition onset, where the autoignition sites appear and only

cause a slight pressure increase. Yet, the knock onset is usually the starting point of

strong pressure oscillations, at which the autoignition sites have been developed across

the entire cylinder in the visible image. The pressure trace of the extreme knock shown

in Section 7.2 is selected here to illustrate the definitions of autoignition and knock onset

in this study. The knock cycle pressure trace was separated into a low band pass part

and a high pass part firstly as shown in Figure 7.11. The high band pass filtered pressure

represents the pressure oscillations induced by knock; the signal shown in Figure 7.11

corresponds to the cut-off frequency bandwidth of 2.5-12 kHz. Some weak oscillations

can be observed after the autoignition sites appear before the detected knock onset, and

then the amplitude of pressure increases progressively until knock occurs. At the knock

onset time, the amplitude of pressure increased steeply and then reached a peak value

in a short time. After this, the amplitude of the pressure decreased and the oscillations

lasted for few milliseconds, slowly decaying.

A threshold value was adopted to determine the autoignition onset, that is the fil-

tered pressure oscillations were scanned until a certain threshold value was exceeded

(Worret et al. [2002]). The threshold was usually set below the maximum amplitude

of the knock-related oscillations and above that of the noise signals. However, a uni-

versal threshold setting for all engine operation conditions does not exist. Even for the

same operation condition, it was found that decreasing the threshold leads to mark incor-
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Figure 7.11: Illustration of the definitions of knock parameters.

rectly some non-knocking cycles as knocking because of larger noise, whilst increasing

the threshold excluded some slightly knocking cycles; it also produced late onset in some

heavy knock cycles (Mittal et al. [2007]). In order to overcome this problem, a second

threshold was used to determine a cycle to be a knock cycle or a non-knock cycle. As

observed in Figure 7.11, a knock cycle has a maximum oscillation point, which is sig-

nificantly larger than the noise signal. By setting a threshold lower than the maximum

oscillation point, the knock cycles could be selected. Then, the second threshold could be

set at a lower value to determine the autoignition onset, where the pressure has a slight

increase. The threshold values should be set by comparing the filtered pressure trace of

non-knocking cycles with that of knocking cycles. The knock onset can be defined at

the crank angle where is the last lowest oscillation pressure ahead of the peak point, at

which the pressure commences to rise rapidly rather than reach an extremely high value.

In the present study, the threshold for knock cycle detection was set at 1.0 bar, while the

threshold for autoignition onset detection was 0.5 bar. Actually, it is not clear if any cycle

that has autoignition without any pressure oscillation (lower than 1 bar) exists, because

it was not observed in the imaging experiment, these cycles will be recognized as normal

combustion cycles using this method if they really existed.

Detected autoigntion onset from images were compared with detected autoigntion

onset from pressures for 7 knock cycle samples at two operating conditions, this is shown
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Figure 7.12: Comparison of (a) detected autoignition onset, and (b) knock onset from
pressure and images. The cycles number 1 to 4 are from the PRF95 fuel experiment in
Section 7.5, while the cycles number 5, 6 and 7 correspond to the cycles: self-ignition, and
two extreme knock cycles described in Section 7.2.

in Figure 7.12 (a). The cycles numbers 1 to 4 are from the PRF95 fuel experiment, which

will be presented in Section 7.5, while the cycles numbers 5, 6 and 7 corresponds to the

cycles described in Section 7.2, these are self-ignition and ”extreme knock” cycles. If the

two methods correspond well, then all symbols would reside on the 1:1 slope line, which

means that the autoignition onset can be perfectly detected by present threshold method

to the nearest 0.2o CA. The onset moment of autoignition was determined manually by

observation of the knock images, the resolution depends on the imaging frame rate, i.e

0.1 ms at 10 kfps. It can be seen that the detected autoignition onset from pressure is

slightly delayed compared to that from images. This is due to the minimum pressure

change at the occurrence of autoignition sites, however the difference is smaller than

0.4 CA. By comparing the knock onset detected by pressure and imaging methods, the

knock onset detected from two methods also is plotted in the Figure 7.12 (b). It was found

that the symbols distribution along the 1:1 slope line with small errors. There is a good

linear relationship between autoignition onset and knock onset, because the difference

of interval time between autoignition onset and knock onset usually is smaller than 0.2o

degree, which is less than the resolution of the measurement. In order to compare the

pressure and temperature at autoignition onset, in the following sections, autoignition

onset will be adopted.

Knock intensity has been widely defined to characterize the knock severity of an in-

dividual knocking cycle. Two kinds of knock intensity parameters were evaluated here.

The maximum amplitude of the pressure oscillation (MAPO) of the band pass filtered
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Figure 7.13: (a) Comparison of knock intensity and MAPO, (b) The relationship between
knock onset and knock intensity of 7 sample cycles. The cycles number 1 to 4 are from
the PRF95 fuel experiment in Section 7.5, while the cycles number 5,6 and 7 correspond
to the cycles: self-ignition, two extreme knock cycles described in Section 7.2.

pressure, and another definition proposed in the previous Leeds work (Konig and Shep-

pard [1990]; Pan and Sheppard [1994]) can be expressed as:

KI =

√√√√ 1

N

N∑
i=1

(Pi − Pmean)2 (7.1)

Where KI is the calculated knock intensity, Pi is the instantaneous band-pass filtered

pressure, Pmean is the mean value of band-pass filtered pressure, N is the number of

samples collected during a period of 2 ms from the detected knock onset. A 2 ms period

allowed time for approximately 10 reflections of a pressure wave travelling at typical

combustion chamber at sonic velocities (Konig and Sheppard [1990]).

A comparison of these two methods is shown in Figure 7.13 (a), where a linear re-

lationship can be observed. Actually, these two parameters show a similar characteristic

of knock intensity, therefore only MAPO was adopted in the following analysis as an in-

dication of knock intensity. A quick scan of knock onset and knock intensity was plotted

in the Figure 7.13 (b). There does not exist a linear relationship between these two values,

because the knock intensity is also related to the development of autoignition after au-

toignition onset. The knock amplitude is very sensitive to the timing of autoignition and

for the studied conditions, a change of the latter by 10o CA results in a ten-fold increase

of pressure oscillations intensity.
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7.4 Influence of intake pressure on the knock charac-

teristics

More knock cycles have been collected at the strongly charged LUPOE 2D boosted en-

gine i.e. intake pressure of 2.1 bar, with engine metal head. Only the pressure signals

have been recorded. The experiment was carried out at the engine speed of 750 rpm and

spark timing was set at 2o bTDC at the knock boundary, iso-octane was used as fuel. At

the same operation condition, naturally aspirated (NA) LUPOE 2D engine knock experi-

ments have been conducted by (Roberts [2010]), the spark timing was 15o bTDC was the

knock boundary for naturally aspirated engine conditions. This section will compare the

characteristics of knock properties under these two different engine inlet initial pressures

by using autoignition onset and knock intensity defined in the previous section. The raw

pressure data of these two conditions are shown in Figure 7.14.

In order to study effects of the cycle-to-cycle variability on a single knock cycle,

fast, medium and slow cycles, shown in Figure 7.14, were separated into three groups,

depending on their rate of the combustion. The fast, medium and slow cycles are shown

in red, blue and green, respectively in Figure 7.14. It can be clearly seen that for the

NA operation, gas autoignition events cause only very mild pressure oscillations. At the

same time, the cycle-to-cycle variability is much greater for the boosted operation; thus,

the slow cycles seem to have no knock even though the autoignition may be discerned

on a few slow cycles shown in green lines. Virtually every fast cycle ends in auto-ignition

and many autoignition events lead to very violent pressure oscillations at the high inlet

pressure combustion.

Figure 7.15 show scatter plots of maximum pressure as a function of the time at

which it is achieved. For both NA and boosted operation there is an approximately lin-

ear proportionality between the crank angle at which the pressure reaches the maximum

and the pressure magnitude. This is somewhat surprising as the adopted method of data

processing includes cycles with knock, and the peak pressure in those are determined by

the pressure oscillations. One could surmise that, if the knock, i.e. pressure oscillations,

is caused by detonation, which is much faster than the normal turbulent flame propaga-

tion, it would produce much earlier timing of the maximum pressure, and this is clearly

not the case, see Figure 7.15 (b). Another observation which can easily be derived from

Figure 7.15 is that the cyclic variability increases with the initial pressure, peak pressure

of extreme knock events could exceed the average value plus two standard deviations.
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Figure 7.14: Knock pressure traces for the naturally aspirated (a) and charged (b) opera-
tion of LUPOE 2D. The fast cycles are shown in red, medium in blue and slow in green
colors, respectively. ”Pinit mean” means the inlet pressure.
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Figure 7.15: Maximum pressure as a function of the crank angle at which it is achieved
for the naturally aspirated (a) and charged (b) operation of LUPOE 2D. ”Std 2nd” means
the two standard deviations.

Figure 7.16 and Figure 7.17 show autoignition onset and knock intensity distribu-

tions. For the NA condition, knock onset is distributed approximately normally about the

mean value with a standard deviation of about 2 crank angle degrees. For the boosted

condition, another peak distribution appears, which represents the extreme knock cy-

cles, and the other is slight knock. The slight knock has a normal distribution, the ex-

treme knock occurs earlier than slight knock, with higher corresponding knock intensity.

By comparing NA to boosted cycles, the knock intensity of charged operation is much

higher than that of NA. It could be described that, in the beginning of initial pressure

increasing, the knock onset is advanced and results in higher knock intensity, when the

initial pressure is increased extremely high, some extreme knock cycles occur with an

early knock onset time and higher knock intensity, however, the possibility of occurrence
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Figure 7.16: Knock onset distribution for the naturally aspirated (a) and charged (b) op-
eration of LUPOE 2D engine. The operation parameters are listed in the Figure 7.14.
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Figure 7.17: Knock intensity distribution for the naturally aspirated (a) and charged (b)
operation of LUPOE 2D engine. The operation parameters are listed in the Figure 7.14.

of these extreme knock cycle is low and the other knock cycles in the same condition

appear the similar property as the natural aspirated engine knocking.

Figure 7.18 shows the mass fraction burnt (mfb) at the moment of the autoigni-

tion onset (AO) versus knock intensity (MAPO) for the naturally aspirated and charged

operation of LUPOE 2D engine. The unburnt mass fraction can be calculated from the

heat release history of combustion pressure trace using LUSIEDA. With an increase of the

intake pressure, the density of the air-fuel mixture in the cylinder also increases, there-

fore, at the same value of AO, the supercharged engine has more unburnt mass in the

cylinder. It is natural to suppose that the larger amount of the end-gas available for the

rapid self-ignition would result in larger pressure fluctuations. It can be seen that at the
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Figure 7.18: Autoignition onset versus knock intensity (MAPO) for the naturally aspi-
rated (a) and charged (b) operation of LUPOE 2D engine. The operation parameters are
listed in the Figure 7.14.
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Figure 7.19: Pressure at the moment of autoignition onset versus knock intensity (MAPO)
for the naturally aspirated (a) and charged (b) operation of LUPOE 2D engine. The oper-
ation parameters are listed in the Figure 7.14.

boosted operation while the more violent knock in fast cycles does tend to happen at the

low mass fraction burnt. However, a low proportion of the burnt gas does not necessarily

result in more violent knock. The difference in mfb in Figure 7.18 is huge; at the atmo-

spheric intake pressure, it is never below 90%, at the charged operation it is never above

60%.

It can be inferred from Figure 7.18 that the amplitude of the knock arising at the

strongly boosted operation has a strong dependency upon the mass of the end gas avail-

able for the self-ignition. While the end-gas self-ignition at the NA operation consumes

no more than 8% of the total charge mass, at the boosted conditions the strongest knock,

with MAPO of more than 10 bar occurs when less than half the charge is burnt in the
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Figure 7.20: The pressure and temperature history of the end gas for the naturally aspi-
rated (NA) and the boosted LUPOE 2D engines with the potential autoignition regions.
The reverse cycle software LUSIEDA was used to predict the unburnt gas temperatures
based on experimentally gathered cylinder pressure data.

main combustion event. The higher end gas pressure and temperature, the higher is the

possibility of end gas autoignition. In the applied engine modelling it is sometimes as-

sumed that knock will occur if the pressure reaches some threshold value. Figure 7.19

shows influence of the pressure at the moment of knock onset on the knock intensity.

It is clear that, with charged operation, the extreme knock events happen at relatively

low pressures. Unexpectedly, some cycles develop knock at pressures lower than for NA

operation. It is perhaps reasonable to assume that the auto-ignition events at the low-

est pressures correspond to the smallest flame advance, hence the largest proportion of

the total charge energy is available to sustain the knock. Therefore, counter-intuitively,

the conditions for the extreme knock, even though it arises at the elevated intake pres-

sures, are associated with processes at fairly low end-gas temperatures and pressures, see

Figure 7.19.

The mean unburnt gas temperature and pressure histories in the naturally aspi-

rated (NA) and boosted LUPOE 2D engine have been calculated using the reverse ther-

modynamic engine software LUSIEDA and are shown in Figure 7.20. Only a minor vari-

ation of the intake temperature existed between the NA and boosted operation. The
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calculated results show the temperature of the boosted LUPOE 2D engine is lower than

that of the NA engine at the TDC position and the potential autoignition region. How-

ever, the spark timing of the boosted engine is closer to TDC than that of NA engine, thus

the difference of the temperature at the spark timing is not large for two conditions. This

implied that extreme knock occurrence may be not governed by auto-igniton of unburnt

end gas, which is sensitive to the pressure and temperature. Since there does not exist

valves or spray injection deposits in the LUPOE 2D engine, the lubrication oil released

from piston crevice could be a potential reason for the extreme knock.

7.5 Comparison of self-ignition and extreme knock

Several knock cycles selected from the same boosted condition will be used for a further

study on the difference between self-ignition and extreme knock. Although the number

of knock cycles with image recording is too small to derive reliable statistical results, an

attempt at establishing a relationship of knock development process with knock inten-

sity could still be undertaken. Here, knock cycles with different knock intensities are

analyzed, the engine was operated at 750 rpm, and fuelled with a mixture of 95% iso-

octane and 5% n-heptane by volume (PRF95). Due to the short ignition delay time of

PRF95, at the same spark timing, the knock boundary occurred at a lower initial pressure

of 1.8 bar compared to iso-octane at the spark timing 2o bTDC. Four knock cycles are

selected, representing a transition from a slight knock to an extreme knock. The pressure

traces and filtered pressure oscillations are compared in Figure 7.21 and Figure 7.22.

It can be seen that there existed a small pressure deviation at spark timing; the

cycle 1 has the lowest pressure at that moment, and it also shows the lowest rate of com-

bustion and a weakest barely detectable knock. Cycle 3 has much smaller pressure at

the spark timing and, yet, it shows very similar fast burning rate and onset of knock to

the cycle 4 which has the highest pressure at the spark instance. Cycle 2 and 4 have the

same ignition pressure but the subsequent combustion is very different. The autoigni-

tion onsets detected from the images are marked in the pressure traces, with the advance

of autoigniton onset time, the peak pressure raised and the pressure oscillation become

more violent. The amplitude of pressure oscillation can be seen in Figure 7.22, which

clearly show a gradually increase of the magnitude of the pressure oscillations.

These pressure traces were transformed into the frequency domain by using Fast

Fourier Transform (FFT) in Matlab. The FFT results are plotted in Figure 7.23. Generally,

the position of the maximum frequency does not change much with the knock intensity
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Figure 7.22: Band pass filter pressure traces of four different knock intensity cycles se-
lected from the same engine operation condition, in the LUPOE 2D boosted engine run-
ning at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric PRF95 fuel.
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Figure 7.23: FFT transform of four different knock intensity cycles selected from the same
engine operation condition, in the LUPOE 2D boosted engine running at a speed of 750
rpm and a spark timing 2o bTDC, stoichiometric PRF95 fuel.

increasing, and locates around 6.5 kHz, which is corresponding to a first approximation

of the tangential and longitudinal mode frequencies of engine cylinder. With an increase

of knock intensity, the frequency region tends to be wider and there are several small

peak frequencies appearing. These small peak frequencies may become dominant with

the knock intensity rise, see cycle 4. It may imply that more pressure waves travel across

the cylinder, which were generated by several autoignition centres. The magnitudes of

frequency of an extreme knock cycle are higher than that of a slight knock cycle.

The temperature and pressure histories of 4 cycles between spark ignition and au-

toignition onset were calculated by LUSIEDA and shown in Figure 7.24. It should be

noted that these temperature values are considered as global mean values, and the local

temperature may be higher or lower than these due to the temperature inhomogeneity

in the cylinder. As shown in the pressure traces, there is a small difference of pressure at

spark timing, which are mainly caused by cycle-to-cycle variability. The maximum dif-

ferences of pressure and temperature between four cycles are about 1.7 bar and 9 K, when

the cycle 1 and cycle 4 are compared. However, the temperature variance in the engine

may exceed this difference, therefore it is not reliable to draw any conclusion using these

four cycles here about the effects of pressure and temperature on autoignition onset.
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Figure 7.24: Temperature and pressure histories of four different knock intensity cycles
selected from the same engine operation condition, in the LUPOE 2D boosted engine
running at speed of 750 rpm and spark timing 2o bTDC, stoichiometric PRF95 fuel.

The autoignition moment and the following 0.3 ms of images are shown in Figure

7.25. During the flame propagation, several bright spots were detected in the burnt gas,

see cycle 1, image 2. These bright spots may be created by local fuel-rich combustion.

All the autoignition sites occurred near the wall. For cycle 1, it appeared in the flame

front, most close to the wall at 3-4 o’clock direction. Then, second autoignition happened

in a flame cusp. Clearly, it is an end gas self-ignition knock, which only generated a

slight pressure oscillation. The autoignition started at the flame front of cycle 2; later

more autoigniton sites appeared around the flame. However, this autoignition did not

cause a strong pressure oscillation, similarly to cycle 1, whilst this cycle achieved a higher

peak pressure than that of cycle 1. This confirmed that the autoignition can release the

heat energy rapidly without large pressure oscillations. Cycle 3 and cycle 4 have similar

autoignition onset position and development process, with only about 0.1 ms difference

between their autoignition onset times. However, the magnitude of pressure oscillation

of cycle 4 is twice larger than that of cycle 3. There is a clear autoignition centre in the

6 o’clock direction in the image 4 of cycle 4. It is evident that the second autoignition,

which is far from the first one, may trigger the strong reaction energy release and shock

wave when the reaction front generated by the first autoignition passes it.
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 Cycle1 Cycle2 Cycle3 Cycle4 

Figure 7.25: Images of autoignition development for four different knock intensity cycles
selected from the same engine operation condition, in the LUPOE 2D boosted engine
running at a speed of 750 rpm and a spark timing 2o bTDC, stoichiometric PRF95 fuel.
The cycle numbers are the same as shown in Figure 7.21.
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Figure 7.26: Flame radius development of four different knock intensity cycles selected
from the same engine operation condition, in the LUPOE 2D boosted engine running at
a speed of 750 rpm and a spark timing 2o bTDC, with stoichiometric PRF95 fuel.

There was about 3o-4o CA difference of autoigniton occurrence time between the

light knock and the extreme knock. Earlier autoignition usually means stronger knock.

However, it should be noted that even a minimal earlier autoigniton occurrence could

lead to a large difference in the pressure oscillation as e.g. see on the comparison of

cycle 3 to cycle 4. On the other hand, a large different between two cycles’ autoignition

onset may result both in small pressure oscillations, if cycle 1 and cycle 2 were compared.

Therefore, the knock intensity is not necessarily related to autoignition onset time. It

is also governed by the autoignition development process. Earlier autoignition often

indicates a larger unburnt space, as well as a longer time for autoignition propagation,

hence it may easily develop into a ”detonation” with a second autoignition. Although

the camera did not capture any evidence to prove the existence of detonation, the strong

oscillation pressure indicates that a strong reaction process exists. The huge magnitude

of pressure oscillation may be not caused by the large unburnt gas heat release, it is likely

that gas dynamics of autoignition play an important role for the pressure oscillation.

Flame speed before autoignition impeded the main flame propagation are com-

pared in Figure 7.26, the flame radii were calculated from a circle which has the same

area as the flame, once autoignition starts, the flame area also includes the autoignition.

There are no significant differences between the four cycles, and actually the strongest

knock and slight knock have almost the same flame radius development history, which

indicates that the flame speed did not have a direct effect on the knock onset and inten-
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sity under the same engine operation condition. The area of autoignition at the moment

that the autognition contacted the ignited flame are also shown in Figure 7.26. It can be

seen knock intensity is not related to autoignition area when it interacts with the flame.

A narrow horizontal section of image was taken from the full-bore image of ex-

treme knock shown in Figure 7.5 in Section 7.2, to calculate the local flame propagation

speed. A sequence of the local propagation of the spark-ignited flame and the autoigni-

tion is shown in Figure 7.27. The mean flame radius was measured to represent the flame

position in each image, the blue line is derived main flame front, the red line is the au-

toignition reaction front, the yellow one is an extrapolation line to predict the flame posi-

tion without autoigntion effect. Then, the speed of flame and autoignition was obtained

in Figure 7.28. The detected maximum velocities of flame and autoignition were approx-

imate 9 m/s and 60 m/s, respectively. Both velocities decreased when the autoignition

flame approached the main flame. The camera frame rate is not fast enough to capture

the initial stage of auto-ignition; however, the propagating velocity of it indicated that a

detonative reaction could not occur before flame and autoignition interaction. Hence a

detonation can be ruled out, at least during the early observed period.

The direct initiation of detonation can be due to inhomogeneities, according to the

description of Zeldovich [1980], and this phenomena was observed by Pan and Sheppard

[1994], and this may not be accurate to describe the extreme knock. The second possibility

of detonation onset is a second ignition as a consequence of interaction between the auto-

ignition generated ”flame” and more autoignition sites in front of it, following a process

that the pressure waves were reflected and focused by the cylinder wall. ”The bidirec-

tional coupling of heat release and pressure wave is established once the pressure wave

is strong enough and the gas mixture is reactive enough”, this detonation mechanism

was described by Pöschl and Sattelmayer [2008] and be supported by the experimental

data from a rapid compression and expansion machine. A reaction front travelling in the

opposite direction to the original temperature gradient was observed at a speed up to v

= 1400 m/s. A simulation of interaction between a shock and a flame in a channel has

been done by Oran and Gamezo [2007]. Although the first purpose of this simulation can

not be extrapolated to the conditions for the engine, the configuration of their simulation

was similar to the current initial stages of extreme knock conditions. A deflagration-to-

detonation transition (DDT) could occur after the energy release accelerated due to the

increased surface of the flame and the increased temperature behind the strong reflected

shock. However, it is not yet clear whether flame to flame interactions can lead to DDT

in any realistic situations; at least none could have been observed in the experiments

presented here.



Chapter 7 198 Autoignition in a boosted SI engine

Figure 7.27: A narrow horizontal section taken from the full-bore image for derivation of
flame displacement speed under extreme knock case shown in Figure 7.5, the blue line is
derived ignited flame front, the red line is the autoignition reaction front, the yellow line
is an extrapolation line to predict the flame position without autoigntion effect.
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Figure 7.28: Local ignited flame velocity and the reaction front velocity developed from
an autoignition site, calculated from Figure 7.27.



Chapter 8

Conclusions and Recommendations

8.1 Introduction

This thesis aimed an investigation of the flame propagation and autoignition in a high

pressure single-cylinder optical research engine used here. The LUPOE 2D boosted en-

gine has a disc-shaped combustion chamber with full-bore overhead optical access. A

new boosting method with control system has been developed to increase the inlet pres-

sure while maintaining well-controlled turbulence intensity under safe operating condi-

tions. Subsequently, three main groups of experiments have been conducted:

• Measurement of iso-octane flame speed in a turbulence-free engine relevant envi-

ronment;

• Study of turbulent flame development at supercharged engine conditions, empha-

sizing on the pressure effects on different flame development stages and flame

structure;

• Investigation of characteristics of auto-ignition and extreme knock in a strongly

boosted engine.

In these experiments, in-cylinder pressure signals were recorded, and have been

analyzed using the Leeds University Spark Ignition Data Analysis (LUSIEDA) reverse
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thermodynamic code. Various optical diagnostic methods have been applied. The Parti-

cle image velocimetry (PIV) was employed to investigate effects of engine speed, intake

flow rate, and pressure on the turbulent flow in the engine. Flame chemiluminescence

signals were captured with a high speed imaging acquisition system with an interference

filter; flame propagation speeds under different conditions were derived from these im-

ages. The detailed flame structure was obtained by laser sheet visualization technique,

where the cross section of a 3D flame has been visualized by cross-cuuting it with a laser

sheet. These data collected under well controlled conditions yielded a comprehensive

database for engine combustion theory validation, and also for modelling work by col-

leagues in the School of Mechanical Engineering at Leeds University. Conclusions drawn

from the previous Chapters of this thesis are presented here. Furthermore, some sugges-

tions arising from this study are proposed for future works.

8.1.1 Conclusions of Iso-octane flame speed experiments

Presented in the current section are conclusions from the measurements of iso-octane

flame speed in a turbulence-free engine-relevant environment.

• The engine flow fields at the mid plane of the clearance volume of LUPOE-2D en-

gine were measured using a PIV system near the TDC position, at engine speeds of

100, 150, 200, and 250 rpm. There was no significant swirl motion detected in the

bulk flow, and the flow tends to be homogeneous and uniform near the TDC posi-

tion. The ensemble mean velocity decreased when the engine speed was reduced.

At the engine speed of 100 rpm, the mean gas velocity in the chamber was lower

than 0.1 m/s. The RMS turbulent velocity near TDC was linearly proportional to

the engine speed, and declined to approximately zero when the engine speed de-

creased to zero. At the same time, the integral length scale at TDC also decreased

with the engine speed; the longitudinal integral length scales were approximately

twice larger than the transverse integral length scales. These results confirmed that

LUPOE engine could generate an almost homogeneous and turbulence-free envi-

ronment when it runs at extremely low speed, i.e. less than 100 rpm, and so it

could be used as a reciprocating combustion rig for laminar flame speed measure-

ment under engine relevant conditions.

• Pressure traces recorded in the LUPOE engine at an engine speed of 100 rpm, with

various equivalence ratios, show that the cycle variability was extremely small

at the stoichiometric and rich conditions. These observations further support the
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claim that the LUPOE engine can provide minimum turbulence intensity and ho-

mogeneous mixture conditions. The spark timing was set at 10 deg bTDC, where a

high pressure of 12 bar and high temperature of 600k (calculated from LUSEIDA)

could be achieved.

• Laser sheet visualization measurements provided the cross-section information of

flame shape. Comparing the results from engine speeds at 150 rpm and 750 rpm,

it was shown clearly that the flame contour was closer to a circle at the low engine

speed. The variability of mean flame radius at the same crank angle also had a

significant drop with the engine speed decreasing.

• After a comprehensive assessment of experimental conditions, direct measurement

of flame propagation in a turbulent-free environment has been conducted using

CH* chemiluminescience. The sequence of images captured at various equiva-

lence ratios show the development process of flame. A smooth flame front was

observed after ignition, and it became wrinkled as the flame was approaching the

wall. However, the flame front attained more regular cellular shapes, which was

different from the randomly wrinkled flame front induced by turbulence. These

cellular structures could be generated by a flame instability at the high pressure.

• In order to eliminate effects exerted by the ignition and engine side walls on the

flame speed measurement, only the flame radius range from 10 to 22 mm was

chosen for the burning velocity calculation. During this stage, the volume height

changed only about 0.4 mm at the engine speed of 100 rpm, which is equal to 5%

of the total volume. This combustion duration could be considered as a constant

volume process. The visible flame speed Sn was derived from the slope of the fit-

ting line of flame radius from 10 to 22 mm, the burning velocity was calculated as

U = ρb/ρuSn, and the value of the thermal expansion ratio was calculated using

LUSIEDA. The burning velocity of iso-octane had a similar value of 1.1 m/s for

stoichiometric and rich mixtures of equivalence ratio, while 0.6 m/s and 0.8 m/s

were for lean mixture 0.6 and 0.8 respectively.

• Since the rms velocity was linearly proportional to the engine speed, and decreased

to approximately zero if the engine was stopped, a new method of measuring a

laminar burning velocity at turbulence-free conditions was explored. This method

is based on extrapolating the burning velocities from different engine speeds from

300 rpm to 150 rpm. In order to keep the pressures and temperatures similar at

spark timing, different spark timings have been selected, at a high pressure of 15

bar and a high temperature of 600K. Flame speeds with equivalence ratios 0.8, 1
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and 1.2 under four engine speeds have been measured. The results show that the

burning velocity has linearly decreased with the reduction of the engine speed for

lean and stoichiometric mixture, while the rich flame speed shows an opposite

tendency. The extrapolated burning velocity for three equivalence ratios are 0.78

m/s for the lean mixture, 0.94 m/s for the stoichiometric and 1.15 m/s for the rich

mixture. The difference between the values from the direct measurement at engine

speed 100 rpm and that derived from extrapolation from engine speed 150 to 300

rpm is small.

• It is very difficult to measure the laminar burning velocity of iso-octane at a high

pressure of 15 bar, and high temperature of 600K at constant pressure in a constant

volume combustion vessel. The experimental data which can be used to validate

the current measurement results are not available in the literature. For this reason,

correlations for laminar flame speed and reaction mechanism computations have

been adopted. Nevertheless, these equations and a reaction mechanism need to be

evaluated using the available experimental data before applying them to calculate

burning velocity at high pressure. 4 sets of experimental data of iso-octane burning

velocity, 3 correlation equations and a chemical reaction mechanism were selected

and evaluated comprehensively.

• Comparing current measured burning velocities to values derived from correlation

equations at high temperature and pressure, a difference between the magnitude

of measured and computed results was observed. The measured flame speed is

about 1.5-2 times larger than that from calculation. This may be attributed to the

acceleration of the flame front due to flame instabilities and stretch effects. Since the

Markstein number of iso-octane-air mixtures at high temperatures and pressures

was low, instabilities which arise at increasing pressure, may play a more important

role on flame speed, and result in an acceleration of the flame speed.

8.1.2 Conclusions of high pressure turbulent flame experiments

The following conclusions could be derived from the investigation of turbulent flame

development at supercharged engine conditions.

• The boosting methods were tested by using exhaust valve installed in the exhaust

system and increasing the inlet flow rate, and a map of initial pressure with these

two methods was realized. Based on the map, a reference condition was decided

as a starting point for subsequent inlet pressure increasing before the knock cycle
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happened. Two conditions for each boosting method were selected as the following

test conditions.

• The effects of increasing inlet flow rate on the turbulence intensity in the LUPOE 2D

engine was investigated using a PIV system. The measurements were conducted

at the mid plane of the clearance volume of LUPOE-2D engine near the TDC posi-

tion, at engine speeds of 750 rpm. The maximum flow speed in the LUPOE engine

was about 4m/s, where no significant bulk flow, e.g. swirl motion, was detected.

Increasing the inlet flow rate by 50% caused stronger turbulence intensity by up

to 40%, while the exhaust valve closing could keep the RMS velocity at almost the

same level. For the highest and lowest levels of tested mass flow rate, the mean

velocity of an engine flow field had a similar mean value and standard deviation

along both the X and Y axes. These results confirmed that the new boosting con-

figuration using the exhaust valve enabled the intake mass flow rate and the initial

pressure to be independently controlled.

• The integral length scales were calculated from the mean PIV vector fields at 2

degrees before TDC. It could be observed that, in general, average values of the

longitudinal integral length scales were between 8-10 mm, approximately twice

the transverse integral length scales 4 mm. The flow field near the TDC could thus

be considered as a homogeneous turbulence flow.

• Pressure traces and images of flame propagation of 100 cycles have been recorded

at the selected conditions. The entrainment flame radius was defined as the ra-

dius of a circle having the same area as the observed irregular flame boundary. In

order to take the cycle variability effect into analysis, the recorded pressure traces

and flame radius were separated into fast, middle and slow cycles. The cycle was

classified by using peak pressure below, within, or above two standard deviations

from the ensemble average value.

• The experimental conditions were plotted on the Borghi diagram, the turbulence

intensity and integral length scales were measured by the PIV system, the laminar

flame speeds were calculated with Metghalchi and Keck’s power law correlation

equation. The selected conditions were located in the boundary between wrinkled

flamelets and wrinkled flamelets with pockets. Molecular transport parameters

were calculated at initial temperature estimated with the LUSEIDA, and its value

was around 620K.

• The effects of pressure on flame development were assessed at the different com-

bustion phases i.e. initiation, main phase, and termination phase. Overall, the re-
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sults show that the pressure rise decreased the flame burning velocity very weakly.

However, it had different effects upon the acceleration at early stages, and decel-

eration at final stages. Increasing the initial pressure had slightly negative effects

on the flame acceleration; turbulence was the main factor at the initial stage. In-

creasing initial pressure could decrease slightly the burning velocity in the fully

developed stage. Yet, this decrease may mainly be caused by decreasing flame

acceleration. The burning velocity was slightly rising with pressure increasing.

Pressure decreased the flame deceleration near the walls, resulting in longer com-

bustion duration. However, the burning rate increased with higher pressure in this

region.

• The flame acceleration speed curves for fast, middle, and slow cycles at three ini-

tial pressure conditions have been compared with the flame acceleration model

proposed by Lipatnikov and Chomiak, which was characterized by two turbulent

parameters. The models predicted a faster initial rate of flame acceleration than the

measured value, and slower rate at the later stage of the flame acceleration.

• The flame deceleration speed curves of fast, middle, and slow cycles at three ini-

tial pressure conditions are well fitted by the error functions erfc(x), which was

characterized by two parameters: the flame radius time, and flame deceleration

duration. For the fast cycle, the flame deceleration duration value of the equation

is the main value to be adjusted to fit the curve shape, whilst for the slow cycle, the

flame radius time value is more important.

• Under the same experimental conditions, the structure of the flame at high pres-

sure and its response to pressure effects were also investigated. A Laser sheet vi-

sualization method was applied, and a new algorithm for image processing was

developed to derive the detailed cross section flame front topology. Self-similar

properties of flames were evaluated with mean progress variable maps. The re-

sults show that the initial pressure has only a slightly effect on the flame structure

in the aspects of flame wrinkle and curvature. The mean progress variable profiles

could be collapsed by the error function well. Flames at high pressure have the

same ”self-similar” properties as those observed at low pressure.

8.1.3 Conclusions of autoignition and extreme knock experiments

The following conclusions may be drawn from the experimental investigation of auto-

ignition and extreme knock in a strongly boosted engine.
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• An engine knocking map was made for the LUPOE 2D boosted engine at an engine

speed of 750 rpm. The intake and cylinder head temperature were kept at 323K.

When the initial pressure was increased from 1.0 bar to 2.1bar, the spark timing had

to be retarded from 15oCA bTDC to 2oCA bTDC. At these spark timings, above 90%

of the cycles were knocking cycles and this spark timing was defined as the knock

boundary.

• A rise of the initial pressure promoted appearance of the extreme knock character-

ized with very large pressure oscillations and low probability of appearance. In

this study, the extreme knock was defined as a kind of knock, where the pressure

oscillation amplitude exceeded 50 bar and occurred at random.

• Images of self-ignition and the extreme knock process have been obtained; the end

gas self-ignition happened at the late stage of combustion, and produced slight

pressure oscillations. In contrast, the extreme knock was caused by earlier au-

toignition sites and following strong pressure oscillation. The development process

of autoignition in an extreme knock event can generate a new ”flame”, which could

be a result of the reaction front propagation of auto-ignition, or subsequently con-

tinuing from the autoignition occurring in front of the reaction front. This process

was restricted by the main flame and engine walls.

• Knock onset and autoignition onset have been discriminated using an accurate de-

tection of pressure oscillation, and be validated by the collected knocking images.

The raw knock pressure trace was filtered with a bandwidth of 2.5-12 kHz to de-

rive the pressure oscillations induced by knock. Two knock intensity characteristic

methods, the MAPO maximum amplitude of the pressure oscillation of band pass

filtered pressure, and the one developed by previous workers in Leeds were com-

pared. These methods produced similar results.

• Effects of cyclic variability on knock onset and intensity were strongly amplified by

engine charging. In particular, the magnitude of cyclic variability of the maximum

pressure within a cycle increased with the initial pressure.

• At the initial stage, the autoignition was generated at some small distance away

from the wall. The autoignition kernel did not seem to be in direct contact with the

wall, therefore surface ignition may be ruled out.

• Compared with slight knock, the extreme knock occurred at a lower pressure and

larger mass fraction burnt. Since the LUPOE engine does not have valves or spray

injection deposits, the lubrication oil from piston crevice could be a potential reason

for the extreme knock.
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• It was not observed that the flame speed had a direct effect on the knock onset and

intensity under the same engine operation condition. Knock intensity also did not

relate to autoignition area when it interacted with the main flame.

• In the frequency domain, the frequency of the most intense pressure oscillations

did not change upon a transition to extreme knock, and this might be only related

to engine chamber size. However, the width of the frequency distribution tended

to be longer and showed more harmonics when the knock became stronger.

• The knock intensity was not necessarily related to the autoignition onset time. The

gas dynamics of autoignition, and flame-autoignition interaction played an impor-

tant role for the pressure oscillations. The earlier autoignition occurrence provided

more time and space for autoignition sites to propagate, achieved a higher speed to

impede the main flame, and generated a second ignition by interference from the

new autoignition sites. This could result in strong pressure oscillations.

• From measurements of the local speed of the reaction front developed from an au-

toignition site it was found that the velocity remained subsonic. Thus a direct det-

onation did not exist in the observed extreme knocks. However, an extremely fast

rate of heat release could be observed from the pressure in the several milliseconds

which followed the autoignition onset.

8.1.4 Recommendations for future work

Listed below are pointed some empirical observations related to the possibility to extend

further this study to explore related areas. I am articulating a series of suggestions in or-

der to address some of these empirical and theoretical issues that remain unsorted within

the temporal and logistic conditions, as well as the equipment limitations of this research.

• The direct measurement of laminar flame in a disc-shape engine chamber could be

affected by the heat release and the flame geometry restricted by the engine walls,

the effects of these factors on the burning velocity measurement need to be taken

into account and corrected.

• The quasi-laminar flame speed measured in the current study is twice faster than

the one expected from the existing literature; flame instability could be the main

factor accelerating the flame speed, according to the image observation and exclu-

sive method. Nevertheless, the mechanism behind this is still not clear, and the

method to characterise this flame instability effect also needs to be developed to
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derive the ”real” flame burning velocity. Furthermore, whether the flame speed

carrying the flame instability information is suitable for the turbulent flame speed

modelling, also requires additional discussions.

• The engine temperature was calculated by using reverse thermodynamic models,

the accuracy of the results relays on the models and input parameters. Direct tem-

perature measurement could be applied by using advanced laser diagnostics such

as PLIF. This is useful for current models validation and investigation of the tem-

perature imhomogeities in the engine chamber. Spatial temperature measurement

is also important for the further studies of autoignition and knock.

• Laminar flame speed measurement in this experiment can be explored in a wider

range of experimental conditions. The maximum pressure could be increased by

changing the engine compression ratio, while the temperature could also be varied

by setting different heater values for the engine body.

• The exhaust valve used in the current study consisted of three solenoid valves.

Although it can fulfill the requirements of increasing the inlet pressure at the engine

speed of 750 rpm very well, the response time of exhaust valves is still slow if the

engine speed is increased above 1500 rpm. The iris diaphragm and butterfly valve

actuated by a brushless DC motor could be a solution to achieve a faster response

time with large flow rate across. Thereafter, the engine speed could be further

increased to study the high pressure combustion behaviour at high engine speeds.

• The Particle Image Velocimetry (PIV) system used in this study has the low rep-

etition rate of 15 Hz, hence, only one flow field could be captured in each engine

cycle. The dynamic flow field with flame propagation could be evaluated by using

a fast PIV system i.e. repetition rate is larger than 5 kHz. Furthermore, the burning

velocity might also be directly derived from the flow information in front of the

flame front.

• With a fast PIV system, the relationship between turbulence and autoignition sites

generation could be studied. It is also interesting to see how the turbulence flow

field changes with the autoignition sites development. The local flow speed around

the autoignition sites also can derived from PIV images.

• The flame development near the engine walls could be further studied, the accu-

racy of the measurement is strongly compromised by the light refection from the

engine walls. New measurement methods should be developed to observe this

process with a higher resolution.
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• Although some clues from this study have shown that the extreme knock may be

caused by the engine lubricants, see Section 8.3, direct evidence lacks. Autoignition

properties of various lubricants and lubricant-fuel combinations should be stud-

ied, and the mechanism of interaction between engine knock and lubricant system

need to be investigated. Interestingly, the lubricant’s effect on the knock was only

observed in the supercharged engines.

• During this study, an attempt for the development of fast C2 PLIF has been made.

A test platform was built to test if it was possible that by applying a high repeti-

tion copper vapour laser to excite the C2 (2,2) band near 509.7 nm, and to detect

fluorescence signals from the (2,1) band near 471.5 nm. Owing to the experiment

equipment limitations, no positive results were obtained.

• At the final stage of this study, the lab received a new copper vapour laser. This

new copper vapour laser has been installed near the LUPOE 2D boosted engine.

Fast laser sheet visualization experiments could be applied to obtain more infor-

mation of flame structure development at the high pressure with the flame contour

spectrum analysis method.



 

 

     

        

 

 

         Photograph of the LUPOE 2D boosted engine with optical measurement equipment.  

 



Appendix B: Equation 3.1 derivation

The equation of an ideal gas state is:

PV = mRT (1)

where P is pressure, V is volume, T is temperature, m is mass, R is the specific gas

constant, Taking the logarithm of Equation 1 and differentiating according to crank angle

θ (Ferguson and Kirkpatrick [2001]) gives:

1

P

dP

dθ
+

1

V
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(2)

The first law of thermodynamics for an ideal gas within an open system:
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Combining Equation 2 and Equation 3:
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(4)

The fluid mass conservation in the system with min and mout at the angle speed of ω is:

dm
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=

ṁ

ω
=
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ω
(5)

Suppose the engine compression is a adiabatic process, and combine Equation 4 and

Equation 5:
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= −γ
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)
(6)
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Abstract 

Replacing the conventional fossil fuel totally or partially with 
alcohols or ethers in spark-ignition (SI) engine is a promising 
way to reduce pollutant emissions. A large number of studies 
on alcohol-containing blends in SI engines could be found in 
the literature. Nonetheless, investigations of ether-containing 
blends are by far much less numerous, especially for modern 
boosted engines. Blending with ether compounds might 
change the burning rate at high pressure, which consequently 
changes the anti-knock properties of these fuels and leads to a 
deterioration in the vehicle drivability. 

This work reports experiments carried out in two one-cylinder 
engines: one is a naturally aspirated, variable compression 
ratio engine, and the other is a strongly charged optical engine. 
Three fuels with different RON and MON numbers were tested:  
Iso-octane, a blend Ethyl Tert Butyl Ether (ETBE) with a 
primary reference fuel, and a commercial gasoline fuel 
containing 5% by volume of ethanol (E05).  

The experimental results show a significant difference of knock 
boundaries of three fuels in the boosted engine at the initial, 
i.e. equivalent of the intake manifold, pressure of 1.6bar, and 
almost similar knock boundaries under different compression 
ratios in the naturally aspirated engine. The fuel sensitivity 
upon the knock boundary of oxygenated blends was identified 
in order to compare the fuels’ performance in different engines. 
The burning rate was determined at the same compression 
ratio for the two engines from the high speed flame imaging 
and a reverse-thermodynamic analysis, in order to clarify the 
effects of the burning rate on the anti-knock behaviour. 

Introduction 

Raising concentration of carbon dioxide (CO2) in the air is one 
of the main causes of environmental concerns. Automotive 
companies are under political pressures, and they are taking 
seriously this issue by seeking cost-effective solutions which 
combine an eco-friendly approach with the reduced costs of 
fuel [1]. One such solution is a wider use of bio-derived petrol 
substitutes, such as ethanol or alkyl ter-butyl ethers, e.g. 
ETBE. Oxygenated fuel admixtures also allow the gasoline in 
vehicles to burn more completely, resulting in reducing air 
pollution such as carbon monoxide emission and smog. 

The idea of using alcohol as an alternative fuel is not new, but 
only recently ethanol has become the additive of choice for 
oxygenated fuel in many places around the world. Alcohols are 
more competitive among the other alternatives, because they 
are compatible with existing fuelling distribution infrastructure 
and are easily stored in a vehicle [2]. Blending ethanol to 
gasoline has another beneficial effect of improving inherent or 
chemical resistance to engine knock owing to their high octane 
numbers (RON 109). Auto-ignition delay time also is further 
increased by the high sensitivity, i.e. difference between the 
research (RON) and motor (MON) octane number of ethanol, 
resulting in greater knock resistance as combustion phasing is 
retarded due to reduced unburned gas temperature [3]. In 
general, compared to "standard" gasoline, oxygenated fuels 
have high Motor Octane Number (MON) and Research Octane 
Number (RON) which results in high anti-knock Index. In 
contrast, the sensitivity of the gasoline increases with 
increasing the oxygenates content, which may cause 
difficulties in the operation under different engine operation 
conditions. 

Furthermore, the alcohols have a higher latent heat of 
evaporation compared to gasoline; this reduces the 
temperature of the inlet manifold and increases the volumetric 
efficiency [4]. Especially, it is beneficial in supercharged 
engines, where, by injecting the alcohol-gasoline blends into a 
supercharger inlet, both the cooling effect and the compressor 
efficiency are enhanced [5]. 

For many years, MTBE was another common additive for 
oxygenated fuel. However, MTBE can easily foul up water in 
artesian wells because of its low sorption into soils and high 
water solubility. As a result, legislative efforts have been made 
by some governments to phase out the use of MTBE [6]. 
Possible alternative to MTBE, Ethyl Tert-Butyl Ether (ETBE), 
has much smaller impact on our water supply due to its lower 
water solubility [7]. ETBE is synthesised from mixtures of 
ethanol with isobutylene in an endothermic catalytic reaction 
[2]. ETBE is considered as a biofuel thus having the potential 
to play a significant role in the future of alternative biofuels [8]. 
One of advantages of ETBE as a blending component 
compared to ethanol is that it does not increase the volatility of 
gasoline. It has higher octane boost than MTBE, and a higher 
MON than ethanol [9, 10]. Its saturated vapour pressure is 
lower than that of either MTBE or ethanol. ETBE has better 
sensitivity compared to other alcohols [11]. 
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Downsizing, i.e. reduction of engine displacement volume, 
accompanied with supercharging is becoming an important 
strategy in the engine industry for improving the efficiency of 
gasoline engines. It has shown to have an excellent potential, 
allowing a reduction in pumping losses, friction and heat 
transfer losses, through boosting the inlet air flow. However, 
abnormal combustion, such as knock, limits both compression 
ratio and boost levels [12, 13]. Investigations of knock 
properties of oxygenated fuel blends fuel in high compression 
ratio and boost levels are few. And this motivates the present 
work exploring the anti-knock properties of oxygenated blends 
under widely differing operating conditions. The effects of 
compression ratios, boost levels, and spark timing on engine 
knock limit for oxygenated fuel blends were studied. 

Experimental engines 

The experiments have been performed in two single cylinder 
research engines: Leeds University Ported Optical Engine, 
MK2, Disk chamber (LUPOE 2D-boosted engine) [14] and a 
naturally aspirated Ricardo E6 variable compression ratio 
engine. 

 

Figure 1.  Arrangement of LUPOE-2D boosted engine showing the 
details of the optical windows, and intake and exhaust systems. 

LUPOE-2D boosted engine has a disc-shaped combustion 
chamber with a full-bore overhead optical access. It replaces 
the overhead valves by side ports to avoid obstructing the full-
bore optical access, provided by top and side windows. 
LUPOE-2D has two diametrically opposed intake ports of 
rectangular cross section and an exhaust passage consisting 
of two rings of circular exhaust holes drilled in the liner, 
communicating with a void between a liner and barrel, leading 
to one exhaust duct. The exhaust holes have been positioned 
in such a way that the exhaust port is already cut-off by the 
piston while the intake port is still open. The intakes are 
connected to a high pressure compressed air line, allowing to 
obtain a desired initial pressure. The employed ported 
breathing arrangement, in particular the ports dimensions and 
inclination, allow one to eliminate swirl and tumble motion often 

existing in valves engines, and to generate in-cylinder flow field 
uniform in both average and root mean square properties. The 
air and fuel mass flow rates were set and maintained constant 
by mass flow rate controllers, respectively. In this work, a 
central spark ignition was employed. The quartz optical window 
only was used in normal combustion experiments; it was 
replaced by a more robust metal blanking plate to avoid the 
damage to the quartz window under knocking conditions. 

A Ricardo E6 variable compression ratio engine, which is a 4-
stroke, poppet valve engine with real exhaust residual, was 
also used in this study. Ricardo E6 engine is a better 
approximation to a serial production passenger car engine than 
the LUPOE engine. For the E6 engine, many continuous 
cycles were recorded over a range of compression ratios. The 
engine combustion chamber also was “disc-shaped”, with a 
spark plug located 4mm from the side wall. The clearance 
height and compression ratio was altered by a worm-gear 
mechanism changing the position of the cylinder head relative 
to the engine body. 

Table 1. LUPOE-2D boosted and Ricardo E6 engines specifications. 

 LUPOE2D-boosted Ricardo E6 

Engine type Two-stroke Four-stroke 

Bore(mm) 80 76.2 

Stroke(mm) 110 111.1 

Connecting rod 232 244 

Compression ratio 11.5 Variable 10-14 

Spark position center side 

 

 

Valves timing 

 

Intake ports Inlet valve 

Closes -108 deg BTDC 

Opens -108 deg ATDC 

Opens -9 deg BTDC 

Closes -38deg ABDC 

Exhaust ports Exhaust valve 

Closes -121 deg BTDC 

Opens -121 deg ATDC 

Opens -45 deg BBDC 

Closes -9 deg ATDC 

Engine Speed (rpm) 750 1500 

Equivalence ratio 1 1 

Mass flow rate of air 
(g/sec) 

9 4 

Intake and cylinder 
head temperature(K) 

323 323 

Initial pressure (bar) 1.6 1 

 

Both engines shared similar control and data acquisition 
systems. Piezoelectric pressure transducer type 601A was 
mounted to the cylinder head flush to the wall. In LUPOE 2D 
engine, an absolute pressure level was measured by Kistler 
piezoresistive sensor, type 4045A5, which was fixed to the 
cylinder barrel opened at 60

o
 CA before top dead center 

(bTDC) to avoid exposing it to high temperatures and 

../../../../C:/lzy/work/SAE_conference/modification/Knock%20properties%20of%20oxygenated%20blends%20in%20strongly%20charged%20and%20variable%20compression%20ratio%20engines%20(2).docx#_ENREF_13
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pressures caused by compression and combustion. In-cylinder 
pressure data were collected at 0.2° crank angle resolution. 
The trigger timing was controlled by a custom micro-controller 
system synchronized with the shaft encoder signal; the data 
acquisition frequency was set at 200 kHz.  

The high speed flame imaging was employed for derivation of 
flame speed in LUPOE-2D boosted optical engine, see Fig.1. 
The imaging system comprised a Photron Ultima APX-RS 
CMOS camera, using a Nikon 50 mm lens. Natural light 
imaging technique was used with a view from the top of the 
chamber to record the flame edge propagation. Images were 
acquired at a frame rate of 10 kHz with an image resolution of 
512 by 512 pixels. 

During experiments, the LUPOE-2D boosted engine speed 
was set at 750 rpm, and the charge initial temperature was 
323K, and the equivalence ratio was 1. The engine was used 
in skip-fired mode where only every 11

th
 cycle was fired and 10 

skipped firing, this was done to purge the chamber of any 
noticeable amount of the exhaust residual gas. The spark 
timing was advanced until the fraction of cycles with knock was 
above 90% of all firing cycles. The fuel was introduced into 
well-controlled heated intake manifold well upstream of the 
ports. 

The Ricardo engine speed was set at 1500 rpm and the intake 
temperature was maintained constant at 323K, the equivalence 
ratio was 1, and the compression ratio was varied from10 
to13.5. Knocking combustion, also, was induced by advancing 
the spark timing until the knock onset time was clearly defined. 
The specifications of the two engines and experimental 
conditions are listed in Table 1. Ricardo E6 is a carburetted 
engine. The aim of this study was primarily fuel effects, leaving 
the influence of engine speed and turbulence intensity beyond 
the scope of this work. Because of this and different modes of 
ignition, LUPOE2D employing central, and E6 side spark 
position, therefore, comparison at the same rpm is not 
included. Such comparison is left for a follow-up work. Three 
fuels were employed in the present work: 100% Iso-octane, 
mixture of 10% by volume of EBTE with 90% of primary 
reference fuel (PRF), i.e. mixture of n-heptane with iso-octane, 
and, finally, a commercial gasoline fuel containing 5% by 
volume of ethanol (E05) were tested and compared. 

Table 2.Properties of the fuels used in the current study. 

Fuel 

name 

Blend  

(by volume) 

RON MON Sensit
ivity 

RON-
MON 

Density 
@ 20°C 
(kg/m3) 

Air/Fu
el=1 

 

ISO100 Iso-octane 100 100 100 691.3 15.04 

E05 
gasoline 
with 5% 
ethanol 

95 88.6 6.4 726.7 14.2 

ETBE10 
90% 
95PRF, 
10% ETBE 

97.5 95.5 2 695.8 14.73 

 

Data processing 

In order to isolate the knock-related pressure oscillation, an 
appropriate selection of cut-off frequencies was chosen. A 
variety of cut-off frequency settings of different bandwidths 
have been adopted in many studies for the different purposes 
[15, 16]. According to these reports, a wide bandwidth FFT 
filter, e.g. 2.5-12 kHz was selected to remove the noise in low 
and extremely high frequency region. Peak pressure was 
defined as the maximum value of low-pass-filtered pressure, 
or, Maximum Amplitude Pressure Oscillation (MAPO); this is 
the maximum amplitude of oscillation of band pass filtered 
pressure, see Fig.2.  

 

Figure  2. Illustration of FFT filter for the knocking pressure trace and 
the definitions of Peak pressure and Maximum Amplitude Pressure 
Oscillation (MAPO). 

Knock onset is usually detected by scanning the filtered 
pressure oscillations until a certain threshold value is exceeded 
[17]. However, a universal threshold is difficult to define, 
because of the cycle variability invariably present in an engine. 
In the present study, a dynamic threshold was set, where the 
threshold was adjusted with the peak value of high-pass-
filtered motoring pressure before spark timing. This method 
can distinguish the pressure caused by engine vibration from 
knock. The detected knock onset is defined at the last zero-
crossing point before the first threshold-limited point, where the 
pressure starts rising rapidly rather than reaching the peak 
value [18], see Fig.2.  

A knock intensity definition, adopted from the previous 
research [15], was employed to quantify the knock severity as 
a compensation for MAPO by taking into the knock duration 
time account. This can be expressed as: 

 
2

1
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i mean

i

KI P P
N 

 
                       (1) 
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where KI is the calculated knock intensity, Pi is the 
instantaneous band-pass filtered pressure, Pmean is the mean 
value of band-pass filtered pressure, N is the number of 
samples collected during a period of 2 ms from the detected 
knock onset. 2 ms period allowed time for approximately 10 
reflections of a pressure wave travelling at typical combustion 
chamber at sonic velocities. 

Engine tests data were analysed with a quasi-dimensional 
thermodynamics computer code, known as LUSIEDA, an 
acronym for Leeds University Spark Ignition Engine Data 
Analysis, which analyses the closed part of the engine cycle 
and derives the mass fraction of the burnt gas from the 
pressure signal [19]. The LUSIEDA code employs a reverse 
thermodynamic analysis assuming spherical flame shape and 
accounting for heat losses and blow-by flow. Further details of 
procedure may be found in [19,20]. In this study, LUSIEDA 
was used for the calculation of unburned pressure and 
temperature history during engine combustion, and for the 
derivation of the burnt flame radius for Ricardo E6 engine.  
 
 

Results and Discussion 

In-cylinder conditions 

 

Figure  3. The pressure –temperature history of the end gas for the 
Ricardo E6 (RI) and LUPOE-2D boosted (LU) engines at spark timing 
7bTDC, the reverse software LUSIEDA was used to predict the 
unburned gas temperature based on experimentally gathered cylinder 
pressure data. 

Although LUPOE 2D boosted engine and Ricardo E6 engine 
have similar chamber geometry and size, they operate under 
very different conditions, as can be seen in Figure 3. This 
figure shows the pressure and temperature history of the end 
gas plotted for two engines. The pressure for both engines is 
taken from measured in-cylinder data, while the gas 
temperature has been calculated using the LUSIEDA reverse 
cycle analysis package. It can be seen that there is a large 
spread in the unburned pressure - temperature regime 
between the two engines; LUPOE-2D boosted engine has 
higher initial pressure and lower temperature during 
compression, the fuel-air mixture density was increased by the 
boosted initial pressure, resulting in higher combustion peak 

pressure and higher temperature in the end of combustion 
stage. The peak motoring pressure and the temperature at the 
TDC rises with increasing of compression ratio. The auto-
ignition behavior of the engine usually will largely be 
determined by the pressure-temperature history, therefore the 
wide operating range of two engines should be an ideal set for 
testing the knock properties of oxygenated blend fuel. 

For each test condition, Figure 3 highlights the unburned gas 
temperature taken when the in-cylinder pressure equaled 
15bar during compression. This value was used to calculate 
the constant K in the Kalghatgi octane index correction method 
[21] and a subsequent octane index (OI) for each operating 
condition [21, 22]. The derived values are presented in Table3. 
The octane index is defined as: 

 1OI K RON KMON RON KS    
        (2) 

where S=RON-MON is the fuel sensitivity, and K is calculated 
from on the temperature of the gas when the pressure inside 
the engine the compression stroke reaches 15 bar, Tcomp15  

15(T 0.0056) 4.68compK  
                      (3) 

Table 3.The Kalghatgi K factor for the three engines 

Engine Tcomp15(K) KalghatgiKfactor 

LUPOE -2D 661 -0.98 

LUPOE-2D boosted 573 -1.45 

Ricardo-E6 635 -1.1 

 

The Kalghatgi K factors for the LUPOE 2D boosted and 
Ricardo E6 engines are listed in Table 3. Value for the 
normally aspirated LUPOE  2D engine also was calculated as 
a reference. All three engines have negative values of K. This 
means that fuels might have octane index greater than RON if 
MON is smaller than RON; this is usually the case. With the 
inlet boosting, the K value was decreased toward larger 
negative value. The 'old' Ricardo-E6 engine also has a 
negative K value, this is caused by low heating temperature 
(323K) of the intakes. This K is also smaller than that for 
naturally aspiration LUPOE 2D engine under higher 
compression ratio. It is should be noticed that Iso-octane 
(100RON, 100MON) has zero sensitivity, (RON=MON=100), 
therefore its anti-knock behavior should not be affected by the 
K factor.  

Turbulence, particularly during ignition and flame propagation, 
has a major influence on the burning rate and cycle variability. 
Measurement of turbulence at LUPOE 2D boosted optical 
engine has been conducted by using PIV [23, 24]. The 
turbulence intensity near TDC at an engine speed of 750 rpm 
was about 0.88m/s, however, application of laser diagnostic to 
Ricardo E6 engine bereft of any optical access is not possible. 
Daneshyar reported turbulence rms velocity in Ricardo E6  
0.37m/s at TDC; the value was measured with hot-wire 
anemometry at 260 rpm [25]. Ahmet Erdil [26] measured the 
turbulence intensity using the same method, and reported rms 
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velocity u’ of approximately 1.24 m/s at engine speed of 1500 
rpm. It can be deduced that Ricardo E6 engine's turbulence 
intensity is about twice higher than that in the LUPOE 2D 
boosted engine. 

Characteristics of normal combustion 

 

Figure 4. Normal combustion in-cylinder mean pressure traces for 
ETBE10, iso-octane and E05 in the LUPOE-2D boosted and Ricardo 
E6 engine at similar spark timing and operation conditions were listed 
in Table 1. Compression ratio in Ricardo E6 was set at 12.5. 

The mean pressure traces of normal combustion cycles 
recorded in the both engines are presented in terms of crank 
angle in Figure 4. Further crank-resolved data for all conditions 
are presented in the Appendix 1. For the shown cycles, the 
spark timing was set at 2CA bTDC to avoid any knock in the 
LUPOE 2D optical engine. Ricardo E6 engine at the similar 
spark advance, (3 CA  bTDC), produced peak pressures which 
were unsurprisingly much lower and occurring later. The peak 
pressure in Ricardo E6 engine at these conditions was 
approximately 35bar, which is almost half of the peak pressure 
at LUPOE-2D boosted engine. E05 has the highest mean peak 
pressure among the three fuels at Ricardo E6, however the 
difference among the three fuels in LUPOE 2D is not 
significant. 

 

Figure  5. Entrainment flame radius development recorded by high 
speed camera in the LUPOE-2D boosted engine for three fuels. 

The flame radius for three fuels derived from the flame images 
in the optical LUPOE 2D boosted engine is shown in Fig.5. The 
mean entrainment flame radius was defined as the radius of a 
circle having the same area as enflamed cross-sectional area, 
calculated from an image. For Ricardo E6 engine, the burnt 
flame radius was derived from LUSEIDA by using averaged 
pressure curve as input. The difference between entrainment 
flame radius and burnt gas radius is supposed to be the 
turbulent flame brush thickness.  

Three main stages of turbulent flame propagation in SI engines 
were discerned: an initial acceleration, propagation with 
approximately constant speed and the final deceleration 
caused by the proximity of walls [20]. In both engines, E05 has 
a slightly stronger initial acceleration, ETBE blend and iso-
octane show very similar performance at this stage. At the 
period when the flame radius is between 15mm to 30 mm, the 
flame speed tends to be constant. Using a linear 
approximation, flame speeds were calculated for this period; 
the values are listed in Table 4, it can be seen that the 
difference of the flame speed between the three fuels’ is small, 
while ETBE has slightly highest flame speed, the difference of 
about 5-10%.   

 

Figure 6. Burnt flame radius vs. time derived from the reverse 
thermodynamic analysis from the crank-resolved pressure trace in the 
Ricardo E6 for three fuels. 

Table 4. Entrainment flame speed in the  LUPOE-2D boosted engine 
and burnt flame speed at Ricardo E6. 

Fuel Entrainment flame speed (m/s) 

LUPOE-2D boosted 

Burnt flame speed (m/s) 

Ricardo E6 

E05 9.6 10.8 

ETBE 10.5 11.4 

ISO100 9.9 10.2 

 

In general, E05 shows the fastest flame radius development 
during the first half of combustion because it has high initial 
acceleration. This phenomenon may be related to the highest 
laminar burning velocity of ethanol. The flame development of 
ETBE was slower than that of E05 in the beginning, however it 
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has slightly larger “developed” turbulent flame speed. At some 
point, when the flame is approximately half-way to the wall, 
ETBE blend flames reach the same radius as E05 owing to its 
faster entrainment flame speed. Isooctane was the slowest fuel 
of the three. These results derived from optical observation are 
corroborated by the results derived from the mean pressure 
signal. 

Despite the turbulence being approximately twice stronger in 
Ricardo E6, the time required for the flame to grow from 15 to 
35mm in size was slightly larger, circa 2.5 msec, in Ricardo E6 
as compared to approximately 2 msec in LUPOE 2D, see Figs. 
5 and 6. It may indicate a possible greater role of the flame 
instabilities at the higher pressures in LUPOE 2D, however, 
detailed investigation of this effect is beyond the scope of this 
paper. Nonetheless, it is worth noticing that, the combustion 
duration times are very similar in the two engines, the 
combustion duration angle in Ricardo E6 is almost double the 
one in the LUPOE 2D boosted engine, because the former 
runs at 1500 rpm. The spark timing was set close to TDC, 
therefore, combustion happened in the expansion stroke, with 
a strong drop of the peak combustion pressure with the 
increasing chamber volume. Moreover, Ricardo E6 engine has 
the side spark plug configuration. These factors result in much 
lower and later observed peak pressures in the Ricardo E6 
engine. 

Slow flame speeds weakened the linear relationship between 
maximum pressure, and crank angle at which the maximum 
pressures achieved. The  linear relationship have been widely 
observed in several engines [19] . In Fig 7, the fastest fuel E05 
still show a somewhat proportional relationship, while the 
slowest fuel Iso-octane may have the higher peak pressure in 
the late combustion angle. According to these figures, 
coefficient of variation of peak pressure COV-pmax was 
calculated for cyclic variability comparison, it is presented in 
Table 5. The cyclic variation of peak pressure for E05 is lower 
than that for iso-octane and EBTE10 at the LUPOE engine. 
However it becomes the highest one in Ricardo E6 engine. 

 

Figure  7. Peak pressure versus corresponding crank angle for its 
occurrence for ISO100, E05 and ETBE at LUPOE -2D boosted engine. 

 

Figure  8. Peak pressure versus corresponding crank angle for its 
occurrence for ISO100, E05 and ETBE at Ricardo-E6. 

Table  5.  Coefficient of variation (COV) in peak pressure in the two 
engines for the three fuels. 

Fuel COV-pmax 

 LUPOE-2Dboosted 

COV-pmax 

Ricardo-E6 

E05 12.2 12.3 

ETBE 12.4 10.4 

ISO100 13.2 11.0 

 

Characteristics of knocking combustion 

 

Figure  9. Knock combustion in-cylinder mean pressure traces for 
ETBE10, iso-octane and E05 in the LUPOE-2D boosted and Ricardo 
E6 engine at spark timing 7bTDC and operation conditions were listed 
in Table 1. 

Under the same operational conditions as the normal 
combustion discussed above, the spark time was advanced to 
7

o 
bTDC, at which point a larger proportion of the cycles was 

knocking. The mean low-pass filtered pressures for three fuels 
in the two engines are presented in Figure 9 and the individual 
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instantaneous cycles are shown in Appendix 2. Knock cycles 
appear accompanying with other normal combustion cycles. 
The onset of knock and its intensity vary cycle-by-cycle due to 
different end-gas temperature, pressure histories and mixture 
non-uniformities.  

In LUPOE 2D engine, both ETBE blend and isooctane show 
very strong knock oscillation, while the knock-caused 
oscillations of E05-air mixture are much smaller. It indicates 
that E05 had better knock resistance than iso-octane or 
EBTE10 even though it has a lower nominal RON value. 100% 
iso-octane shows the most severe knock, the amplitude of 
which is approximately twice greater than that of E05. At the 
same time, the difference between knock intensities of the 
three fuels in Ricardo E6 is not significant.  

Iso-octane has the RON of 100, ETBE-PRF blend has the 
RON value of 97.5, while the commercial gasoline E05 has the 
nominal RON of 95. At the conditions studied here, the end-
gas auto-ignition occurs in the temperature interval of 750-
800K and the pressures between 40 and 85 bar, these values 
belong to the so-called negative temperature coefficient region 
for the PRF fuels [22]. 

It has been said that when the original RON and MON tests 
were devised, values of K were approximately 1 [27]; therefore 
the OI was the average of the RON and MON. With the 
modern engines operating at lower temperatures as compared 
to the adiabatic compression of the end gas, owing to 
improved materials technology, use of direct injection and 
intercooled turbocharging, values of K are falling; therefore, 
when K is 0, the MON test is no longer relevant. More 
importantly for the latest series of downsized engines, K values 
can be negative, e.g. shown in Table 4, which brings about the 
situation of where OI value exceeds RON for a fuel of high 
sensitivity. This is confirmed in the present experiment, E05 
has octane index (OI) of 104.3, while ETBE is 100.4. E05 
shows better anti-knock properties than ETBE in the boosted 
engine condition, which is consistent to use of OI calculated 
from Eq.2. However, how K value influences the knock onset 
and intensity would still benefit from further investigation.    

 

Figure  10. Typical knock cycle pressure in LUPOE-2D boosted engine 
and it was separated into  low  pass filter pressure and band pass filter 
pressure.   

 

Figure  11. Typical knock cycle pressure in Ricardo E6 engine and it 
was separated into low pass filter pressure and band pass filter 
pressure.   

Another significant difference of knock cycles between two 
engines is the knock pressure trace shape and heat release 
profile. Two typical knock cycles from LUPOE 2D boosted and 
Ricardo E6 engine were shown in Figures 10 and 11. It can be 
seen that the knock onset in LUPOE 2D is earlier than that in 
Ricardo; Knock onset in LUPOE 2D is about 11 ATDC, which 
approximately corresponds to 70% flame propagation across 
the cylinder chamber. After separating the knock pressure into 
low-passed filtered pressure and high-passed filtered pressure 
by using FFT filter, the maximum amplitude pressure 
oscillation (MAPO) can be acquired. The pressure oscillations 
magnitude in the first knocking cycle can reach the value up to 
15.6 bar, much higher than for the second knocking cycle 
occurring at the later crank angle. In the Ricardo E6 engine the 
auto-ignition usually sets on when about 90% of mass is 
consumed in the normal flame propagation. 

 

Figure  12. Corresponding low pass filter pressure of knock cycle 
presented in Fig 10 and its heat release.  
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Figure 13. Corresponding low pass filter pressure of knock cycle 
presented in Fig 11 and its heat release.  

Calculation of the heat release from the low-pass filtered 
pressure reveals two distinct heat release profiles. In the 
Ricardo E6 engine, two peak points can be observed in the 
heat release history, see Fig 13, the first, smaller, one comes 
from the flame propagation and the following, larger, and 
maximum is caused by auto-ignition. In LUPOE 2D engine, 
auto-ignition occurs before the peak heat release from flame 
propagation, and it consequently cannot be readily determined 
from the abnormal inflection point in the heat release rate 
history, see Fig 12. This is particularly remarkable for weaker 
auto-ignitions [28]. The difference between the two kinds of 
heat release can be used to explain the difference of MAPO. 
The autoignition occurring after heat release caused by flame 
propagation, has less energy left in the unburned air-fuel 
mixture, hence it has much smaller propensity to trigger violent 
pressure oscillations. When the auto-ignition happened before 
or along with main flame heat release stage, it may generate a 
very strong knock. This shows that a correlation for the knock 
intensity must take into account the mass fraction of the burnt 
gas at the moment of self-ignition. 

Effects of boost 

The average peak combustion pressure and knock MAPO 
were calculated by averaging individual cycles. The results for 
the two engines are shown in Figures 14 and 15. As the spark 
timing is advanced, average knock MAPO increases and knock 
tends to occur earlier. The shown average knock MAPO 
actually includes non-knocking cycles as well; for any set 
conditions at the knock borderline there is always a proportion 
of cycles showing very mild or no pressure oscillations; thus 
further confirming the influence of the main flame propagation 
stage on the auto-ignition of the end gas. These effects of 
cyclic variability are worth taking into account, in particular, 
when using the engine data for the chemical kinetics 
simulations of auto-ignition. 

For any of the three fuels studied, no knock was detected in 
the LUPOE 2D engine operated in the naturally aspirated 
mode, i.e with initial pressure of 1.0bar at the instant of ports 
closure. In LUPOE 2D boosted engine, the knock transition of 
E05 occurs at a spark advance of 8 to 10 degrees CA bTDC; 

that is to say that 100% cycles exhibit pressure oscillations at 
the ignition timing of 10

0
CA bTDC while the proportion of 

knocking cycles is about 50% at the ignition timing of 8
0
CA 

bTDC. Similar knock transition occurs at the spark timing of 10-
11

0
CA bTDC in the Ricardo E6 run at the same compression 

ratio as LUPOE2-D. For ETBE-10 and iso-octane, a spark 
timing advance from 5 to 7 CA degrees bTDC makes the 
transition from no knock to all cycles knocking in the 
supercharged LUPOE 2D. The same fuels exhibit the similar 
knock transition at more advanced ignition of 12-13 degrees 
bTDC in Ricardo E6. The knock boundaries for the three fuels 
are very close in Ricardo E6. E05 has a knock-limited spark 
advance difference of about 1-2 degrees CA compared to 
ETBE blend and iso-octane; this is consistent with their 
nominal RON values. However, the situation is very different in 
LUPOE 2D boosted engine, where E05 shows markedly better 
anti-knock properties than ETBE or iso-octane. 

Fig. 7 and the previous work [23] show that the peak pressure 
is a proxy measure of the burning rate in an individual cycle. 
Fig. 14 shows that at the most retarded spark, at 3

0
CA bTDC, 

the fastest burning fuel is ETBE-10; it is also the only one 
exhibiting knock at this timing. E05 is the slowest burning fuel 
in the LUPOE2D and it is the most resilient to auto-ignition 
even though it has lowest RON of the three fuels. For the 
intermediate spark timing of 5-6

0
CA bTDC where all three fuels 

show approximately the same peak pressures from normal 
combustion, hence similar burning rates they also show similar  
knock MAPO's.   

The relative order of the burning rates is inverted in the 
naturally aspirated Ricardo E6, see Fig. 15. Here, the E05 is 
the fastest burning fuel showing at the same time the highest 
average peak pressures and the worst knock amplitudes. It is 
perhaps worth noticing that for common ignition timings of 
around 10

0
CA bTDC the auto-ignition resistance of the three 

fuels is very similar even though E05 burns slightly faster; very 
likely, this comes as a result of optimisation of the composition 
of this pump gasoline. Another interesting remark is that, 
despite its high RON, the iso-octane performs worst at the 
most retarded spark timings and it is the only fuel for which 
some cycles do show auto-ignition. 

Figures 16 and 17 show the timing of auto-ignition averaged 
only for knocking cycles. As discussed previously the auto-
ignition onset varies from on knocking cycle to another.  It is 
interesting to notice that the average knock onset is, for a 
given fuel in a given engine, is a linear function of the spark 
advance, see Fig. 16 for LUPOE 2D and Fig. 17 for Ricardo 
E6. Comparison of Figs. 15 and 17 for iso-octane shows that 
variation of ignition timing results in a very significant variation 
of the auto-ignition timing but it only slightly affects the MAPO.  
Ricardo engine has higher end-gas temperature near the TDC 
at the spark timing closer to TDC. It is difficult to ascertain the 
effects caused by lower temperatures at the TDC in the 
LUPOE-2D come from the fact the end-gas conditions fall into 
the so-called negative temperature coefficient (NTC) region 
where further increase in temperature leads to an increase of 
the ignition delay. This difficulty arises because of a sensitivity 
of the NTC region to the pressure and even small variations in 
fuel composition, especially oxygenated compounds.   
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Figure 14. Effect of spark timing on peak pressure and MAPO in the 
LUPOE -2D boosted engine. 

 

Figure 15. Effect of spark timing on peak pressure and MAPO in the 
Ricardo E6 engine. 

Leaving aside the possible effects of the chemical kinetics,  the 
previous work in the supercharged optical engine [14] has 
shown that there is a large amount of cyclic variability in the 
knock intensity even when the auto-ignition occurs at the same 
crank angle and the engine is run at the nominally the same 
conditions. The general observation was that faster main 
combustion stage generates earlier auto-ignition and stronger 
pressure oscillations. These previous findings are in a perfect 
qualitative agreement with the present results. 

 

Figure 16. Effect of spark timing on knock onset in the LUPOE -2D 
boosted engine. 

 

Figure 17. Effect of spark timing on knock onset in the Ricardo E6 
engine. 

Effects of compression ratio 

The knock intensity values for three fuels measured in Ricardo 
E6 at the different compression ratios are shown in Figure 
18as carpet plots. As the compression ratio increases, the 
knock boundary is shifted towards the top dead centre. At 
higher compression ratios, the pressure in cylinder increases 
and leads to knock. Similarly to the above-shown results for 
Ricardo E6, the iso-octane seems to have best anti-knock 
characteristics among three fuels. It was found that spark 
timing at the knock boundary is advanced by about 1 deg CA 
for ETBE-10 and 2 deg CA for E05 as compared with iso-
octane. At the same spark timing, higher compression ratio 
causes more severe knock. It should be noticed that there 
exists a region at high compression ratio where cycles might 
have auto-ignition with quite small pressure oscillations. E05 
has larger such region than ETBE blend, it indicates that E05 
also has better anti-knock property at high compression ratios 
in a naturally aspirated engine. This kind of combustion mode 
may provide a way to gain high efficiency operation with 
modern oxygenated fuel blends.      
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             (a)  

 

                 (b)   

 

                 (c) 

Figure 18. Knock intensity map with variable compression ratios and 
spark timing for Iso-octane (a),ETBE-10%(b) and E05 (c). 

Conclusions 

Presented in this paper are the experimental findings and 
conclusions from two one-cylinder spark ignition engines: 

LUPOE 2D boosted and Ricardo E6 naturally aspirated engine, 
with  testing fuels of primary reference fuel (Iso-octane), blends 
of ETBE with 95PRF, and ethanol-gasoline commercial fuel 
(E05). In both engines, E05 has highest initial flame 
acceleration during the flame development period while ETBE 
blend has the fastest established turbulent flame speed. 

Boosted LUPOE 2D engine has lower K value than the Ricardo 
E6 engine under different compression ratios, resulting in lower 
temperature during engine compression.  

The significant difference of knock boundaries of three fuels 
have been found in the boosted LUPOE 2D boosted engine at 
the intake manifold (initial) pressure of 1.6bar, and almost 
similar knock boundaries under different compression ratios in 
the naturally aspirated engine.  

100% iso-octane has the best anti-knock characteristic in 
naturally aspirated engine. However, the anti-knock tendency 
was reversed in strongly charged engine. E05 show the best 
anti-knock properties among three fuels under boosted 
condition, and knock onset was influenced slightly by inlet 
boosted pressure.   

The knock onset and intensity is determined mainly by the 
temperature-pressure history which, in its turn, depends upon 
the burning rates. The general trend is that the fuel with the 
faster burning rate will result in an earlier auto-ignition of the 
end gas and larger MAPO. 

Knock intensity maps for three fuels under a wide range of 
compression ratios have been made, there exists a region that 
auto-ignition occurs with slightly pressure oscillation at high 
compression ratio, which may be exploited with the high anti-
knock oxygenated fuels.  
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Definitions/Abbreviations 
CR Compression Ratio 

bTDC Before Top Dead Center 

aTDC After Top Dead Center 

KO Knock Onset 

KI Knock Intensity 

MAPO Maximum Amplitude 
Pressure Oscillation 
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Appendix  

  

 

 

  

 

 

Figure 19. Normal combustion cycles for three fuels, compression ratio of LUPOE-2D boosted is 11.5, compression ratio of Ricardo E6 is 12.5. spark 
timing is 2 degrees bTDC for LUPOE-2D, 3 degrees bTDC for Ricardo E6. 
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Figure 20. Knock cycles at same spark timing: 7deg bTDC for three fuels, compression ratio of LUPOE-2D boosted is 11.5, compression ratio of Ricardo 
E6 is 12.5. 
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