
Experimental Studies of Spark-Ignition Knock in a Novel Dedicated Test 

Engine 

 

Dissertation by 

Hao Shi 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

February, 2022 

  



2 
 

 
 

EXAMINATION COMMITTEE PAGE 
 
 

The dissertation of Hao Shi is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Prof. Hong G. Im 
Committee Members: Prof. James Turner, Prof. Hussein Hoteit, Prof. Sam Akehurst 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©  February, 2022  

Hao Shi 

All Rights Reserved 

 

  



4 
 

 
 

ABSTRACT 

Experimental Studies of Spark-Ignition Knock in a Novel Dedicated Test 

Engine 

Hao Shi 

 

Recently, some new technologies (e.g., downsizing, turbocharging) have been widely 

used in spark-ignition (SI) engines to achieve higher efficiencies and less emissions. 

However, the improved power density and in-cylinder pressure promote more engine 

knock, causing violent pressure oscillations and threatening engine integrity. Therefore, 

it is imperative to study engine knocking combustion more than ever; In-depth 

understandings of knock mechanism and characteristics are of utmost importance for 

controlling knock. With this emphasis, this thesis implements systematic studies to bridge 

the gap between knocking combustion characteristics and knock suppressing strategies.  

To investigate knock with optical and laser diagnostics, an optical compression-ignition 

(CI) engine was modified to operate under SI mode. A home-made metal liner with 

multiple spark plugs was used to trigger more controllable knock events via different 

spark strategies. Up to six pressure sensors were installed to collect the pressure signals 

from different sides.  

Next, the relationships between in-cylinder pressure, knock intensity, pressure 

fluctuation, heat release, and measurement location are analyzed to study the knock 

mechanism, influential factors, and measurement methods. The findings indicate a trade-
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off between the mass fraction and temperature of end-gas. The effects of compression 

ratio and fuel octane number are also explored.   

Moreover, the multichannel pressure monitoring is synchronized with high-speed 

imaging to investigate the flame propagation and knock development processes 

regarding the different spark strategies. The results give insights into the in-cylinder 

temperature inhomogeneity and how it affects the spatial distribution of auto-ignition 

sites. Furthermore, a new method is proposed to detect the local pressure fluctuations 

by setting a series of virtual flame monitors instead of pressure sensors. The results 

validate that this method provides a convenient and reliable way to study knock 

oscillations. 

Finally, this study presents a hydraulically actuated VCR (variable compression ratio) 

piston design to address knock challenges. The numerical simulation results show this VCR 

piston has a good adaptability and could help achieve high engine efficiencies, while 

keeping reasonable peak pressure to avoid heavy knock at high loads. However, more 

analysis work still needs to be implemented on its practical applications, e.g., the thermal 

stress and frictions under different operating conditions. 

  



6 
 

 
 

ACKNOWLEDGEMENTS 

This acknowledgment marks the finishing line of my thesis work, but it could not fully 

express my heartfelt appreciation to all those who have helped and supported me in this 

beautiful life journey. First and foremost, I would like to express my most profound 

gratitude to my supervisors, Prof. James Turner, Prof. Bengt Johansson, and Prof. Gaetano 

Magnotti. It is my great fortune to have three prestigious advisors during my PhD.  They 

provided me a new world and helped me to lay a solid foundation, which I greatly 

appreciate. I am incredibly grateful to all my PhD examination committee members, Prof. 

Hong G. Im, Prof. Hussein Hoteit, Prof. Sam Akehurst, for their efforts in reviewing my 

thesis. Thank you all for your generous support, and I will forever be indebted to you. 

I want to express my healtfelt appreciation to my lab tutors: Dr. Yanzhao An, Dr. 

Vallinayagam Raman, Dr. Qinglong Tang, and Dr. Eshan Singh. I am very thankful for their 

kind help on my PhD work. My special thanks to my close partners I have worked with: 

Kalim Uddeen, Dr. Minh Bau Luong, Sangeeth Sanal, Ponnya Hlaing, Manuel Alejandro 

Echeverri Marquez, Aibolat Dyuisenakhmetov, Fahad Almatrafi, Priybrat Sharma, and 

many others too numerous for me to name all of you. 

My sincere gratitude goes to all my friends in KAUST: Guoqing Wang, Chaobo Yang, 

Dapeng Liu, Hao Tang, Xinguang Luo, Junyu Hao, Can Shao, and many others I cannot 

name. You brought many joys to my time at the university and made my PhD life colorful. 

My special thanks go to CCRC and KAUST. Thank you for all your generous support on my 

study and for making my life journey more meaningful. Thank you for everything. 

I would like to give my utmost gratitude to my family. Thank you, mom and dad, and my 

little sister. I really miss all the time spent together with you. PhD study is a long-term 

endeavor that I definitely could not make without you. I am incredibly grateful for your 

boundless love and encouragement, and words are powerless to express all my gratitude.  

I wish to thank everyone who pitched in, and please accept my heartfelt expressions of 

gratitude.  



7 
 

 
 

TABLE OF CONTENTS 

              Page 

EXAMINATION COMMITTEE PAGE .............................................................................. 2 

COPYRIGHT ................................................................................................................ 3 

ABSTRACT .................................................................................................................. 4 

ACKNOWLEDGEMENTS ............................................................................................... 6 

TABLE OF CONTENTS .................................................................................................. 7 

LIST OF ABBREVIATIONS ........................................................................................... 14 

LIST OF SYMBOLS ..................................................................................................... 17 

LIST OF FIGURES ....................................................................................................... 21 

LIST OF TABLES ......................................................................................................... 30 

Chapter 1: Introduction ............................................................................................ 31 

1.1 Background and motivation .................................................................................... 31 

1.1.1 Internal combustion engine ................................................................................. 33 

1.1.2 Spark ignition combustion.................................................................................... 34 

1.1.3 State of the art ICE concepts ................................................................................ 35 
1.1.3.1 Supercharging/turbocharging ........................................................................................ 35 

1.1.3.2 High compression ratio .................................................................................................. 38 

1.1.3.3 Downsizing ..................................................................................................................... 40 

1.1.3.4 Downspeeding ............................................................................................................... 41 

1.2 Engine knock overview ............................................................................................ 42 

1.2.1 Knock phenomenon ............................................................................................. 42 

1.2.2 Thermodynamics in knock cycles ......................................................................... 44 

1.2.3 Influencing factors on knock ................................................................................ 45 
1.2.3.1 Spark location and timing .............................................................................................. 45 

1.2.3.2 Inlet air pressure and temperature ............................................................................... 46 

1.2.3.3 Fuel octane number ....................................................................................................... 46 

1.2.3.4 Air/fuel mixture enrichment .......................................................................................... 47 

1.2.3.5 Dilution with cooled EGR or air (lean burn) ................................................................... 47 

1.2.3.6 Direct injection or multiple injections ........................................................................... 50 



8 
 

 
 

1.2.3.7 Other strategies ............................................................................................................. 50 

1.2.4 Acoustic oscillation modes in knock cycles .......................................................... 51 

1.2.5 The hazards of engine knock ................................................................................ 52 

1.3 Objectives of present study .................................................................................... 53 

1.3.1 Triggering knock with multiple spark ignition sites ............................................. 53 

1.3.2 Pressure oscillation investigation of engine knock .............................................. 54 

1.3.3 Optical diagnostics of engine knock ..................................................................... 54 

1.3.4 Investigation of knock induced pressure waves with Schlieren technique ......... 55 

1.3.5 Fuel effects ........................................................................................................... 55 

1.4 Outline of thesis ...................................................................................................... 56 

1.5 References ............................................................................................................... 58 

Chapter 2: Review on knocking combustion in SI engines .......................................... 64 

2.1 Laminar flame .......................................................................................................... 64 

2.2 Turbulent flame ....................................................................................................... 66 

2.3 Flame/acoustic wave interaction ............................................................................ 69 

2.4 Knocking combustion modes .................................................................................. 71 

2.4.1 Visualizing the combustion modes in the end-gas region ................................... 72 
2.4.1.1 Non-auto-ignition ........................................................................................................... 74 

2.4.1.2 Sequential auto-ignition................................................................................................. 75 

2.4.1.3 Deflagration-to-detonation............................................................................................ 75 

2.4.2 Numerical model of knocking combustion modes .............................................. 76 

2.5 Evaluation on knock intensity ................................................................................. 79 

2.5.1 Knock intensity evaluation models ...................................................................... 79 

2.5.1.1 Pressure-based analysis ................................................................................................. 80 

2.5.1.2 Heat release-based analysis ........................................................................................... 82 

2.5.1.3 Energy-based analysis .................................................................................................... 83 

2.6 Knock prediction methodology ............................................................................... 85 

2.6.1 Knock onset prediction......................................................................................... 85 

2.6.2 Auto-ignition site prediction ................................................................................ 86 

2.7 Previous experimental knock studies ...................................................................... 89 

2.7.1 Knock study with multiple spark ignition ............................................................. 89 

2.7.2 Flame speed effects on knock .............................................................................. 91 

2.7.3 Thermodynamic effects on knock ........................................................................ 92 
2.7.3.1 Pressure and temperature effects ................................................................................. 92 

2.7.3.2 Energy density effect ..................................................................................................... 93 

2.7.4 Optical studies on Knock ...................................................................................... 94 
2.7.4.1 Observing auto-ignition behavior .................................................................................. 95 

2.7.4.2 Visualization of knock pressure oscillation .................................................................... 97 



9 
 

 
 

2.7.4.3 Intermediate species detection ..................................................................................... 99 

2.7.5 Fuel effect on knock ........................................................................................... 101 

2.8 Concluding remarks ............................................................................................... 103 

2.9 References ............................................................................................................. 104 

Chapter 3: Experimental apparatus and research methodology .............................. 116 

3.1 Optical spark-ignition (SI) research engine ........................................................... 116 

3.2 Operating conditions ............................................................................................. 119 

3.3 Fuel system ............................................................................................................ 120 

3.4 Engine intake system ............................................................................................. 122 

3.5 Exhaust measurement system .............................................................................. 122 

3.6 Ignition system ...................................................................................................... 124 

3.7 Data acquisition system ........................................................................................ 126 

3.8 High-speed imaging system .................................................................................. 129 

3.9 Laser system .......................................................................................................... 132 

3.10 Research methods ............................................................................................... 133 

3.10.1 Spark strategy ................................................................................................... 133 

3.10.2 Flame propagation area calculations ............................................................... 134 

3.10.3 Fuel-tracer PLIF ................................................................................................. 140 

3.10.4 Formaldehyde PLIF/ OH* chemiluminescence imaging ................................... 142 

3.10.5 Data processing ................................................................................................ 143 
3.10.5.1 Heat release analysis .................................................................................................. 143 

3.10.5.2 Flame image processing ............................................................................................. 145 

3.11 Concluding remarks ............................................................................................. 146 

3.12 References ........................................................................................................... 147 

Chapter 4: Experimental study on knock mechanism with multiple spark plugs and 
multiple pressure sensors ....................................................................................... 149 

4.1 Introduction ........................................................................................................... 149 

4.2 Research methods ................................................................................................. 157 

4.2.1 Different sparking strategies .............................................................................. 157 

4.2.2 Band-pass filtering and pressure oscillation quantification ............................... 158 

4.2.3 Correlation coefficient ....................................................................................... 162 

4.2.4 Prediction model of MAPO ................................................................................ 162 
4.2.4.1 Correlation analysis ...................................................................................................... 162 

4.2.4.2 Model setup ................................................................................................................. 162 

4.2.4.3 Model validation .......................................................................................................... 163 

(1) Coefficient of determination (𝑅2) ...................................................................................... 163 

(2) p-value ................................................................................................................................ 164 

(3) Mean absolute percentage error (MAPE) .......................................................................... 165 



10 
 

 
 

4.2.5 Acoustic resonance mode .................................................................................. 165 

4.2.6 Frequency analysis ............................................................................................. 167 
4.2.6.1 Fast Fourier Transform (FFT) ........................................................................................ 167 

4.2.6.2 Wavelet analysis .......................................................................................................... 167 

4.2.7 Two-zone engine model and mean acoustic speed ........................................... 168 

4.2.8 Knock heat release analysis ................................................................................ 170 

4.3 Knocking combustion characteristics .................................................................... 173 

4.3.1 Pressure trace and HRR analysis ........................................................................ 173 

4.3.2 Combustion phasing ........................................................................................... 174 

4.3.3 Knock intensity (KI) distribution and peak value variation ................................ 176 

4.3.4 Mean KI and standard deviation (SD) ................................................................ 179 

4.3.5 Influential factors on MAPO ............................................................................... 181 

4.3.6 Magnitude changes of pressure oscillation peaks at Fixed CA50 ...................... 184 

4.3.7 Heat release fractions at knock with CA50 at 9 CAD aTDC ................................ 185 

4.3.8 Effects of measurement location on MAPO....................................................... 188 

4.3.9 Summary of section 4.3 ...................................................................................... 190 

4.4 Knock induced oscillations with different spark strategies .................................. 192 

4.4.1 Spark number effect on knocking pressure oscillations .................................... 192 

4.4.2 Knock vibration statistics with various spark plug numbers .............................. 197 

4.4.3 Spark number effect on knocking frequencies in the space domain ................. 199 

4.4.4 Spark number effect on knocking frequencies in the time domain .................. 202 

4.4.5 Spark timing effect on knocking pressure oscillations ....................................... 204 

4.4.6 Knock vibration statistics with various spark timings ........................................ 206 

4.4.7 Spark timing effect on knocking frequencies in the space and time domains .. 208 

4.4.8 Summary of section 4.4 ...................................................................................... 210 

4.5 Statistical study on knock strength, direction and heat release ........................... 212 

4.5.1 Multiple correlation and multiple linear regression between MAPO and different 
factors .......................................................................................................................... 212 

4.5.2 Pressure wave propagation ................................................................................ 216 

4.5.3 Heat release fractions of auto-ignition .............................................................. 220 

4.5.4 Summary of section 4.5 ...................................................................................... 228 

4.6 Concluding remarks ............................................................................................... 229 

4.7 References ............................................................................................................. 230 

Chapter 5: Effects of multiple spark ignition on engine knock under different 
compression ratio and fuel octane number conditions ............................................ 237 

5.1 Introduction ........................................................................................................... 237 

5.2 Research methods ................................................................................................. 241 

5.2.1 Analysis of pressure traces ................................................................................. 241 

5.2.2 Knock onset determination ................................................................................ 243 

5.2.3 Frequency spectrum ........................................................................................... 244 

5.3 Combustion characteristics under different spark strategies ............................... 244 



11 
 

 
 

5.3.1 Pressure trace and HRR analysis ........................................................................ 244 

5.3.2 Combustion duration, IMEP, and COV ............................................................... 246 

5.3.3 Emissions ............................................................................................................ 249 

5.3.4 Summary of section 5.3 ...................................................................................... 250 

5.4 Effects of multiple spark ignition on engine knock under different compression 
ratio and fuel octane number conditions ................................................................... 252 

5.4.1 Knock intensity statistics .................................................................................... 252 

5.4.2 Compression ratio effect on knock characteristics under different spark 
strategies ..................................................................................................................... 256 

5.4.3 Fuel octane number effect on knock characteristics under different spark 
strategies ..................................................................................................................... 260 

5.4.4 Knock induced pressure oscillations, frequencies, and resonance modes of 
different spark strategies ............................................................................................ 263 

5.4.5 Compression ratio effect on the knock induced pressure oscillations .............. 266 

5.4.6 Fuel effect on knock induced pressure oscillations ........................................... 268 

5.4.7 Summary of section 5.4 ...................................................................................... 270 

5.5 Concluding remarks ............................................................................................... 272 

5.6 References ............................................................................................................. 273 

Chapter 6: Using optical diagnostics and multi-point pressure sensing on knocking 
combustion with multiple spark ignition ................................................................. 276 

6.1 Introduction ........................................................................................................... 276 

6.2 Research methods ................................................................................................. 281 

6.2.1 Sparking strategy ................................................................................................ 281 

6.2.2 Quantification of knock induced pressure oscillation ........................................ 282 

6.2.3 Frequency spectrum ........................................................................................... 282 

6.2.4 Knock onset determination with pressure oscillation and image processing ... 282 

6.2.5 Probability distribution of the end-gas .............................................................. 285 

6.2.6 Cross-correlation ................................................................................................ 286 

6.2.7 2D data fitting ..................................................................................................... 287 

6.2.8 Structural similarity ............................................................................................ 288 

6.3 Optical study on knocking combustion under different spark strategies ............. 289 

6.3.1 Pressure and HRRs.............................................................................................. 289 

6.3.2 Knock onsets and mass fraction of burned (MFB) fuel ...................................... 291 

6.3.3 In-cylinder natural flame luminosity (NFL) ......................................................... 292 
6.3.3.1 Single spark ignition (P1, ST: -10 CAD aTDC) ................................................................ 292 

6.3.3.2 Two spark ignition (P1+P3, ST: -10 CAD aTDC) ............................................................ 295 

6.3.3.3 Triple spark ignition (P1+P2+P3, ST: -10 CAD aTDC) .................................................... 298 

6.3.3.4 Quadruple spark ignition (P1+P2+P3+P4, ST: -10 CAD aTDC) ...................................... 300 

6.3.4 Knock onset statistics based on images and pressure data ............................... 303 

6.3.5 Relations between MAPO and peak of mean flame intensity ........................... 304 



12 
 

 
 

6.3.6 End-gas area fraction, mass fraction, and unburned temperature at knock onset
 ..................................................................................................................................... 305 

6.3.7 Distributions of end-gas and auto-ignition sites ................................................ 308 

6.3.8 Summary of section 6.3 ...................................................................................... 311 

6.4 Optical study on the flame intensity during knocking combustion (triple spark 
ignition) ....................................................................................................................... 313 

6.4.1 Mean flame intensity analysis ............................................................................ 313 

6.4.2 Flame intensity oscillations with six flame monitors ......................................... 314 

6.4.3 Oscillation frequencies of luminous intensity with six flame monitors ............. 317 

6.4.4 Effects of flame monitor size on pressure oscillation results ............................ 318 

6.4.5 Effects of flame monitor number on the pressure oscillation results ............... 324 

6.4.6 Comparisons of NFL images and pressure oscillation contours ........................ 333 

6.4.7 Summary of section 6.4 ...................................................................................... 335 

6.5 Concluding remarks ............................................................................................... 337 

6.6 References ............................................................................................................. 338 

Chapter 7: An efficient way to alleviate engine knock – VCR piston design study ..... 342 

7.1 Introduction ........................................................................................................... 342 

7.2 Research object ..................................................................................................... 346 

7.3 Piston design ......................................................................................................... 349 

7.4 Numerical model ................................................................................................... 353 

7.4.1 Piston kinetic model ........................................................................................... 353 

7.4.2 Piston mechanical model ................................................................................... 357 

7.4.3 Hydraulic model of oil flow ................................................................................ 360 
7.4.3.1 Oil pressure from delivery pump ................................................................................. 362 

7.4.3.2 Oil pressure drop model in pipes ................................................................................. 363 

7.4.3.3 Oil pressure drop through filter ................................................................................... 364 

7.4.3.4 Oil pressure drop through main bearing ..................................................................... 364 

7.4.3.5 Oil pressure drop through the crank shaft .................................................................. 365 

7.4.3.6 Oil pressure drop through the connecting rod ............................................................ 367 

7.4.4 Oil flow rate model ............................................................................................. 370 

7.4.5 Compression ratio model ................................................................................... 371 

7.5 Results and discussion ........................................................................................... 372 

7.5.1 Oil pressure and compression ratio variation in motoring cycle ....................... 372 

7.5.2 Oil pressure and compression ratio variation in firing cycles ............................ 375 

7.5.3 Engine speed effects on stable compression ratio and cylinder peak pressure 378 

7.5.4 VCR piston and normal piston performance at different engine loads ............. 380 

7.5.5 Energy loss from VCR piston at different engine loads ...................................... 383 

7.6 Conclusion ............................................................................................................. 385 

7.7 References ............................................................................................................. 387 



13 
 

 
 

Chapter 8: Summary and future work ..................................................................... 390 

8.1 Summary ............................................................................................................... 390 

8.2 Findings considered to be contributions to knowledge ........................................ 396 

8.3 Future work ........................................................................................................... 398 

APPENDICES ........................................................................................................... 400 

A. The properties of the PRFs used in this work ......................................................... 400 

B. vibration signals under mixed and primary resonance modes ............................... 401 

C. Comparisons of pressure oscillations and luminous fluctuations before and after 
using time offset at different positions ....................................................................... 403 

D. Comparisons of pressure oscillating frequencies and luminous vibrating frequencies 
at different positions ................................................................................................... 408 

E. Amplitudes of knock vibrating frequencies detected by pressure sensor and flame 
luminosity at different positions with different sizes of flame monitors ................... 410 

  



14 
 

 
 

LIST OF ABBREVIATIONS 

AI auto-ignition 
AIT after ignition timing 
AKI anti-knock index 
ASTM American Society for Testing and Materials 
BDC bottom dead center 
BEV battery electric vehicle 
BICERI British Internal Combustion Engine Research Institute 
BMEP brake mean effective pressure 
bpf bandpass filtering 
BTE brake thermal efficiency 
CA crank angle 
CAD crank angle degrees 
CCV cycle-to-cycle variability 
CD combustion duration 
CFR Cooperative Fuel Research 
CH2O Formaldehyde 
CH4 methane 
CHRNET net cumulative heat release 
CI compression ignition 
CLAHE contrast limited adaptive histogram equalization 
CLD chemiluminescence detector 
CO carbon monoxide 
CO carbon monoxide 
CO2 carbon dioxide 
COV coefficient of variation 
CR compression ratio 
DDT deflagration to detonation transition 
DI direct injection 
DKI Dimensionless Knock Indicator 
DMP Derivative of Maximum Pressure 
EGR exhaust gas recirculation 
ETU engine timing unit 
FCEV fuel cell electric vehicle 
FFT Fast Fourier Transform 
FFT Fast Fourier Transform 
FID flame ionization detector 
GCI gasoline compression ignition 
GDI gasoline direct injection 
HC hydrocarbon 
HCCI Homogeneous Charge Compression Ignition 



15 
 

 
 

HEV hybrid electric vehicle 
HRR heat release rate 
HTHR high-temperature heat release 
ICE internal combustion engine 
ICE internal combustion engine 
IMEP indicated mean effective pressure 
IMPG integral of modulus of pressure gradient 
IMPO integral of modulus of pressure oscillations 
ISPO Integral of Squared Pressure Oscillations 
IVC inlet valve closing 
KI knock intensity 
KI Knock intensity 
KLSA Knock Limited Spark Advance 
LIF laser-induced fluorescence 
LKI Logarithmic Knock Intensity 
LTHR low-temperature heat release 
MAPE mean absolute percentage error 
MAPO maximum amplitude of pressure oscillation 
MFB mass fraction burned 
MLR multiple linear regression 
MON motor octane number 
NDIR nondispersive infrared 
NFL natural flame luminosity 
NO nitric oxide 
NOx nitrogen oxides 
NOx oxides of nitrogen 
NTC negative temperature coefficient 
OI Octane Index 
ON octane number 
ON octane number 
PFI port-fuel injection 
PFI port fuel injection  
PLIF planar laser-induced fluorescence 
PRF primary reference fuel 
PSP pressure-sensitive paint 
R&D research and development 
RCM rapid compression machine 
RI Ringing Intensity 
ROHR rate of heat release 
RON research octane number 
rpm revolution per minute 
rps revolution per second 
SACI spark assisted compression ignition 



16 
 

 
 

SD standard deviation 
SEFD Signal Energy in the Frequency Domain 
SFC specific fuel consumption 
SG specific gravity 
SI spark ignition 
SSIM structural similarity index measure 
ST spark timing 
SVC Saab Variable Compression 
TDC top dead center 
TWC three-way catalytic converter 
UHC unburned hydrocarbon 
UI user interface 
VCR variable compression ratio 
VVT variable valve timing 

 
 
 
 

 

 

 

  



17 
 

 
 

LIST OF SYMBOLS 

a Local sound speed 
𝐴 Pre-exponential factor 
𝐴𝑙𝑜𝑤𝑒𝑟 Lower oil chamber area 
𝐴𝑜𝑢𝑡𝑒𝑟 Crown area of outer piston 
𝐴𝑡 Actual value 
𝐴𝑢𝑝𝑝𝑒𝑟 Upper oil chamber area 

𝐵 Cylinder bore diameter 
𝐶𝑏 Acoustic wave speed in burned zone 
𝐶𝑑 Flow coefficient 
𝐶𝑢 Acoustic wave speed in unburned zone 
𝐷 Tube diameter 
(𝑑𝑃 𝑑𝑡)𝑚𝑎𝑥⁄  Maximum pressure rise rate 
E Expected value operator 
𝐸𝑎 Activation energy for the reaction 
𝐹𝑐𝑜𝑛𝑟𝑜𝑑 Connecting rod force 
𝑓 Friction coefficient of fluid flow 
F/A Fuel/air ratio 
𝑓𝑚,𝑛 Theoretical frequency of acoustic resonant modes 

ℎ𝑐  Heat transfer coefficient 

ℎ𝑢 Lower heating value 
𝐼 Liquid volumetric flow rate 
𝑘 Frequency of collisions resulting in a reaction 
𝐾 Constant representing engine operating condition 
𝐾𝑣 Viscosity correction factor 
𝑙 Connecting rod length 
L Engine stroke 
m Air/fuel mixture mass 
𝑀 Mach number 
𝑚𝐹 Fuel mass 
𝑚𝑜𝑠𝑐 Oscillating mass 
𝑛 Polytropic index 

𝑁 Engine speed 
𝑛𝑇  Stroke factor 
P Engine power output 
𝑝 Filtered in-cylinder pressure 
�̂� Sample proportion 
𝑝(𝑖) Pressure data after high-pass filtering 
𝑃𝑎 , 𝑃𝑏 Oil pressure at points a and b 
𝑃𝑓 Filtered pressure data 

pko Pressure at knock onset 



18 
 

 
 

𝑃𝑚𝑎𝑥  Maximum in-cylinder pressure 
𝑝𝑚𝑒𝑎𝑛 Mean pressure value by a high-pass filter 
ppeak Peak pressure 
𝑃𝑡 Prediction value 
𝑃𝑅𝑐 Pressure ratio through compressor 
𝑄 Cumulative heat release 

�̇� Total heat release rate 

𝑄𝑐𝑟𝑒𝑣𝑖𝑐𝑒 Bypass heat losses through crevice 
𝑄𝐻𝑇 Heat transferred to the cylinder wall 
𝑄𝐿𝐻𝑉 Lower heating value of fuel 
𝑄𝑢 Remaining energy in end-gas 

𝑄�̇� Heat release rate at each crank angle 

𝑟 Crank radius 
𝑅 Universal gas constant 
𝑅2 Coefficient of determination 
𝑅𝑒 Flow Reynolds number 
𝑅𝑒𝑝,𝑟 Reynolds number 

𝑟0 Radius of hot spot 
𝑟𝑐 Compression ratio 
𝑟𝑠 Spearman correlation coefficient 
𝑅𝑋𝑌 Cross-correlation matrix of X and Y 
𝑟𝑥𝑧 , 𝑟𝑦𝑧 , 𝑟𝑥𝑦 Correlation coefficients between two random variables 

S Fuel sensitivity 
𝑆𝑝
̅̅ ̅ Mean piston velocity 

𝑡𝐼𝑉𝐶  Inlet valve close time 
𝑡𝑘𝑛𝑜𝑐𝑘 Knock onset 
T Average temperature of cylinder gas 
𝑇𝑏 Average temperature in burned zone 
𝑇𝑚𝑎𝑥 Maximum in-cylinder temperature 
𝑇𝑢 Average temperature in unburned zone 
𝑇𝑤 Mean cylinder wall temperature 
𝑢𝑎𝑖  Speed of auto-ignition reaction front 
𝑢𝐿 Flame speed 

𝑣 Piston instantaneous velocity 

𝑉𝑎, 𝑉𝑏 Oil velocity at points a and b 
𝑉𝐵𝐷𝐶 Volume of combustion chamber with piston at BDC 
𝑉𝐶 Clearance volume 
𝑉𝑐𝑦𝑙 Cylinder volume at the moment of knock onset 

𝑉𝐷 Displacement volume 
𝑉𝑇𝐷𝐶 Volume of combustion chamber with piston at TDC 
𝑊 Calculation window width 
𝑥 Piston location 
𝑥𝑏 Burned mass fraction 



19 
 

 
 

𝑥𝑖  Explanatory variables 
𝑦𝑖 Dependent variables 
𝑥𝑖, 𝑦𝑖 Ranks of variables 
�̅�, �̅� Mean values of variables 
𝑧𝑎, 𝑧𝑏 Oil elevation at points a and b 
  
Greek letters  
α Thermal diffusivity 
αm,n Vibration mode factor 
𝛽 Scale factor 
𝛽𝑛 Slope coefficients for each explanatory variable 
𝛽0 Y-intercept 
𝛾 Ratio of specific heats 
𝛿𝐿 Flame thickness 
∆𝑝 Pressure drop 
Δpexp Pressure rises measured by experiment 
∆𝑃𝑔,𝑟 Gravity pressure drop 

Δpiso Pressure rises calculated by theoretical isochoric combustion 
∆𝑃𝑙𝑜𝑠𝑠𝑒𝑠 Pressure loss 
∆𝑃𝑝,𝑟 Frictional pressure drop 

∆𝜃 Total combustion duration 
ɛ Rapidity of chemical energy release 
𝜂𝐵  Brake efficiency 
𝜂𝑐  Combustion efficiency 
𝜂𝑇  Engine thermodynamic efficiency 
𝜂𝑣 Volumetric efficiency 
θ Crank angle corresponding to the start of the calculation window 
𝜃0 Start of combustion 
𝜃𝑙  Low limit of the auto-ignition period 
𝜃ℎ  High limit of the auto-ignition period 
𝜃𝑝𝑚𝑎𝑥 Crank angle corresponding to the maximum cycle pressure 
λ Lambda (air-fuel ratio/stoichiometric air-fuel ratio) 
𝜇 Oil viscosity 
𝜇𝑥, 𝜇𝑦 Average values of x and y 

𝑣 Oil velocity 
ξ Coupling between the acoustic wave and reaction front 
𝜖 Residuals 

π 
Ratio between experimental pressure rise after super-knock and the 
theoretical isochoric combustion pressure rise 

𝜌 Fluid density 
𝜌𝑎,𝑖 Air density 
𝜎𝑥

2, 𝜎𝑦
2 Variances of x and y 

𝜎𝑥𝑦 Covariance of x and y 
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𝜏 Ignition delay 
𝜏1 Flame propagation time 
𝜏2 End-gas auto-ignition delay time 
𝜏𝑎𝑖 Auto-ignition delay time 
𝜏𝑐 Temperature ratio through compressor 
𝜏𝑒 Excitation time 
ϕ Phi (fuel-air ratio/stoichiometric fuel-air ratio) 
𝜔(𝑛) Hamming window function 
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Chapter 1: Introduction 

Since the first spark-ignition four-stroke internal combustion engine (ICE) was invented in 

1876, it has been tortured by the detrimental knock issue. At that time, people had no 

idea about the reason of the “pinging” sound came from the automobiles. Later, the 

predecessors of ICE gradually figured out the root of this problem. In 1914, a letter from 

Lodge Brothers (spark plug manufacturers) stated that the engine knock was led by early 

ignition, which produced the sounds similar with a hammer tapping on the metal parts 

[1]. In the preface to the fourth edition of Sir Henry Ricardo's book "High Speed Internal 

Combustion Engines", published in 1953 [2], he recollected that he had given 

considerable thought to the relations between engine knock and operating conditions 

since the first edition of his book, released in 1923. Meanwhile, a great deal of knock 

researches had been implemented, and a great progress had been made about the 

related literature. From an engineer's point of view, the knock in internal combustion 

engines was thoroughly understood. Therefore, Ricardo argued that with the continued 

use of improved fuels and fuel additives, the future engines would no longer have to deal 

with knock. [3]. However, he did not expect that, solving this problem fundamentally and 

completely, would be a long journey. 

1.1 Background and motivation 

As of now, the internal combustion engine is still the prime choice for powering all land 

and sea-based transportation solutions, and this state can be expected to persist for a 
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long time [4, 5]. This is because it has the best overall combination of attributes with low 

complexity, low cost of production, low emissions and reasonable fuel efficiency [6-8]. In 

a normal spark ignition (SI) engine, a flame kernel originates from a spark between the 

spark plug electrodes. Subsequently, the air/fuel mixture can be consumed by the 

turbulent flame completely. However, if the premixed end-gas is exposed to 

combinations of high in-cylinder temperatures and pressures longer than its ignition 

delay, spontaneous reactions occur ahead of the main flame arrival, namely auto-ignition. 

The automatic reaction process is fast and fierce, and the accompanying high heat release 

rate contributes to steep pressure gradients in cylinder. In consequence, the strong 

pressure waves initiate locally and move across the combustion chamber rapidly. There 

are two main problems along with this. On one hand, the amplitudes of violent pressure 

waves could be high enough to exceed the stress limits of engine material, leading to 

direct physical damage of different components. On the other, the heat flux between the 

surrounding boundaries and the burned gas is amplified exponentially after the 

breakdown of the thermal shielding of the boundary, which results in overheating and 

potentially melting of engine material. 

Auto-ignition of the air/fuel mixture has been applied by some technologies to improve 

engine performance (e. g., homogeneous charge compression ignition (HCCI) and spark 

assisted compression ignition (SACI)), and with those advanced combustion systems the 

thermal efficiency is supposed to be boosted greatly. However, these applications have 

been continuously constrained by the devastating influences of engine knock, among 
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other limitations. Therefore, it is desirable to go deeply into the knock mechanisms and 

look into its evolution process. For engine knock research, it is important to determine 

how knocking combustion is initiated, how the damaging pressure waves are formed, and 

what kind of knock it causes. In addition, it is always energy and time consuming to obtain 

the statistical information of knock behaviors, since auto-ignition happens randomly in 

the temporal and spatial domains due to engine cycle-to-cycle variations. Therefore, how 

to trigger more knock events in a controllable way, and explore potential approaches to 

restrain the knock intensity without sacrificing engine efficiency, is another focus of this 

study. 

1.1.1 Internal combustion engine 

The IC engine is designed as an efficient energy conversion device that has been widely 

used to propel vehicles for more than one and a half centuries [9, 10]. In the IC engine, 

the fuel chemical energy is converted into thermal energy in the combustion chamber, 

finally being transformed into mechanical energy through the motor [11]. Over the past 

ten years, car ownership has significantly increased from 1 billion to 1.43 billion 

worldwide, due to growing demand for transportation among households [12]. Recently, 

regardless of the promotions of battery electric vehicles (BEVs), hybrid electric vehicles 

(HEVs), fuel cell electric vehicles (FCEVs), etc., there are still above 90% of new sales 

automobiles are powered purely by the IC engine (Fig. 1.1) [13], and among these more 

than 80% are propelled by the SI engine. Compared with the CI engine, the SI engine can 

reach to near-zero tailpipe emissions (e.g., hydrocarbon (HC), carbon monoxide (CO), 
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nitrogen oxides (NOx), soot, and etc.) with a three-way catalytic converter (TWC). 

However, due to this device’s requirement for stoichiometric air/fuel mixture, its 

thermally-related conditions (e.g., engine load and compression ratio) have been 

restricted to relatively low levels to avoid engine knock [14, 15]. Consequently, it is 

imperative to study knock intensively to permit a further efficiency boost for the SI 

engine. Such investigations would enhance the lower-carbon footprint of SI engine over 

its counterparts and benefits the decarbonization efforts in the world. 

 

Figure 1.1. History and projections of light-duty vehicle sales by technology (the 
dashed line marks the sales drops after lockdown because of COVID pandemic) [13]. 

 

1.1.2 Spark ignition combustion 

For what might be considered a modern, conventional SI engine, gasoline is injected early 

via direct injection (DI) or port-fuel injection (PFI). After this, the air and vaporized fuel 

are mixed together with the in-cylinder residual gas to form a homogeneous mixture at 
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stoichiometric level (λ=1). Before the piston arrives at the top dead center (TDC), the 

compressed air/fuel mixture is ignited by the spark plug through electric discharge. 

Subsequently, the initiated flame kernel grows into a turbulent flame front and 

propagates across the chamber towards the end-wall. Meanwhile, the in-cylinder 

pressure and temperature increase to their peak levels, and they will drop during the 

expansion stroke. Notably, the combustion characteristics (e.g., pressure, temperature, 

power output, combustion phasing, and etc.) vary on a cycle-to-cycle basis, due to the 

fluctuations of unburned gas composition and local flows among the sequential firing 

cycles [16]. At the end of this inflammation process, all the fuel are burned smoothly and 

the flame front reaches and extinguishes at the cylinder wall. However, if a part of air/fuel 

mixture is ignited spontaneously before the flame front arrival, the shock waves yielded 

may break the engine components. Therefore, there are some countermeasures being 

implemented to avoid knock, such as delaying the spark timing, reducing the engine load 

and compression ratio, adding more inter-cooling equipment [17] in pressure-charged 

engines, and so forth. Nevertheless, the compromise made between the engine 

performance and knock risks may bring side effects on SI engine efficiency. 

1.1.3 State of the art ICE concepts 

1.1.3.1 Supercharging/turbocharging 

Supercharging or turbocharging are technologies that are applied to increase the intake 

pressure with compressors installed in the intake system. They are normally used to 
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improve the maximum work of an engine at a given displacement [4]. The engine power 

output can be expressed as: 

P =  𝑉𝐷
𝑁

𝑛𝑇
𝜂𝐵𝜂𝑣𝑄𝐿𝐻𝑉𝜌𝑎,𝑖(

𝐹

𝐴
)                                                        (1.1) 

Where: 

P – the engine power output (W); 

𝑁 – the engine speed (rps); 

𝑛𝑇  – stroke factor, 1 for two-stroke engine, and 2 for four-stroke engine; 

𝜂𝐵  – brake efficiency; 

𝜂𝑣 – volumetric efficiency; 

𝑄𝐿𝐻𝑉 – the lower heating value (LHV) of fuel (MJ/kg); 

𝜌𝑎,𝑖 – air density (kg/m3); 

F/A – fuel/air ratio. 

According to Eq. (1.1), the engine power output could be improved by adding more fuel 

to raise the fuel/air ratio. However, the combustion efficiency decreases with the air/fuel 

mixture deviating from the stoichiometric ratio. Besides, other parameters such as 𝜂𝐵  and 

𝑄𝐿𝐻𝑉, are difficult to increase much. Consequently, it is more convenient to increase the 

engine power output by raising the inlet air density. This can be done with the 
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supercharging or turbocharging, where the air pressure is boosted after by an isentropic 

compression: 

𝑃2 =  𝑃1𝑟𝑐
𝛾

                                                                                   (1.2) 

The compression is normally performed by one of three approaches [4]: 

1. Mechanical supercharging, for which the engine crankshaft is connected to drive a 

separate blower or compressor for air compression; 

2. Turbocharging, which absorbs the available energy from exhaust stream using a gas 

turbine and drives the supercharging compressor directly through hot gas expansion to 

boost the intake air density (this has historically been known as turbosupercharging); 

3. Pressure wave supercharging, which pressurizes the intake fluid through the wave 

effects in a multi-channel rotor communicating with the intake and exhaust manifolds, 

using the pressure wave set up to compress the intake air directly. 

As the supercharger is driven by the engine crankshaft, it consumes part of the 

mechanical work generated by engine and affects the engine efficiency. In comparison, 

the turbo compressor uses part of the waste energy from the exhaust gas and converts it 

into mechanical work to compress the inlet air. With supercharging or turbocharging, the 

intake pressure can be increased by the range from 20 to 250 kPa, and more air and fuel 

are added in the cylinder each cycle, hence the net engine power output is improved [18].  

However, the inlet air temperature is also raised because of the compression heating (the 

temperature ratio can be calculated by Eq. 1.3 [19]), which brings an undesirable effect 
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on the air density growth. Importantly, it causes higher in-cylinder temperature after the 

compression stroke, which aggravates the knock propensity. This can be alleviated by 

adding an intercooler between the compressor outlet and the intake manifold [20]. 

𝜏𝑐 =  𝑃𝑅𝑐

𝑛−1

𝑛                                                                       (1.3) 

Where: 

𝜏𝑐 is the temperature ratio through compressor; 

𝑃𝑅𝑐 is the pressure ratio through compressor; 

𝑛 is the polytropic index. 

In recent years, supercharging and turbocharging are widely used in the high-

performance SI engines, to boost the net power output. Moreover, with combining other 

techniques such as engine downsizing and down-speeding, the fuel economy could be 

substantially improved (see Section 1.1.3.3) [21]. 

1.1.3.2 High compression ratio 

The compression ratio is defined as the ratio between the chamber volume with piston 

at bottom dead center (BDC) and that at top dead center (TDC), which can be expressed 

as [4]: 

𝑟𝑐 =  
𝑉𝐵𝐷𝐶

𝑉𝑇𝐷𝐶
=  

𝑉𝐶+ 𝑉𝐷

𝑉𝐶
                                                                         (1.4) 

Where: 

𝑟𝑐 – the compression ratio; 
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𝑉𝐵𝐷𝐶 – the chamber volume with piston at BDC; 

𝑉𝑇𝐷𝐶 – the chamber volume with piston at TDC; 

𝑉𝐶 – the clearance volume; 

𝑉𝐷 – the displacement volume. 

Theoretically, the maximum thermodynamic efficiency of a SI engine is influenced by 

compression ratio, and the air standard cycle efficiency of which is expressed as [4]: 

𝜂𝑇 = 1 −
1

𝑟𝑐
𝛾−1                                                                      (1.5) 

Where: 

𝜂𝑇  – the engine thermodynamic efficiency; 

𝑟𝑐 – the compression ratio; 

γ – the ratio of specific heats of working fluid. 

During engine operation, a high compression ratio could effectively increase the efficiency 

especially under partial load, and since this is where road engines are habitually operates, 

consequently, the modern SI engine tends to apply higher compression ratio to this end 

[22]. However, while increasing the compression ratio brings benefits in real-world fuel 

economy, abnormal combustion such as knock brought by the high rise in temperature 

may cause engine damage at high loads which needs to be avoided [23, 24].  
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1.1.3.3 Downsizing 

Engine downsizing refers to a reduction of engine displacement volume while keeping the 

power output level of an equivalent naturally-aspirated engine, which provides an 

effective way to improve the fuel economy. Based on technique, both the friction and 

heat losses would be minimized with reducing the size or number of cylinders. 

Furthermore, the work required for propelling the vehicle is dropped with smaller engines 

[25]. For the SI engine, downsizing is claimed to reduce the fuel consumption between 

10% and 30% [26]. In particular, a typical automobile driving cycle incudes frequent 

operations at low loads, which makes the engine downsizing more attractive since it 

allows the powertrain to operate within the optimized efficiency regions more often [27]. 

Recently, in light of the more stringent emission legislation and the increasing awareness 

about global warming, there are more applications of engine downsizing in passenger 

cars. However, downsized engines present undesirable drops of maximum power they 

can deliver if no mitigating technology is applied. In consequence, these smaller engines 

need to be boosted to introduce more air/fuel mixture during combustion [20, 28]. As 

shown in Fig. 1.2, the reduction of displacement volume from six-cylinder to four-cylinder 

engine results to lower fuel consumption, while it leads to a loss of engine torque and 

power output. To compensate for this, downsized engines often apply mechanical 

superchargers or turbochargers to regain comparable power with the larger engines [29] 

(see Section 1.1.3.1). 
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Figure 1.2. Principle of engine downsizing (adjusted from [29]). 

 

1.1.3.4 Downspeeding 

Downspeeding is another technology widely used to improve the fuel economy, which 

allows the engine to operate in its highest efficiency island (the ideal engine operation 

range to achieve low fuel consumption) with a high gear ratio and low engine speed. The 

downspeeding technique offers the following benefits for the automobiles [30]: 

1. Improved thermodynamic efficiency 

2. Reduced engine friction 

3. Decreased heat transfer and flow losses 

4. Diminished fuel consumption and exhaust emissions 

Downspeeding ideally uses an automatic transmission to permit control of the area of 

operation of the engine, which clearly increases vehicle cost. Despite the fact that 
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downspeeding enables the engine to run at more efficient conditions, operation at the 

low speed also leaves more time for end-gas auto-ignition, increasing the tendency of 

knocking combustion [31]. 

The current trends of SI engines (e.g., high CR, supercharging, downsizing and 

downspeeding) lead to increasingly extreme conditions for auto-ignition and results in 

more engine knock events [25]. Consequently, it is very meaningful to investigate knock 

to improve the engine performance without sacrificing its reliability. 

1.2 Engine knock overview 

Nowadays, as the most important power device in the energy industry and especially in 

the transportation field, the IC engine powers nearly one and half billion vehicles 

worldwide, and above 60% of which are equipped with spark ignition (SI) engines [32]. 

After years of development, the SI engine is superior at lower tailpipe emissions of HC, 

CO, NOx and particulates than the diesel engine, and could even emit these below the 

ambient level, and it still has great potential for improving the engine efficiency. However, 

engine knock continues to be a technical bottleneck, and how to inhibit knock while 

increasing the power density and thermal efficiency becomes the main challenging issue 

for SI engines [32, 33]. 

1.2.1 Knock phenomenon 

Knock refers to the end-gas auto-ignition ahead of the arrival of the propagating flame, 

and is associated with ‘‘pinging’’ or ‘‘clanging’’ noises [34]. During the normal SI engine 
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combustion cycle, the spark ignites the compressed air/fuel mixture, then the flame 

propagates through the unburned contents smoothly in the cylinder. Owing to the 

Rayleigh-Taylor instability (corresponding with the expansion from burned mixture to 

unburned mixture), the turbulent flame front grows into irregular fingers of burned gas 

(Fig. 1. 3), and the flame area is much larger than for the spherical ball it is often imagined 

to be. As shown in Fig. 1.4a, the pressure traces of normal combustion are very smooth. 

During knock combustion cycles, one or more local regions of end-gas are ignited 

spontaneously ahead of the flame front, and the main flame fronts from spark ignition 

can only consume a part of fuel. After the auto-ignition, under the compressions from 

multiple flame fronts (Fig. 1.3), the end gas heat release is so fast that it induces strong 

pressure oscillations (Fig. 1.4b). For “super knock” cases, the local pressure spikes could 

reach the amplitude above 200 bar, as shown in Fig. 1.4c. The resulting acoustic vibrations 

spread across the cylinder walls to the engine body, which leads to audible engine knock 

and produces the pinging sound [33, 35]. 

 

 

Figure 1.3. Schematic of knocking combustion. 
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(a) Normal combustion (b) Conventional knock (c) Super knock 

Figure 1.4. Pressure traces of different combustion cases. 

1.2.2 Thermodynamics in knock cycles 

After spark ignition, the initiated flame moves forward, and the generated heat from 

flame front will raise local temperature, which drives the expansion of burned hot gas 

towards the unburned mixture.  During knock cycles, the spontaneous combustion of 

end-gas is accompanied by acoustic perturbations due to rapid heat release. 

Consequently, a pressure wave is initiated, and it can develop into a shock wave if energy 

is sustainably gained from flame front, which may lead to supersonic sound speed (e.g., 

around 1400 m/s for a fundamental mode of 7.5 kHz [36]). Considering a normal one-

dimensional propagating shock wave with zero thickness, the relations between 

upstream and downstream flow in terms of mass, momentum and energy can be 

expressed as follows [37]: 

𝑝1

𝑝0
=

2𝛾𝑀0
2−𝛾+1

𝛾+1
                                                                    (1.6) 

 

𝑇1

𝑇0
=

(2𝛾𝑀0
2−𝛾+1)[(𝛾−1)𝑀0

2+2]

(𝛾+1)2𝑀0
2                                                          (1.7) 
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𝜌1

𝜌0
=

(𝛾+1)𝑀0
2

(𝛾−1)𝑀0
2+2

                                                                   (1.8) 

Where p, T, ρ, γ and M are pressure, temperature, density, heat capacity ratio, and Mach 

number, respectively. Subscript 0 and 1 indicate the upstream and downstream states. 

Under knocking conditions, pressure waves with high peak values (M0 >1) would make 

local temperature increase significantly when they propagate through the unburned 

mixture or reflect from the cylinder wall, thus making it faster for the end gas to auto-

ignite, even before spark-ignited flame front arrives. 

1.2.3 Influencing factors on knock 

As a major challenge for SI engine development, the knock occurrence depends on the 

“race” between propagating flame and the spontaneous ignition of end-gas, hence knock 

prevention could be achieved by reducing flame propagation time (τ1) to a lower value 

than the end-gas auto-ignition delay time (τ2) [32]. This work will practice some knock 

controlling strategies depend on the prior work packages, and apply optical diagnostics 

to gain a better understanding of the functional mechanisms of these strategies. 

1.2.3.1 Spark location and timing 

For the SI engine, advancing the spark timing leads to higher in-cylinder temperature as 

more fuel is consumed during the latter stages of compression stroke. Therefore, both 

the knock propensity and intensity would be increased. Besides this, changing the spark 

location generates different end-gas zones and affects the knock behavior [38]. 

Consequently, the flame propagation distance could be reduced by changing the spark 
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location and spark timing [39], to reduce the flame propagation time (τ1) and suppress 

the knock onset. In addition, sweeping the spark timing has direct impacts on the pressure 

and temperature of end-gas, and lowering their values could effectively extend the 

ignition delay (τ2). However, these strategies may deteriorate the engine performance 

and reduce the thermal efficiency, so the optimum spark location and spark timing will 

primarily be investigated in this study. 

1.2.3.2 Inlet air pressure and temperature 

Both boosting and downsizing technologies contribute to high thermal efficiency with 

increasing the inlet air pressure [40], however, high inlet pressure is prone to cause to 

engine knock because it could significantly decrease the end-gas auto-ignition delay time 

(τ2). The intake air temperature is capable of influencing the end-gas temperature history, 

which strongly affect the knock behavior (see Eq. (1.9)) [41]. Besides, some techniques to 

adjust inlet pressure and temperature through turboexpansion [42] and pro-compressor 

fuel injection [43] were also practiced.  

k = A𝑒
−𝐸𝑎
𝑅𝑇                                                                        (1.9) 

Where k is the reaction rate coefficient; T is the absolute temperature; A is the pre-

exponential factor; 𝐸𝑎 is the reaction activating energy; R is the universal gas constant. 

1.2.3.3 Fuel octane number 

During combustion, a fuel with higher reactivity exhibits shorter ignition delay and higher 

knock strength. The resistance of fuel to auto-ignition is normally represented by the fuel 
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octane number (ON), which could be indicated with two standard indexes, research 

octane number (RON) and motor octane number (MON), based on the tests implemented 

on Cooperative Fuel Research (CFR) engines [18, 44]. Increasing the fuel octane number 

[45] is a popular strategy to suppress knock for commercial engines without geometrical 

modifications. On one hand, the fuel octane number could be improved by increasing the 

high ON components ratio in the fuel. On the other hand, the fuel ONs could be increased 

with adding some antiknock additives, such as different ethers, alcohols or even water. 

Both of these methods are able to suppress knock by extending the end-gas auto-ignition 

delay time (τ2). Moreover, Water et al. [46] reported that ultra-high molecular weight 

polymers could help to improve fuel viscoelasticity and anti-knock abilities, by and 

generating generate more uniform air/fuel mixture, which could reduce the end-gas 

temperature in cylinder. 

1.2.3.4 Air/fuel mixture enrichment 

Enriching the mixture [47] by injecting more fuel could help to suppress engine knock, as 

the excessive fuel reduces the air/fuel mixture temperature through vaporization, namely 

as a charge cooling effect. The end-gas ignition delay (τ2) is prolonged, which puts 

constraint on the knock occurrence. However, air/fuel mixture enrichment has negative 

effects on the combustion efficiency, which also increases the HC and CO emissions. 

1.2.3.5 Dilution with cooled EGR or air (lean burn) 

As is known, EGR (exhaust gas recirculation) technology could effectively help to suppress 

knock in modern SI engines as it leads to an extended end-gas auto-ignition delay time 
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(τ2). Meanwhile, EGR increases the mixture heat capacity and raises its ratio of specific 

heat (see Fig. 1.5), which are beneficial for thermal efficiency. However, the high 

temperature EGR, i.e., the internal EGR, is harmful for knock controlling because it may 

increase the intake temperature. On one hand, this leads to higher end-gas auto-ignition 

tendency due to higher temperature. On the other hand, it may decrease the specific heat 

ratio and reduce thermal efficiency, as shown in Fig. 1.5. Consequently, cooled EGR is 

more advantageous to mitigate the engine knock without losing power output [48, 49].  

Similarly, lean combustion with introducing excess air could effectively extend ignition 

delay (τ2) and restrain knock occurrence. As exhibited in Fig. 1.6, increasing the air-fuel 

equivalence ratio (λ) could also promote the specific heat ratio and improve engine 

efficiency. However, ultra-lean combustion may lead to combustion instability, thus the 

air-fuel ratio needs to be kept at an acceptable level when alleviating knock with lean 

combustion. 

 
Figure 1.5. EGR effect on the specific heat ratio as a function of temperature [50]. 
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Figure 1.6. Air/fuel equivalence ratio effect on the specific heat ratio as a function of 

temperature [50]. 

Alger et al. [51] investigated the EGR effect on different AKI (anti-knock index) fuels, and 

noted that introducing cooled EGR could effectively improve the brake mean effective 

pressure (BMEP) and brake thermal efficiency (BTE) while reducing the knock tendency, 

as is shown in Fig. 1.7. In addition, cooled EGR was reported to be able to improve the 

combustion phasing [52, 53].  

 
Figure 1.7. EGR effect on different AKI [51]. 
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1.2.3.6 Direct injection or multiple injections 

Direct fuel injection has been widely applied in modern SI engines, and it is proved to be 

an effective way to suppress knock [54, 55], because of the cooling effect resulted from 

fuel evaporation. Therefore, it allows to increase engine compression ratio and working 

load [56, 57]. Besides, it could be coupled with other techniques such as inlet boosting 

and variable valve timing, to further improve engine efficiency [58].  

The multiple injection strategy is another efficient way used for knock controlling 

especially at high load conditions [59], since the late injection leads to locally rich mixture, 

which could speed up flame propagation, thus reducing the flame spreading time (τ1) and 

increasing the end-gas auto-ignition delay time (τ2) at the same time. However, all the 

injection timings need to be optimized to achieve optimum efficiency while avoiding 

knock.  

Taking the two-stage injection for example, the knock can be suppressed because the 

mixture after 1st injection is too lean, while the time after 2nd injection is not enough for 

knock development. For optimization, both the 1st injection and 2nd injection often take 

place during intake stroke, because the exhaust temperature and fuel consumption would 

increase if the 2nd injection is carried out during compression stroke.  

1.2.3.7 Other strategies 

Some other practical solutions could also be applied to control knock, such as water 

injection has been proved an effective method to mitigate knock, thus it allows higher 
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compression ratio, more charge flow and higher peak pressure, to achieve maximum 

engine efficiency and low emissions.  

Additionally, some hardware controlling strategies, such as the variable compression ratio 

(VCR). This technology has been recognized as an effective approach to improve the 

engine efficiency with high compression ratios (CR), while the CR could be adjusted 

flexibly to avoid knock when working at high engine load. Similarly, the variable valve 

timing (VVT) technology could promote the engine efficiency by altering the valve lift 

timing, and the earlier inlet valve closing (IVC) could decrease the end-gas temperature 

to avoid knock. 

Moreover, it is reported that spontaneous ignition of end-gas is sensitive to NO 

concentration in cylinder [60], and it was found that the NO influences on auto-ignition 

were more prominent in fuel-lean cases, because the NO concentrations were high. This 

fact provides another interesting topic for the knock controlling research in this work. 

1.2.4 Acoustic oscillation modes in knock cycles 

The pressure oscillations caused by knock have clearly identifiable natural frequencies 

throughout different propagation modes, which vary in the range from 4 to 20 kHz [61], 

and are related to the chamber geometry and dimensions [35]. In addition, the main 

acoustic resonance can be classified into circumferential and radial modes, while another 

in the axial direction is negligible since the chamber height at TDC is very small relative to 

the bore diameter [47, 62].  
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Table 1.1 lists the mode shapes along with the theoretical frequencies. 

(m, n) (1, 0) (0, 1) (1, 1) (2, 0) (3, 0) (4, 0) 

Mode 
shape 

      

ρm,n 1.841 3.832 5.332 3.054 4.201 5.318 

ftheory(kHz) 6.879 14.318 19.922 11.411 15.697 19.87 

 

1.2.5 The hazards of engine knock 

As the major obstacle to further improve engine efficiency, knock brings various of 

impairments that plague internal combustion engines (see Fig. 1.8), especially under low-

speed, high-load operating regimes. These inherent problems are listed as follows [64-

67]: 

• Breakage and material melting of different engine components, such as the piston, 

valves and cylinder head, etc.; 

• Deterioration of engine performance (e.g., thermal efficiency, vehicle 

acceleration, service life) and fuel economy (e.g., high specific fuel consumption 

(SFC)); 

• Increased exhaust emissions; 

• Worse noise pollution. 

 

Table 1.1. Mode shapes of the first 5 modes [47, 63] 
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Figure 1.8. Damages of different components result from engine knock. 

1.3 Objectives of present study 

The aims and objectives for this research consist of the following. 

1.3.1 Triggering knock with multiple spark ignition sites 

Due to the cycle-to-cycle variations of in-cylinder pressure and temperature, and some 

other unobservable factors (e.g., mass fraction of residual gas), knock occurrence is 

random and hard to predict [68-73]. Therefore, it is time-consuming to filter out knock 

cycles of interest with regard to data acquisition and evaluation in experiments. 

Consequently, if knock could be promoted to a desired level and intensity, it is much 

easier to get statistically significant data. In this case, it is meaningful to investigate how 

multiple ignition sites can interact and generate more knock events, and learn about the 

triggering effects of different ignition site numbers and locations.  
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1.3.2 Pressure oscillation investigation of engine knock 

Many studies have focused on the knock development process, prediction methods and 

control strategies [4, 50], due to its hazards on  engine performance, and heavy knock 

could directly lead to mechanical damages or even engine failure. However, the auto-

ignition occurrence mechanism, pressure oscillations induced by knock, pressure wave 

propagation process, and the subsequent pressure wave and flame front interactions, as 

well as the reflection effects of pressure wave from cylinder wall, are not very clear. 

Consequently, multiple pressure sensors will be installed to collect the pressure signals 

from different parts of combustion chamber. Besides this, numerical models will be 

established to investigate the pressure oscillation mechanism, and these results will be 

validated and improved by related optical diagnostic research. Furthermore, the 

calculation results and experimental data will be used to study the thermodynamic effects 

on knock onset and knock intensity. 

1.3.3 Optical diagnostics of engine knock 

Auto-ignition of hot spots with higher reactivity in unburned gas is considered to be the 

main reason of engine knock. To study the auto-ignition mechanism and the following 

pressure wave propagation process, good optical access is needed to obtain better 

understanding for the knock process in the combustion chamber. Experiments [72, 74] 

showed that the pressure profiles measured at different locations differ from each other 

during same knocking cycle, which indicates the existence of propagation, interaction and 

reflection of pressure waves inside combustion chamber. So it is an important issue to 
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figure out how a pressure wave is formed, how it initiates auto-ignition and what kind of 

knock it causes [37].  

1.3.4 Investigation of knock induced pressure waves with Schlieren technique 

During engine knock, the rapid heat release from one or more hot spots creates high local 

pressures, which induces strong pressure waves travelling in combustion chamber. The 

superposition of pressure waves and the reaction fronts can reinforce the wave strength 

and increase the gas velocities [18]. Moreover, any interactions between pressure waves 

and the wave/wall reflections could greatly accelerate the chemical reaction of unburnt 

mixture and promote more end-gas auto-ignition. Consequently, in order to track the 

dynamics of pressure waves and go deeper into the knock mechanisms, schlieren optics 

[75-77] will be applied in this study. Together with wave visualization, other knocking 

combustion characteristics, such as the peak pressure and knock intensity, will be 

combined to extract more details about the relationship between the pressure wave 

interactions and knock development. 

1.3.5 Fuel effects 

Some fuels have higher laminar flame speed, which is good for the knock mitigation, since 

it could reduce flame propagation time (τ1). But there are also reports that high laminar 

flame speed is deleterious since it can enable a flame from a small hotspot. With low 

laminar flame speed, a flame kernel will not be formed and auto-ignition can be 

prevented. Which of these two effects are dominant is not known. Except for the laminar 
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flame speed, the tendency to auto-ignition is also of profound importance. This is 

normally categorized by the fuel octane numbers RON and MON. 

Moreover, it is known that some fuels are more prone to surface pre-ignition and some 

fuels have significant low-temperature reaction, which are bound to be essential in 

addition to the laminar burning velocity.  As an abnormal combustion phenomenon, the 

pre-ignition could increase the in-cylinder pressure and temperature well above the 

values obtained in normal combustion, leading to super knock of extremely high intensity 

[78]. Consequently, it is necessary to research the fuel effects on knock, as well as to make 

a systematic investigation of the possible correlation between any multiple ignition site 

effects and the fuel chemical and physical properties. 

1.4 Outline of thesis 

Chapter 1 discusses the background and motivations for engine knock research, and 

introduces the knocking combustion process and its influential factors. Regarding the 

consequences after knock occurrence, this chapter also illustrates the knock induced 

pressure oscillations and their acoustic oscillating resonance modes. The hazards brought 

by knock on engines are also listed. 

Chapter 2 implements a literature review on engine knock, including the methods used 

for detecting knock occurrence and investigation methodologies on knock evolution 

processes, both experimentally and mathematically. Furthermore, the ways used to 
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evaluate the knock strength, and the techniques implemented to suppress the knock, will 

also be investigated. 

Chapter 3 demonstrates the experimental apparatus applied in this study, including the 

KAUST single cylinder optical research engine, data acquisition system, exhaust gas 

measurement system, the high-speed imaging system, as well as the schlieren optics and 

laser diagnostic systems. Additionally, the methodologies utilized to trigger desirable 

knock events, analyze the pressure data and other combustion characteristics, and 

process the acquired images. 

Chapter 4 implements various spark strategies with the customized multiple spark-

ignition system, and investigates the corresponding knock responses at different 

conditions. To analyze the influential factors on knock intensity, a sensitivity analysis is 

performed, and a linear regression model is built to predict the MAPO. Moreover, the 

heat release fractions of auto-ignition are calculated with two-zone engine model. 

Chapter 5 investigates the effect of multiple spark ignition on knock, including the knock 

strength, oscillating frequency spectrum, and acoustic oscillating processes. A series of 

spark strategies are applied, and the corresponding knock responses, combustion 

characteristics, and exhaust emissions are analyzed. Moreover, the influences of 

compression ratio and fuel octane number on knock strength are evaluated. 

Based on the results of previous chapters, the chapter 6 implements high-speed imaging 

on knock cases, and analyze the knocking combustion processes, with synchronizing the 
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multiple channels of pressure signal. Besides, the distributions of end-gas region and 

auto-ignition sites are statistically studied. With setting a series of virtual flame monitors, 

the fluctuations of filtered pressure and flame intensity are compared. 

Chapter 7 proposed a new design of hydraulically actuated VCR piston, which could be 

used for mitigating knock at high engine load while improving engine efficiency at low 

load. At different engine loads, the piston height could change automatically based on 

the in-cylinder pressure. Moreover, the VCR piston performance is evaluated according 

to some numerical models, such as the piston kinetic model, oil hydraulic model, 

compression ratio model and etc. 

Chapter 8 summarizes the main findings of this study, and proposes some future work 

based on the current research. 
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Chapter 2: Review on knocking combustion in SI engines 

Chapter 1 introduces engine knock and the motivation for engine research, and chapter 

2 will carry out a literature review on the knock study. Firstly, the phenomena of normal 

combustion in SI engines will be described. Then this chapter will give an overview about 

the knock evolutions with different combustion modes and knock evaluation and 

prediction. As this thesis will focus on the experimental work on engine knock, chapter 2 

will also retrospect previous experimental studies on knock. 

For a SI engine, its combustion process is normally based on the premixing of air and fuel 

with port fuel injection (PFI) or early direct injection (DI). After a spark ignites the mixture 

before the top dead center (TDC), the flame front travels through the combustion 

chamber and reaches the end wall [1]. The flame propagates at a turbulent speed, but it 

also depends on the laminar flame conditions. If the end-gas is burned spontaneously 

ahead of the main flame arrival, knocking combustion will occur. This is harmful to the 

engine and should be avoided. 

2.1 Laminar flame 

During the combustion process of SI engine, although the period of laminar flame is 

relatively short, its velocity uL is essential for the premixed turbulent combustion [2]. Fig. 

2.1 shows the typical spherical laminar flame initiated from the central spark ignition in 

the cylinder. The structure of the laminar flame was first introduced by Mallard and Le 

Chatelier in 1883 [3]. They claimed that the heat transfer from burned gas to cold 
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reactants influenced the propagation of the laminar flame.  After years of exploration, the 

simplified structure of premixed laminar flame is reported to consist of four main zones: 

reactant zone, preheat zone, reaction zone, and product zone, as shown in Fig. 2.2 [2].  

 
 

(a) (b)  

Figure 2.1. Typical spherical laminar flame. Schematic diagram (a) and photograph of 
an actual event (b) (adjusted from [3]). 

 

 
Figure 2.2. Concentration and temperature profiles of simplified laminar flame 

structure (Taken from [2]).  
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The premixed laminar flame is embodied by its speed 𝑢𝐿 and thickness 𝛿𝐿 (see Fig. 2.1a). 

The flame speed 𝑢𝐿  represents the speed of the reactants moves into the flame front 

perpendicularly. The flame thickness 𝛿𝐿 can be calculated based on the thermal diffusivity 

α (or molecular diffusivity 𝐷𝐿) and the flame speed 𝑢𝐿 [4]: 

𝛿𝐿 ≈
α

𝑆𝐿
 ≈  

𝐷𝐿

𝑆𝐿
                                                                     (2.1) 

Moreover, the velocity of a laminar flame is affected by other parameters, including the 

chemical properties of the reactants, air/fuel ratio, pressure, and temperature, etc. 

2.2 Turbulent flame 

Internal combustion engines normally operate at turbulent conditions produced by the 

inlet port configuration and the piston/valve movements [5, 6]. As shown in Fig. 2.3, 

three-dimensional turbulent flow exists in the cylinder for all engine speeds, which can 

be categorized as a tumble (the bulk motion is at right-angles to the cylinder axis) and 

swirl (axial rotation of the bulk motion). Turbulence promotes the mass and heat transfer 

between burned and unburned zones in the cylinder, increasing the molecular diffusion 

rate and higher flame speed [4]. Therefore, turbulence is critical for SI engine combustion. 

Turbulent flame increases the fuel burn rate by at least an order of magnitude compared 

to laminar flames, allowing the flame to pass through the whole combustion chamber in 

each cycle within the available time at different engine speeds [7]. 
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(a) (b) 

Figure 2.3. Three-dimensional turbulent flow in the cylinder of AVL research engine 
(KAUST diesel optical): (a) swirl flow; (b) tumble flow. 

The initial flame kernel first propagates through laminar flow during engine combustion, 

then grows into a turbulent flame rapidly. In the pioneering work by Hottel and 

Hawthorne [8], they pointed out that turbulent flame propagated much faster than 

laminar flame due to enhanced transmission characteristics and larger flame surface. 

According to O'Connor et al. [9], the flame surface is wrinkled by the acoustic velocity 

fluctuations contributed by small to larger length scales of turbulence. The crumpled 

flame appears as a flame brush, with an increased thickness 𝛿𝑇 and propagation speed 

𝑢𝑇, as shown in Fig. 2.4 [10].  
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Figure 2.4. Turbulent flame and its different radii (adapted from [10]). 

For the measurement of turbulent flame speed, Karpov & Severin (1980) [11] and Kido et 

al. (1989) [12] applied the pressure history, P (t), and assumed that the ratio of dP/dt in 

turbulent and laminar flames is equal to the ratio of Ut /SL. Bradley et al. (1994) [13] and 

Brequigny et al. [14] used schlieren imaging to measure the spherical turbulent flame 

velocity directly. Lipatnikov [15] and Poludnenko [16] described different approaches to 

measure the turbulent flame speed and thickness with multi-dimensional simulations. In 

addition, Griebel et al. [17] characterized the flame front and estimated the flame brush 

thickness and turbulent flame speed based on 2D images of laser-induced fluorescence 

of OH radical (OH-PLIF). Sosa et al. [18] applied high-speed schlieren, chemiluminescence, 

PIV, and dynamic pressure measurements to quantify the compressible turbulent flame 

speed and assess the flame–turbulence interactions at elevated temperatures and 

pressure. 
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2.3 Flame/acoustic wave interaction 

As illustrated above, turbulent flow wrinkles the flame surface, resulting in a higher heat 

release rate and higher flame propagating velocity. Gostintsev et al. [19] showed that the 

acceleration of a turbulent flame depends on the mixture properties, in-cylinder pressure, 

and the bulk flow pattern. The accelerated flame front compresses the fresh gas nearby, 

thus generating acoustic perturbation ahead of its leading edge, as shown in Fig. 2.5. 

Additionally, the interaction between the produced compression wave and the flame 

front leads to the transition of flame instability to the non-linear stage [20]. 

 
Figure 2.5. The wave pattern of cylindrical turbulent flame [20]. 

According to Kiverin and Yakovenko [20, 21], there are two primary mechanisms of 

generating pressure waves during flame development. On the one hand, it is because of 

the emergence of local flame tips and exponential acceleration in the linear phase of 

flame instability. On the other hand, the fresh gas between the flame tips burns fast and 

generates pressure waves that move alongside the flame surface. Therefore, their 

strength is amplified by coupling the heat released of reactants. This process is related to 
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thermoacoustic instability, which is also an inherent feature of reacting dynamics 

systems. Under knock conditions, the produced shock waves can trigger the deflagration 

to detonation transition (DDT), which was widely investigated both numerically [22] and 

experimentally [23]. Gamezo et al. [24] demonstrated that the thermal expansion of 

burned gas contributed to flame and flow accelerations at early stages, after the 

spontaneous ignition of end-gas, the DDT was initiated by the shock wave reflections from 

bottom wall. Robert et al. [25] studied the DDT process with LES, and illustrated that one 

or more auto-ignition spots were powerful to increase fresh gas temperature and shorten 

its ignition delay, thus leading to coupling of pressure wave and heat release, which 

induced the DDT occurrence.   

Luong et al. [26] proposed an indicator based on mixture regions prone to detonation, 

which could predict knock intensity and conform with Bradley’s regime diagram [27]. 

Moreover, Gaathaug et al. [28] observed the DDT during combustion process of 

hydrogen–air mixtures performed in a long square channel, and claimed that the DDT was 

initiated by the local explosions of layer that far behind the flame leading edge. Zhao et 

al. [29] analyzed the auto-ignition process with detonation development, and revealed 

that oxygen-enriched condition promoted flame and shock wave propagations, and 

raised the probabilities of end-gas auto-ignition and DDT. 

 As summarized in [21], the criteria for DDT are listed as follow: 

• The flame velocity surpasses the local speed of sound in end-gas zone. 
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• The increment of instability growth should be high enough to allow coupling 

between the pressure wave and the flame . 

• The coupling between the flame and the acoustic wave provides additional flame 

acceleration. 

2.4 Knocking combustion modes 

Knock is the most common type of abnormal combustion for SI engines, and it has been 

widely investigated for more than a hundred years. When the engine works at low speed 

and high loads, the end-gas tend to be ignited automatically prior to the propagating 

flame front. According to the thermodynamic conditions, the spontaneous flame spreads 

rapidly into the unburned mixture, leading to different combustion modes. Fig. 2.6 shows 

the categories and flow charts of these combustion modes in a SI engine. 

As demonstrated above, if the thermodynamic condition meets specific criteria, e.g., the 

coupling between the compression wave and flame front, a shock wave is produced and 

travels through the combustion chamber and then excites its intrinsic mode, which may 

result in total engine failure in an instant. As shown in Fig. 2.7, the vibration strength of 

super-knock is obviously higher than the conventional knock. According to Wang et al. 

[30], the criteria of defining super-knock was set at ∆P > 20 bar, where ∆P referred to 

the peak value after high-pass filtering the in-cylinder pressure. Below this criteria, the 

knock can be categorized as a conventional knock. 



72 
 

 
 

 
Figure 2.6. Classification of knocking combustion modes. (adjust from [30]) 

 

 
Figure 2.7. Pressure traces of different knocking combustion cases. 

2.4.1 Visualizing the combustion modes in the end-gas region 

Many studies [31-34] applied different optical methods to investigate end-gas auto-

ignition and the combustion mode transitions under pressure wave oscillation and 

interaction. Kawahara et al. [35] showed the deflagration mode during pressure wave 

propagation and the knock development process. The estimated pressure wave 
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propagating speed was 1147 m/s, which was close to the local speed of sound. These 

researchers also presented the DDT process after achieving a pressure wave propagating 

speed at 2085 m/s, near the detonation speed. 

Many previous optical investigations on knock [36-40] conducted in SI engines were based 

on experimental visualizations, such as the endoscope (see Fig. 2.8). However, there was 

seldom quantitative analysis on super-knock events occurring at high loads. Therefore, 

Tsinghua University implemented knock experiments [41-44] on RCM to study different 

combustion modes in the end-gas regions. 

 
Figure 2.8. Endoscope imaging system (adapted from [45]). 

 



74 
 

 
 

 
Figure 2.9. The processes of different end-gas combustion modes in sampling cycles 

(Pin = 1.2 bar, ST = -25 CAD aTDC). 

Figure 2.9 shows the time-resolved images at specific timings for end-gas non-auto-

ignition, sequential auto-ignition and deflagration-to-detonation (DDT) cycles, 

respectively. We can clearly see the normal flame front propagation in the non-knocking 

engine cycle. The crank angle is marked at the upper right corner in each image, and the 

corresponding amplification factor of flame intensity is at the lower right corner. Besides, 

the emerged auto-ignition areas during the knocking combustion processes are 

highlighted with white dashed circles. The yellow arrows in the first two images of each 

cycle indicate the swirl direction. 

2.4.1.1 Non-auto-ignition 

The flame images in the first row of Figure 2.9 display a non-auto-ignition engine cycle 

(cycle 11), where the flame propagates from the left side of the combustion chamber 

after spark ignition. Due to the in-cylinder swirl, the flame propagates in a clock-wise 

direction. During this normal engine cycle, no auto-ignition occurred in the end-gas 

region, and the combustion ends when the flame front reaches the cylinder wall. 
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2.4.1.2 Sequential auto-ignition 

As shown by the second row of Figure 2.9, the sequential end-gas auto-ignition takes 

place in the cycle 51. The flame kernel caused by auto-ignition is firstly visualized at 5.1 

CAD aTDC. Next, multiple auto-ignition spots emanate in a very short period, further 

aggravating the knock strength. Meanwhile, there is a luminosity increase due to pressure 

oscillation along with auto-ignition. In this cycle, nearly half of the air/fuel mixture is 

consumed by the auto-ignition.  

2.4.1.3 Deflagration-to-detonation 

For the DDT process shown in the last row of Figure 2.9 (cycle 53), the auto-ignition 

initiates around -1.5 CAD aTDC. Before 5.5 CAD aTDC, several large auto-ignited areas 

appear at different locations, suggesting the high hot-spot size and short ignition delay in 

this cycle. At 6.1 CAD aTDC, most of the cylinder area is covered by auto-ignition. The 

shock wave emerges from the right side of the cylinder at 6.2 CAD aTDC, and it propagates 

rapidly towards the opposite, with its front marked by the red dash line. At 6.3 CAD aTDC, 

the wave front reaches the cylinder center, indicating its average speed is around 1440 

m/s, which is much higher than the local speed of sound. In this case, the lightning flame 

propagation couples with pressure wave and leads to rapid energy release of unburned 

mixture, resulting in severe pressure oscillations. Besides, the detonation propagation 

area takes up nearly half of the whole chamber. Next, the detonation wave front reaches 

the end-wall within a short duration of 0.1 CAD, suggesting that its average speed is 

significantly increased to around 3060 m/s. This value is higher than the CJ velocity, 
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implying that the DDT occurs in this cycle. Finally, the detonation wave reflects back and 

forth, causing violent pressure oscillations across the whole combustion chamber. 

Furthermore, many other researchers [42, 46] reported that local explosive auto-ignition 

is closely related to pressure wave propagation, interaction, and reflection in the cylinder. 

2.4.2 Numerical model of knocking combustion modes 

Many studies have researched auto-ignition modes and knock numerical evolution 

models as it is closely related to the pressure oscillation magnitude. Based on the non-

uniformity of reacting flows, Zel’dovich [47] classified the auto-ignition into various 

modes, such as the subsonic deflagration, supersonic deflagration, and detonation. In 

addition, Bradley et al. [48-51] proposed an operational diagram (shown in Fig. 2.10), 

which consists of two dimensionless parameters (ɛ, ξ) based on the hot-spot with specific 

temperature gradients, where ɛ and ξ denotes the “reactivity parameter” and “resonance 

parameter”, respectively. They are used to predict the knock behaviors of ignition fronts 

evolving from a hot spot.  

𝜉 =
𝑎

𝑢𝑎𝑖
= 𝑎/(

𝜕𝜏𝑎𝑖
𝜕𝑥

⁄ )−1                                                       (2.2) 

 

휀 =
𝜏𝑝

𝜏𝑒
= (𝑟0/𝑎)/𝜏𝑒                                                              (2.3) 

 

Where a is the speed of sound, 𝑢𝑎𝑖  is the expanding speed of spontaneous ignition , 𝜏𝑎𝑖 

is ignition delay of end-gas, x is the spatial coordinate, 𝑟0 is the hot-spot radius, and 𝜏𝑒 is 

given by the time interval between 5% of the peak heat release rate (HRR) and the peak 

HRR.  
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Based on the above theories, Dai et al. [52-54] investigated the auto-ignition patterns in 

the negative temperature coefficient (NTC) region with 1D simulations, where the ignition 

delay would be prolonged with temperature increase. They reported that hot spots in the 

NTC range could trigger the engine knock. Kalghatgi et al. [55] reported that the knock 

phenomenon was mainly distributed in the “developing detonation” zone, and super-

knock is often obtained with high ε and low ξ (see Fig. 2.10).  

 

Apart from the non-dimensional parameters ɛ and ξ, Rudloff et al. [56] put forward 

another parameter to characterize the knock events. As illustrated by Eq. (2.4), this 

parameter π is defined as the ratio of two pressure differences. 

𝜋 =
∆𝑃𝑒𝑥𝑝

∆𝑃𝑖𝑠𝑜
=

𝑃𝑝𝑒𝑎𝑘_𝑒𝑥𝑝−𝑃𝑘𝑜

𝑃𝑝𝑒𝑎𝑘_𝑖𝑠𝑜−𝑃𝑘𝑜
=

𝑃𝑝𝑒𝑎𝑘_𝑒𝑥𝑝−𝑃𝑘𝑜
(𝛾−1)𝑄

𝑉𝑐𝑦𝑙

                                        (2.4) 

 
Figure 2.10. Diagram of different combustion modes based on two dimensionless parameters 

[55].  
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Where Δpexp and Δpiso are the pressure rise measured in experiment and the theoretical 

variation during isochoric combustion, respectively; ppeak is the peak pressure; pko is the 

measured pressure at knock onset, 𝑉𝑐𝑦𝑙 is the actual cylinder volume at the moment of 

knock onset; 𝑄𝑢  is the chemical energy of the end-gas at knock onset, calculated 

according to Eq. (2.5).  

𝑄𝑢 = 𝑚 ∙  ℎ𝑢 ∙ (1 −  𝑥𝑏)                                                      (2.5) 

Where ℎ𝑢 is the LHV of fuel, 𝑥𝑏 is the burned mass fraction, and 𝑚 is the total mass of 

mixture [42]. 

Dahnz and Spicher [57] pointed out that the end-gas ignition delay could determine the 

knocking combustion mode. According to the pressure and temperature traces, the 

ignition delay at each crank angle was calculated. Fig. 2.11 shows that the ignition delay 

fraction (defined as (𝑡 − 𝑡𝐼𝑉𝐶)/𝑡𝑖𝑔𝑛,𝑖𝑛𝑡 in [57]) is plotted to observe the critical state of 

thermodynamic conditions. After closing the inlet valves, the ratio reaches a local 

maximum before spark timing because of compression, and the auto-ignition would occur 

if it surpassed the preset threshold of 1. Moreover, the combustion modes could be 

recognized as pre-ignition (super-knock), end-gas auto-ignition (conventional knock), and 

normal combustion; they are separated by the lines of regular combustion beginning and 

flame front arrival, respectively. 
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4  

Figure 2.11. Differentiation of combustion phenomena (from [56]). 

2.5 Evaluation on knock intensity 

2.5.1 Knock intensity evaluation models 

To further improve the engine thermal efficiency towards the theoretical optimum value 

under different conditions [58, 59], it is very important to set up a knock intensity 

evaluation model for characterizing the engine parameters under allowable conditions 

while predicting the knock onset without promoting hazardous damage [60].  

Such an evaluation model can be used for many aspects of knock research [61]: 

• Knock prediction [62-65].  

• Prevention of knock damage [66-68]. 

• Engine parameter optimization without knock [69]. 
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Generally, there are many indicators used for predicting the knock onset and quantifying 

its intensity, due to the randomness and complexity of the knock phenomenon [62]. 

These indices can be classified into the following groups: 

2.5.1.1 Pressure-based analysis 

The in-cylinder pressure is acquired in a time window around TDC (from θi to θi + W), 

then the pressure oscillations resulting from knock can be filtered by a band-pass filter 

(typically in a range of 4–20 kHz). Many indicators are calculated based on pressure data 

filtering, e.g., maximum amplitude of pressure oscillation (MAPO), integral of modulus of 

pressure oscillations (IMPO) and integral of modulus of pressure gradient (IMPG), which 

are commonly used in the literature [61, 63, 70-72].  These indicators are explained 

below. 

a. MAPO 

MAPO refers to the maximum absolute value of pressure oscillations due to engine knock: 

𝑀𝐴𝑃𝑂 =  
𝑚𝑎𝑥

𝜃𝑖, 𝜃𝑖 + 𝑊|�̃�|                                                                  (2.6)        

 

b. IMPO 

IMPG is related to the modulus of pressure gradient: 

𝐼𝑀𝑃𝑂 =
1

𝑛
∑ ∫ |�̃�|𝑑𝜃

𝜃𝑖+𝑊

𝜃𝑖

𝑛
1                                                                  (2.7) 

 

c. IMPG 
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IMPO represents the energy of the knock-induced pressure oscillations with high 

frequencies : 

𝐼𝑀𝑃𝐺 =
1

𝑛
∑ ∫ |

𝑑�̃�

𝑑𝜃
| 𝑑𝜃

𝜃𝑖+𝑊

𝜃𝑖

𝑛
1                                                            (2.8) 

 

Where 𝜃𝑖  and 𝑊  are the starting crank angle and time duration of the analysis time 

window, respectively; 𝑛 is the number of analyzed engine cycles, and �̃� is the filtered 

pressure. 

d. KI20 

KI20 is derived from real-time in-cylinder pressure and mean pressure data, then the 

signals within a crank angle window from the first pressure pulse to subsequent 20 crank 

angle degrees are analyzed [62, 73]: 

𝐾𝐼20 =
1

𝑛
∑ [𝑝(𝑖) − 𝑝𝑚𝑒𝑎𝑛]2𝑛

𝑖=1                                                        (2.9) 

 

 

Where 𝑝(𝑖) is the pressure data after high-pass filtering, 𝑝𝑚𝑒𝑎𝑛 is the mean pressure value 

by a high-pass filter, and 𝑛  is the number of pressure pulses within 20 crank angle 

degrees. 

e. Derivative of Maximum Pressure (DMP) 

The indicator DMP is as follows [74]: 

𝐷𝑀𝑃 = (
𝑑𝑝

𝑑𝜃
)𝜃𝑝𝑚𝑎𝑥

                                                               (2.10) 
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Where 𝜃𝑝𝑚𝑎𝑥 refers to the time of the maximum cycle pressure.  

In a normal combustion cycle, the DMP value is almost zero. When knock happens, this 

value becomes more significant with higher knock intensities. 

f. Dimensionless Knock Indicator (DKI) 

DKI can be calculated based on IMPO and MAPO [75, 76]:  

𝐷𝐾𝐼 = 𝐼𝑀𝑃𝑂/(𝑀𝐴𝑃𝑂 × 𝑊)                                                       (2.11) 

 

Where W represents the analysis time window [63]. 

The value of DKI is reduced when knock intensity goes higher, irrespective of the engine 

geometry or setup. It enables the detection of the knock onset and determination of the 

Knock Limited Spark Advance (KLSA) [70]. 

2.5.1.2 Heat release-based analysis  

Engine knock usually breaks down the thermal boundary layer at the walls, followed by 

an increase of the heat transfer to them with an order of magnitude increase in heat flux. 

In addition to the sharp rate of heat release (ROHR) due to auto-ignition, engine knock is 

commonly associated with a sudden drop of the net cumulative heat release (CHRNET). 

The ROHR is usually analyzed according to the cylinder pressure as follows [77, 78]: 

𝑅𝑂𝐻𝑅 = (
𝛾

𝛾−1
) 𝑃

𝑑𝑉

𝑑𝜃
+ (

1

𝛾−1
)

𝑑𝑃

𝑑𝜃
                                              (2.12) 

  

The CHRNET is calculated as [4]: 
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𝐶𝐻𝑅𝑁𝐸𝑇 = ∫((
𝛾

𝛾−1
) 𝑃

𝑑𝑉

𝑑𝜃
+ (

1

𝛾−1
) 𝑉

𝑑𝑃

𝑑𝜃
)                                      (2.13) 

 

Where 𝜃  is the crank angle degree, 𝛾  is the specific heat ratio, 𝑃  is the in-cylinder 

pressure, 𝑉 is the real-time chamber volume. 

2.5.1.3 Energy-based analysis 

a. Integral of Squared Pressure Oscillations (ISPO)  

The ISPO is calculated based on the square of pressure oscillation amplitudes, and the 

evaluation time window is always selected between 0∼60° aTDC (spanned by the 

subscript i) [79, 80]: 

𝐼𝑆𝑃𝑂 = ∑ �̂�𝑖
2                                                                (2.14) 

 

Where, the �̂� denotes the filtered in-cylinder pressure. 

b. Ringing Intensity (RI) 

Recently, Eng et al. [81, 82] proposed RI to analyze the energy of knock oscillation: 

𝑅𝐼 =
1

2𝛾

(𝛽(𝑑𝑃 𝑑𝑡)𝑚𝑎𝑥⁄ )2

𝑃𝑚𝑎𝑥
√𝛾𝑅𝑇𝑚𝑎𝑥                                                  (2.15) 

 

Where 𝛾 is the specific heat ratio, 𝛽 is a factor determined from the experimental data, 

(𝑑𝑃 𝑑𝑡)𝑚𝑎𝑥⁄  is the maximum pressure rise rate, 𝑃𝑚𝑎𝑥  is the peak pressure, 𝑇𝑚𝑎𝑥 is the 

corresponding peak temperature, and 𝑅 denotes the constant of ideal gas. 

c. Signal Energy in the Frequency Domain (SEFD) 

The SEFD is defined as [79]: 
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𝑆𝐸𝐹𝐷 = ∑ 𝑃(𝑓)225𝑘𝐻𝑧
𝑓=6𝑘𝐻𝑧                                                        (2.16) 

 

d. Logarithmic Knock Intensity (LKI)  

Based on the accompanying frequencies of pressure oscillations during knock, their 

average energy can be calculated by [83]: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 = ∑ 𝑋2(𝑘)25𝑘𝐻𝑧
6𝑘𝐻𝑧                                                  (2.17) 

 

Where X(k) refers to the spectra of the pressure signal: 

𝑋(𝑘) =
1

𝑁
∑ 𝜔(𝑛) × 𝑥𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑛)𝑒−𝑗(2𝜋/𝑁)𝑘𝑛𝑁−1

𝑛=0                                 (2.18) 

 

 

𝑁 denotes the number of samples, 𝜔(𝑛) refers to the function of Hamming window. 

The LKI is defined as [83, 84]: 

𝐿𝐾𝐼 = ln (𝐶 × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑛𝑒𝑟𝑔𝑦)                                                  (2.19) 

 

Due to differences in engine specifications and the complexity of the knock phenomenon, 

there is still no universal knock evaluation model to predict the knock occurrence and 

assess the knock intensity. In this research, some of the above different indicators will be 

combined with the established numerical model to predict the auto-ignition site in every 

knock cycle, and provide valuable information for engine control and knock prevention. 
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2.6 Knock prediction methodology 

2.6.1 Knock onset prediction 

Due to the engine cycle-to-cycle variations and the randomness of knock, it is hard to 

predict the knock occurrence both temporally and spatially. Livengood and Wu, in their 

pioneering work [85], defined the knock onset at which the species concentrations reach 

critical values. They put forward an integral to predict the auto-ignition start time: 

I =  ∫ (
1

𝜏
)𝑃,𝑇𝑑𝑡

𝑡𝑘𝑛𝑜𝑐𝑘

𝑡𝐼𝑉𝐶
                                                             (2.20) 

Where: 

𝑡𝐼𝑉𝐶  – the inlet valve closing time; 

𝑡𝑘𝑛𝑜𝑐𝑘 – the knock onset; 

𝜏 – the ignition delay at pressure P and temperature T, respectively. 

According to the Livengood–Wu integral, when it is equal to 1, auto-ignition begins (i.e. 

at 𝑡𝑘𝑛𝑜𝑐𝑘) [86-88]. 

Although a conventional SI engine uses ion sensors or accelerometers [89, 90] to detect 

knock, many researchers utilize a pressure sensor to obtain more accurate pressure 

oscillation signals because of knock [62, 63, 91]. Based on the knock evaluating indicators 

illustrated above, many knock onset prediction techniques were explored based on the 

pressure signals in cylinder. Many studies quantified the amplitude of pressures 

oscillation and determined the knock onset according to the preset threshold [72, 76, 92-
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95]. Besides, some researchers [60, 96] extracted the knock vibration signals in specific 

frequency ranges to capture the knock signals. Recently, some researchers combined the 

signal processing methods with deep learning to analyze the pressure signals and predict 

the knock occurrence effectively [97, 98]; there is no need to set a threshold for this 

technique. 

In addition, as simulation becomes more important in testing and optimizing the SI engine 

design during the R&D (research and development) process, there are more and more 

knock prediction models based on the thermal and kinetic theories of auto-ignition. These 

theoretical models are categorized into three different approaches [99-101]: (1) detailed 

chemical kinetic mechanisms of low-temperature reactions, (2) simplified chemical 

kinetic mechanisms of low-temperature reactions, and (3) phenomenological models 

based on Arrhenius expressions. 

2.6.2 Auto-ignition site prediction 

To establish the auto-ignition site prediction model and simulate the following pressure 

oscillation process, it is essential to analyze the knock cycles and determine the starting 

time of knock and the resonance modes of knock oscillations [102]. The energy release 

caused by end-gas spontaneous auto-ignition is very quick, which in turn produces high 

local pressure and leads to pressure waves or shock waves because of the non-uniform 

pressure distribution across the chamber [60, 103]. In addition, the interactions between 

pressure waves and the propagating flame front always result in in-cylinder pressure 

oscillations [104, 105]. 
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Knock is audible due to the combustion chamber resonances excited by the shock wave 

propagation. The auto-ignition causes different acoustic harmonic forms relying on the 

end-gas regions [102]. This work investigates the relationships between knock and 

pressure vibration, and the auto-ignition location will be predicted according to the 

acoustic vibration modes.  

In addition, pressure oscillation frequency analysis will be an essential part of this work, 

as it is closely related to the pressure wave propagations, interactions, and wall 

reflections. Thus, this study could provide knowledge of the knock generation mechanism 

and evolution process. For example, Fig. 2.12 shows Fast Fourier Transform (FFT) analysis 

results for different cycles regarding normal combustion, heavy knock, and super-knock, 

respectively. After calculating the characteristic frequencies of the first circumferential 

mode (1, 0) and the second circumferential mode (2, 0) based on Eq. (2.21) [60, 103], the 

resonant frequencies are 6.96 kHz and 11.55 kHz, respectively, which are consistent with 

the FFT results. Consequently, the acoustic resonant modes in the cylinder could be 

confirmed. 

𝑓𝑚,𝑛 = 𝐶 ∙
𝛼𝑚,𝑛

𝜋𝐵
                                                                   (2.21) 

 

Where the m, n refer to the circumferential and radial mode numbers, respectively, C is 

the sound speed, αm,n is the vibration mode factor ( see Table 2.1) depending on the 

Bessel’s equations, and B denotes the cylinder bore.  
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Table 2.1. Theoretical frequencies of different acoustic modes in a cylindrical 
combustion chamber [106, 107] 

(m, n) (1, 0) (2, 0) (0, 1) (3, 0) (1, 1) 

Oscillation 
mode 

1st circ. 2nd circ. 1st rad. 3rd circ. 
1st 

combined 

𝛼𝑚,𝑛 1.841 3.054 3.832 4.201 5.332 

𝑓𝑚,𝑛 (kHz) 7.8 12.9 16.2 17.7 22.5 

 

 
Figure 2.12. Power spectral densities of pressure oscillation frequencies at different 

combustion modes based on FFT [107].  

In this work, multiple pressure sensors were installed circumferentially around the liner 

together with one mounted in the cylinder head; consequently, the in-cylinder pressure 

fluctuations could be detected and studied with multiple pressure signals. Since the 

arrival time of pressure waves induced by a knock at the different transducers are 

different, and the signals are also different when knock happens at various locations in 

the cylinder, a mathematical model could be set up to predict the auto-ignition locations. 

Furthermore, the pressure oscillation shapes and frequencies could be studied to 

determine the vibration modes according to the acoustic vibration theory.  
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2.7 Previous experimental knock studies 

In recent years, with the introduction of 3-way catalysts and the concomitant required 

reduction of lead content in gasoline fuel, the engine knock has become a very important 

research topic [108]. A large number of studies on knocking combustion have been 

implemented in many aspects. 

2.7.1 Knock study with multiple spark ignition 

Although there are few studies about knocking combustion with multiple spark ignition 

sites, it has a long history. In 1953, Diggs demonstrated in his dissertation [109] that using 

multiple spark ignition sites could decrease the combustion duration because of the 

shortening of the flame paths. However, due to the fact that he failed to adjust the spark 

timing, he proposed that the use of multiple spark ignition sites reduced the knock 

tendency and thus led to lower octane requirements. This is contrary to the conclusions 

drawn by recent studies. Chen et al. [110] studied the effect of synchronous double spark 

ignition on engine performance and declared that the use of dual spark ignition sites was 

more prone to produce knock. Pasternak et al. [111] reported that engine knock was more 

accessible with multiple sparks sites than a single spark, and that the spark timing needed 

to be delayed to keep the same knock intensity level. Besides, Forte et al. [112] and Zhou 

et al. [113] used twin spark ignition to improve the engine power and reduce the cycle-

to-cycle variability, but meanwhile, the knock tendency was promoted. 
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For real applications, the multiple spark ignition is mostly used to reduce cold start 

problems, since it can provide quicker cold starting and better idle characteristics than 

normal ignition with one spark plug [114-116]. In addition, Kartha et al. [117] and 

Pasternak et al. [111] analyzed the effect of multi-spark ignition on combustion process 

and compared it with single-spark ignition with equivalent energy. The results showed 

that the central spark-ignition favors low cycle-to-cycle variations, while two-spark 

ignition from side positions can reduce HC and CO emissions. Besides, the three-spark 

ignition produced the least NOx emissions in these configurations.  

Moreover, a multiple spark ignition strategy can also enhance the engine performance 

working with the lean mixture at low loads. For example, [118, 119] found that multiple 

spark ignition helped to achieve an extension of the lean limit (expressed as λ) of about 

0.10 and so reduce the cycle-to-cycle variability of lean mixture combustion. 

Furthermore, Cavina et al. [116] reported that the multiple spark ignition system allowed 

the introduction of higher rates of EGR to reduce specific fuel consumption and NOx 

emissions. 

Because of the random nature of engine cycle-to-cycle variations and some other 

unobservable effects (such as the unburned end-gas mass or hot spot temperature 

gradient [120-122]), the knock phenomenon is a random one. Therefore, it is time- and 

energy-consuming to obtain statistical data of knock behavior. 

In this work, a multiple spark ignition system was applied to explore the possibility of 

introducing knock at stoichiometric conditions, as the in-cylinder pressure and 
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temperature are much higher than normal combustion with one spark plug. Meanwhile, 

the flame propagation time could be comparable or even higher than central spark plug 

ignition, since side spark plugs could initiate the spark ignition from one or more sides. 

Because of the randomness of knock during normal cycles, it should also be easier to 

gather statistical data and much time and energy could be saved if the knock events could 

be triggered by a multiple spark ignition site system. Moreover, multiple pressure sensors 

were mounted close to the spark plugs to capture the signals from the initial pressure 

wave throughout the whole cycle. Therefore, this multiple spark ignition system allows 

the investigation of the mechanisms of pressure wave propagation, auto-ignition 

initialization, and knock formation. 

2.7.2 Flame speed effects on knock 

In engine knock, auto-ignition initiates in the end-gas before the main flame front arrives, 

and it is determined by the competition between the flame propagation and the end-gas 

ignition delay [123]. On the one hand, if the ignition delay is short enough, the auto-

ignition tends to happen before the flame front reaches the cylinder wall. On the other 

hand, if the flame travels more rapidly, it could smoothly consume all the air/fuel mixture. 

Therefore, some researchers [124, 125] proposed that the knock could be suppressed by 

accelerating flame propagation. For example, Heywood et al. [126] claimed that the knock 

could be limited by using hydrogen as fuel due to its high flame speed. However, whether 

this will work or not is still unknown. In addition, some studies [127-129] demonstrated 

that rapid flame propagation increased the end-gas temperature, advanced the knock 
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onset, and even raised the knock intensity. Furthermore, Yu et al. [130] argued that the 

knock strength went up at first then dropped with increasing the flame speed. 

Consequently, it is meaningful to further study the correlation between the flame speed 

and knock intensity. 

2.7.3 Thermodynamic effects on knock 

Both in-cylinder mixture composition and temperature distribution have effects on the 

auto-ignition sites of engine knock. The thermodynamics conditions in end-gas regions, 

including the local temperature history and air-fuel flow field, significantly affect the 

knock evolutions at different locations [42, 131, 132]. Consequently, the different 

thermodynamic conditions, including pressure, temperature, velocity, and species 

concentrations, should be systematically studied to evaluate their impact on knock 

occurrence, evolution process, and controlling methods. 

2.7.3.1 Pressure and temperature effects 

The in-cylinder pressure and temperature have important influences on end-gas auto-

ignition since knock usually happens under high engine loads. As shown in Fig. 2.13, Qi et 

al. [40] evaluated the impacts of pressure and temperature on the auto-ignition 

respectively in a rapid compression machine (RCM). Their results showed that higher 

initial pressure led to more intense pressure oscillations. Furthermore, the researchers 

applied different compression ratios to achieve the same pressure after compression by 

adjusting the initial pressure, in order to analyze the temperature effect on knock 

behavior separately. As can be seen in Fig. 2.13b, increasing the compression ratio from 
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9.8 to 15.5 made the combustion mode switch from detonation to sequential auto-

ignition, showing that temperature was less influential compared to pressure.  This 

phenomenon is connected with the density of the mixture, since the detonation 

occurrence is highly dependent on enough energy release instantly, and the mixture with 

higher density are more likely to get detonation. 

 
Figure 2.13. In-cylinder pressure of knock cases with various initial pressure and end-of-

compression temperature[42]. 

2.7.3.2 Energy density effect 

Some studies [36, 42, 133] demonstrated that the energy density had distinct impacts on 

the knock behavior, which is defined as the unburned gas energy per unit volume at the 

start of auto-ignition. As shown in Fig. 2.14, the knock intensity increases remarkably with 

higher end-gas energy density, to which it is more sensitive under laminar conditions. As 

turbulent flow decreases the overall temperature and leads to a reactivity drop, the knock 

intensity stays at a low level in the high turbulent case. Consequently, Wei et al. [134, 

135] concluded that the knock strength was dominated by the thermo-chemical-



94 
 

 
 

turbulent mechanism, and the influence of end-gas energy density could be degraded by 

strong turbulence.  

 
Figure 2.14. Effects of energy density and turbulence on knock intensity [134]. 

2.7.4 Optical studies on Knock 

High-speed photography was implemented by Withrow and Rassweiler [136] to 

investigate the knock phenomenon in 1936. By adding a quartz window in the cylinder 

head, they found that auto-ignition occurred at different locations in the cylinder with 

various knock onsets. The improved camera performance allowed capturing more details 

during knock processes, and a frame rate of 200,000 fps was reached by 1946 [137, 138]. 

After that, Male firstly detected the detonation waves using an ultra-fast camera (500,000 

frames per second) in 1949. 

During knock cycles, the pressure wave propagation and interaction have essential 

importance on the auto-ignition initiation and knock formation [42, 46, 139]. These 

processes are extraordinarily fast, and photographic techniques [122] provide valuable 
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knowledge to investigate the combustion fundamentals of engine knock deeply. For 

example, Nakajima et al. [140] and Smith et al. [141] studied the end-gas auto-ignition 

behavior by using schlieren photographing [142] and high-speed laser shadowgraphy, 

respectively [35, 105, 143].  

In addition, Wang et al. [144-147] studied the super-knock mechanism in a RCM by high-

speed camera photography, and Vafamehr et al. [140] analyzed the impacts of fuel 

enrichment physical and chemical effects on knock with chemiluminescence 

photographing. Moreover, Merola et al. [148-151] researched knocking combustion with 

UV–visible digital imaging, and detected some intermediate species closely related to 

knock formation. 

Despite the previous insightful visualization work, wide applications of visualization 

techniques in knocking combustion are still difficult due to the limitations of engine 

systems and measurements, since optical equipment are constrained to withstand the 

high pressures and intense pressure oscillations resulted from severe knock [143].  

2.7.4.1 Observing auto-ignition behavior 

In this work, the end-gas auto-ignition behaviors will be analyzed using the AVL single-

cylinder optical engine through the visualization setup, including a transparent piston 

window, UV mirror, and high-speed camera. A series of optical diagnostic technologies, 

such as the natural flame luminosity (NFL), laser-induced fluorescence (LIF) and 

chemiluminescence photography, will be applied on the AVL optical engine equipped with 

PFI and SI system. The multiple spark ignition site system will be used to trigger knocking 
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combustion, and the results will help validate the established knock research numerical 

model. These setups help visualize the auto-ignition sites and make statistics on knock 

probabilities under different thermodynamic conditions more robust. 

It is currently well accepted that engine knock is originated from end-gas auto-ignition. 

This phenomenon is usually accompanied by local intense luminosity [142], which could 

be captured by the optical diagnostic system. As is shown in Fig. 2.15, Dahnz et al. [57] 

analyzed the distribution of auto-ignition sites. They indicated that there was a large area 

of auto-ignition origins near the engine head gasket.  

 
Figure 2.15. Distribution of auto-ignition sites [57]. 

Some researchers reported that the auto-ignition behavior was always accompanied with 

the negative curvature of propagating flame front. As can be seen in Fig. 2.16, Kawahara 

et al. [122] compared the flame front propagation process without auto-ignition. They 

concluded that the auto-ignition tends to happen near an area of the flame front with 

negative curvature, because of the local high pressure and temperature trapped in the 

hot spot after the compression of propagating flame front. 
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Figure 2.16. Synchronized pressure traces and high-speed images in normal combustion and 

knock cycles [122]. 

2.7.4.2 Visualization of knock pressure oscillation 

The high-speed imaging plays a vital role in understanding the knock development, 

including the resulting in-cylinder pressure oscillations. Some studies used optical fiber 

sensors (see Fig. 2.17) [152-154] to capture the in-cylinder pressure fluctuations. As the 

signal strength follows a linear relationship with the pressure vibration amplitude, the 

results depicted the auto-ignition time and direction based on the knock signal. 

 
Figure 2.17. The optical fiber configuration for pressure wave measurement (adapted 

from [152]). 
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Wang et al. [41] implemented high-speed imaging on super-knock and combined it with 

pressure acquisition. Through the synchronization of pressure signals and high-speed 

images, they could get a clear view of the pressure oscillations during the knocking 

process, as shown in Fig. 2.18. 

 
Figure 2.18. Synchronous in-cylinder pressure and high-speed images in a DDT cycle 

[41]. 

As the natural fluorescence changes with knock fluctuations, further investigations have 

been conducted on the luminosity variations during knock. Based on the natural 

fluorescence oscillation, Qi et al. [146] analyzed the frequencies of luminous vibrations 

and compared them with those of the pressure oscillations. Moreover, luminosity 

distribution maps at specified frequencies were reconstructed, which provided a direct 

view of the fluctuation modes during knock, as shown in Table 2.2. 
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Table 2.2. Visualization of the resonance modes of knock pressure oscillation [146] 

 
 

2.7.4.3 Intermediate species detection 

As to combustion research, some critical intermediate species are used to mark different 

phases of engine combustion. For example, CH, CHO, CH2O are taken as indicators for 

low-temperature reactions, while OH for high-temperature reactions. In the same way, 

some studies [4, 155] also inspected the intermediate species distributions during the 

knock evolution process, and provided quantitative reactivity and temperature 

information for a better understanding of knock fundamentals. 

As is shown in Fig. 2.19, Schießl et al. [121, 156, 157] applied LIF diagnostics to determine 

intermediate species distributions and temperature fluctuations across the end-gas 

region in a knocking cycle.  
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Figure 2.19. LIF diagnostics on end-gas auto-ignition in a knocking cycle [121]. 

The dark area in Fig. 2.19 denotes the burned region as there is no intermediate species 

fluorescence, and there are some local auto-ignition sites distributed in the end-gas zone 

due to the increased temperature, which usually develop very fast in a short time within 

knock cycles. In addition, some researchers also found that the temperature gradient 

existed in the end-gas region, and the fluctuation could go beyond 20K [131, 158].  

As is shown in Fig. 2.20 [105], intermediate species distributions, flame propagation, and 

end-gas auto-ignition could be observed by spectroscopic measurements, in which the 

OH (indigo area) represents the burned mixture, while the CHO radical (red area) marks 

the auto-ignition onset. In this case, these intermediate species can be used to mark the 

flame propagation and hot-spot occurrence and knock onset and duration. Furthermore, 

based on the chemiluminescence technologies, some studies [155, 159] used the 

presence of CH2O radicals to denote the pressure and temperature gradients in the end-

gas zone, as well as cool flame reactions within the unburned mixture. 
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Figure 2.20. Spatial distributions of intermediate species during a typical knocking 

combustion cycle (ST = 13 CAD BTDC) [105].  

In this work, modern optical diagnostic technologies will be applied to visualize the knock 

onset and pressure wave propagation process, to investigate the combustion field 

thermodynamics (pressure, temperature, and velocity distribution) during knock cycles, 

to identify combustion mode transitions under knocking conditions, to understand the 

pressure wave propagation, intersection and reflection behaviors, and to reveal the knock 

mechanism and DDT transition under engine conditions. 

2.7.5 Fuel effect on knock 

Knock is a complex phenomenon that depends on fuel chemistry at different engine 

operating conditions (e.g., T, P, Φ.) [93]. It is known that some fuels are more prone to 

surface ignition, and some fuels have significant low-temperature heat release. In this 

work, the correlations between knocking combustion and the fuel chemical and physical 

properties will be systematically investigated. Moreover, as different kinds of fuel affect 

the thermodynamic conditions in the cylinder, the fuel components (e.g., aromatic, olefin, 

alcohols, etc.) impact knock behaviors, such as auto-ignition location, timing and knock 

intensity, will also be analyzed in this project. 
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The RON and the MON have been used to represent anti-knock fuel capability in SI 

engines, and the fuel that is more knock resistant usually has a higher octane number. 

Both RON and MON have special test procedures, which are listed in Table 2.3. The 

difference between the RON and MON is defined as the fuel sensitivity, S: 

S = RON – MON                                                                   (2.22) 

Based on this definition, the PRF (primary reference fuel, a mixture of isooctane and n-

heptane) fuel sensitivity is 0. However, most commercial fuels have higher sensitivity. 

Some previous studies [162-164] showed that fuels with high sensitivities (RON-MON) 

were supposed to have better antiknock performance in modern engines. In this regard, 

an Octane Index (OI) was put forward to evaluate the knock resistance capabilities of 

different fuels under wider engine operating conditions, which is defined as follows: 

𝑂𝐼 = 𝐾 ∙ 𝑀𝑂𝑁 + (1 − 𝐾) ∙ 𝑅𝑂𝑁                                                      (2.23) 

Where K tends to be negative for the most modern SI engines, and it is independent of 

fuel properties.  Note that the US AKI represents a particular case of OI, where K = 0.5. 

Szybist et al. [165] also investigated the fuel sensitivity influence on anti-knock abilities. 

Three fuels with different sensitivity while keeping similar RON values were utilized under 

different SI engine loads. The results showed that the fuel with higher sensitivity was 

more knock prone when operating at low loads. However, this trend was reversed when 

working at high load conditions. Furthermore, Netzer et al. [43] indicated that toluene 

and ethanol might have critical effects on the hot spot reactivity and local temperature 
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history. All these studies provide interesting topics on the knock research, especially for 

the fuel effect aspect. 

Table 2.3. RON (ASTM D2699) and MON (ASTM D2700) engine operating conditions 
[160, 161] 

Parameter RON MON 

Intake air temperature 52 °C 149 °C 

Intake air pressure atmospheric atmospheric 

Coolant temperature 100 °C 100 °C 

Engine speed 600 rpm 900 rpm 

Spark timing 13 CAD bTDC 14-26 CAD bTDC 

Compression ratio 4-18 4-18 

 

2.8 Concluding remarks 

This chapter has discussed the laminar flame and turbulent flames in the SI engine, and 

the latter enables air/fuel mixtures to be consumed completely at different engine 

speeds. For normal engine combustion, the accelerated flame front compresses fresh gas 

at its leading edge and causes acoustic perturbations; the generated pressure wave 

interacts with flame and leads to a non-linear combustion stage. At knocking combustion 

conditions, flame/wave interactions play essential roles in knock development, and the 

coupling between flame front and pressure wave results in flame acceleration. When the 

flame velocity surpasses the local sound speed, DDT will take place, and the knock 

intensity is amplified. Based on the knock intensity, a series of knocking combustion 

modes are defined in this study; this chapter also reviews the numerical simulations and 

experimentally visualizations on these different modes. This chapter lists different knock 
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evaluation and prediction methodologies to determine the knock cycles and assess its 

detrimental consequences. 

Additionally, this chapter reviews previous experimental studies on engine knock, 

including knock stimulation, knock influential factors, and optical research approaches on 

knock. These studies provide reference on implementing knocking combustion 

experiments in the present work, and the next chapter will introduce experimental 

apparatus and applied data processing methods. 
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Chapter 3: Experimental apparatus and research methodology 

This chapter describes the experimental facilities and equipment, and the research 

methods applied in this study are illustrated. Also, the primary data processing methods, 

such as pressure data processing, heat analysis, and image processing, are demonstrated 

in this chapter. An AVL single-cylinder research engine was utilized extensively 

throughout this study, and its detailed descriptions are listed in section 3.1. The employed 

data acquisition system and exhaust measurement system are illustrated in sections 3.2 

and 3.3, respectively. From sections 3.4 to 3.6, the systems utilized for optical diagnostics 

on engine knock are presented, including the high-speed imaging system, schlieren 

imaging system, and laser facility. The fuel properties are given in section 3.7. In addition, 

the basic techniques of data processing used in this study are listed in section 3.8, 

including the adopted spark strategies, combustion analysis, fuel tracer PLIF, OH* 

chemiluminescence, image processing, and error analysis. 

3.1 Optical spark-ignition (SI) research engine 

The experimental testbed (see Figure 3.1a) is an AVL single-cylinder compression ignition 

(CI) engine (AVL-5402 D12), which was developed based on a standard 2.0 L four-cylinder 

light-duty diesel engine. The test engine system was controlled by the AVL PUMA Open 

Automation System (V2012), and an AVL exhaust analyzer (AMA i60) measured the 

engine emissions. 
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The engine setup diagram is shown in Figure 3.1b, and the corresponding specifications 

are listed in Table 3.1. The test engine was refitted for knock research to achieve port fuel 

injection (PFI) and spark ignition. The inlet manifold was installed with a customized PFI 

module and a Bosch port injector (SCRE 5405 PFI, Bosch). A metal liner (Outer Diameter 

× Inner Diameter × Height: 135 × 85 × 35 mm) was designed with four circumferentially 

mounted spark plugs (ER8EH, NGK) and four flush-mounted pressure sensors (GH15DK, 

AVL). The liner is pressed onto the cylinder head with a hydraulic system. As shown in Fig. 

3.1c, the side-installed plugs and transducers are labeled from 1 to 4, respectively, to 

identify individual spark and measurement locations. The outer diameter and inner 

diameter of the metal liner are 135 mm and 85 mm, respectively; the flat piston diameter 

is 83.5 mm.  

Figure 3.1d shows the arrangements of probes and spark plugs. The four side sensors are 

evenly embedded in the liner and monitor the pressure fluctuations from different sides 

through drilled holes. One sensor with the same type is installed at the center of the 

cylinder head, through a metal tube adjusted with the same geometry as the original 

direct injector. Another plug-type pressure sensor (GU22CK, AVL) is installed at the 

centerline between intake and exhaust valves and close to the exhaust valve, with an 

offset of 35 mm from the center. The side spark plugs are mounted circumferentially, with 

an 15° offset near each pressure sensor. The tips are placed horizontally above the flat 

piston to generate flame kernels inside the chamber while avoiding collision with the 

piston and spark plugs. 
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(a) Testbed system (b) Engine setup 

 
 

(c) Customized liner with four spark plugs and 
four pressure sensors 

(d) Arrangements of pressure 
sensors, and spark plugs 

Figure 3.1. Schematics of engine system and multiple spark ignition setup 
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Table 3.1. Specifications of the engine 

Description Specification 

Type Single-cylinder research engine 

Stroke 90 mm 

Bore 85 mm 

Swept volume 511 cc 

Compression ratio 9 

Piston geometry Flat 

Valve type DOHC 

Intake port One tangential, one neutral, one helical 

Swirl ratio 1.78 [1]  

Number of valves Intake (2), Exhaust (2) 

Intake valve Open  30° CA bTDC 

Close  45° CA aBDC 

Exhaust valve Open   50° bBDC 

Close   25° aTDC 

Coolant temperature 365 K 

Lubricant temperature 365 K 

 

3.2 Operating conditions 

The inlet temperature and pressure were adjusted by a pressure regulator and an air 

heater, and the values were kept at 25 °C and 1 bar, respectively. Both the coolant and 

oil temperature were set at 90 °C. The cylinder pressure was simultaneously measured by 

all six pressure sensors. The pressure data were recorded in increments of 0.1 CAD. The 

air-fuel equivalence ratio (Lambda) monitored by a UEGO lambda sensor was set at 1. The 

PFI pressure was set at 6 bar with the injection timing fixed at -330 CAD aTDC and the 

injection duration at 6500 μs.  
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The engine speed was kept at 1200 revolutions per minute (rpm) and monitored for 200 

continuous cycles to ensure steady-state operation before measurement. After that, 

another 200 successive firing cycles were recorded with the AVL data acquisition system. 

The metal liner and piston were cleaned regularly to avoid pre-ignition and consequent 

super-knock induced by deposit. The engine operating parameters are listed in Table 3.2. 

Table 3.2. Operating parameters 

Description Specification 

Engine speed 1200 rpm 

Intake pressure 1 bar 

Intake temperature 25 °C 

Coolant temperature 90 °C 

Oil temperature 90 °C 

Injection pressure 6 bar 

Injection timing -330 CAD aTDC 

Injection duration 6500 μs 

Relative air/fuel ratio (λ) 1 

 

3.3 Fuel system 

The port-fuel injector (SCRE 5405, AVL) has a four-hole configuration with an average 

diameter of 0.30 mm, which is located approximately 130mm upstream of the intake 

valves. The fuel injection is governed by the IAV FI2RE commander software, including the 

injection timing and injection duration. The injector current signals are monitored by the 

IndiCom module (IndiCom 2.4, AVL). As shown in Figure 3.1b, with a customized injector 

holder, the fuel was injected directly onto the hot surface of one intake valve to achieve 

complete evaporation. The injection pressure is set at 6 bar, the injection timing is fixed 
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at -330 CAD aTDC, and the injection duration is maintained at 9500 μs. The fuel 

temperature is kept stable through AVL Fuel Temperature Control (AVL-753C, AVL), and 

the fuel flow rate is monitored by an AVL Fuel Mass Flow Meter (AVL-735S, AVL). 

Haltermann CARB LEV III E10 gasoline was used in this study, its composition including 

22.5% aromatics and 10% ethanol by volume. The detailed test fuel properties are listed 

in Table 3.3. In addition, surrogate fuel has been widely used to mimic the actual fuel 

behavior under various operating conditions of internal combustion engines. The primary 

reference fuel (PRF) is frequently used because they are flexible to match the RON and 

MON of various base fuel. Three kinds of primary reference fuels, PRF100, PRF95, and 

PRF91, were utilized to generate octane numbers of 100, 95, and 91, respectively. In such 

PRFs, the number represents the volume percentage of n-heptane in bulk isooctane. 

More specifications of these base fuels were listed in the Appendix. The injected fuel mass 

was calibrated for each fuel and different injection durations.  

Table 3.3. Properties of the Haltermann CARB LEV III E10 Certification Gasoline 

Description Specification 

Research octane number (RON) 91.0 
86.6 
0.7485 
 
 
30.5 
8.2 
5.0 
1.776 
0.015 
 
 
42.4 
 
2.88 
65.78 

Motor octane number (MON) 83.4 
Specific gravity (SG) 0.7483 
Lower heating value (MJ/kg) 41.9 
Energy density (MJ/L) 31.4 
Aromatics (% v/v) 22.5 
Olefins (% v/v) 5.7 
Ethanol (% v/v) 10.0 
H/C ratio 1.982 
O/C ratio 0.0336 
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3.4 Engine intake system 

The engine intake system was used to regulate the pressure, temperature, and 

compositions of inhaled air. In this project, the intake air supplied to the engine was 

controlled by a comprehensive air system, and some embedded filters were utilized to 

remove any dust, oil, and water. The air supply pressure was set at 4 bar (absolute), and 

it could be adjusted by a regulating unit. Before the intake air was guided through the 

intake valves, the intake air flow rate was measured by a mass flow meter. Additionally, 

the intake pressure was adjusted to 1 bar with the intake flow controller. The inlet 

temperature could be adjusted by an air heater, which was regulated through a PID 

controller to achieve the preset inlet temperature. To reduce heat loss, the heater was 

insulted completely. To ensure measurement accuracy, the intake temperature was 

measured with a thermocouple in real-time, which was installed near the intake valves. 

During the experiment, the temperature can be adjusted from the ambient temperature 

(around 20 °C) and up to 150 °C. 

3.5 Exhaust measurement system 

During operation, the crank angle (CA) is measured using an optical encoder (AVL 365C) 

mounted on the engine crankshaft, and its resolution could be set between 0.1 crank 

angle degrees (CAD) and 1 CAD. The exhaust emissions were sampled and measured with 

a high-specification emission gas analyzer (AVL AMA i60). In this device, unburned 

hydrocarbons (UHC) and methane (CH4) are assessed with a flame ionization detector 

(FID), carbon monoxide (CO) and carbon dioxide (CO2) are measured by a nondispersive 
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infrared (NDIR) sensor, and nitric oxide (NO) and other oxides of nitrogen (NOx) are 

analyzed by a chemiluminescence detector (CLD). More details are illustrated in Table 3.4.  

Table 3.4. AVL AMA i60 exhaust gas analyzer specifications [2] 

Description Specifications 

FID  

Species UHC, CH4 

Measuring range [ppm]  

UHC 0-20,000 

CH4 0-20,000 

Linearity [%] ≤ 1.0 full-range scale 

Reproducibility [%] ≤ 0.5 full-range scale 

Max uncertainty [ppm] 1.8 

 NDIR sensor  

Species CO, CO2 

Measuring range  

CO [%] 0-10 

CO2 [ppm] 0-5,000 

Linearity [%] ≤ 1.0 full-range scale 

Reproducibility [%] ≤ 0.5 full-range scale 

Max uncertainty [ppm] 1.8 

Max uncertainty [ppm]  

CO 10.4 

CO2 1560 

Paramagnetic detector  

Species O2 

Measuring range [%]  

Lowest 0-1 

Highest 0-25 

Linearity [%] ≤ 1.0 full-range scale 

Reproducibility [%] ≤ 0.5 full-range scale 

Max uncertainty [%] 0.26 
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CLD  

Species NO, NOx 

Measuring range [ppm]  

Lowest 0-10 

Highest 0-10,000 

Linearity [%] ≤ 1.0 full-range scale 

Reproducibility [%] ≤ 0.5 full-range scale 

Max uncertainty [ppm] 20 

 

3.6 Ignition system 

The ignition system consisted of an ignition module, and a standard 12 V automotive coil 

connected to each spark plug. The ignition module (IGN4+4, IAV FI2RE) can send triggering 

signal and actuate up to four ignition coils independently at the same time (Figure 3.2). 

This module combines four actuation channels for ignition coils and four triggering 

channels for ignition modules. It can switch current from four ignition coils and deliver 

trigger signals for four ignition modules, which could simultaneously support up to four 

spark plugs in our setup. The output signal is delivered to activate the ignition coils (NGK 

Ignition Coil U1001, see Figure 3.3), which generate high voltage pulses required to 

produce the electric spark to ignite the charge. The relatively low battery voltage, 

nominally around 12 V, is amplified to up to 45,000 V in the coil. The output energy of the 

ignition coil ranges from 50 – 100 mJ.  

For the spark plug (NGK ER8EH, see Figure 3.4), the distance between the manufactured 

electrodes was approximately 0.6 mm; this was adjusted to 0.3 mm during the 

experiments to enhance the ignitability. The ignition energy of the spark plug is from 30 

to 35 mJ. The specifications of spark plugs are listed in Table 3.5. 
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Table 3.5. Specifications of the spark plug 

Description Specification 

Type ER8EH, NGK 

Spanner size 13 mm 

Outer thread 8 mm 

Thread length 12.7 mm 

Spark position 1.3 mm 

Interference suppression 5 kOhm 
 

 
Figure 3.2. IGN4+4 module [3] (This module combines four coil channels and four 

triggering signals, meaning it could activate up to four ignition modules). 
 

 

 

Figure 3.3. Ignition Coil (U1001, NGK). Figure 3.4. Spark plug (ER8EH-N, NGK). 
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3.7 Data acquisition system 

As shown in Figure 3.1d, there were six sensors mounted to collect the in-cylinder 

pressure signals.  As mentioned previously, the tips are placed horizontally above the flat 

piston to generate flame kernels inside the chamber while avoiding contact with the 

piston and spark plugs. The specifications of the two types of pressure sensors are listed 

in Table 3.6.  

Table 3.6. Specifications of pressure sensors 

Description Specification 

Type GU22CK, AVL GH15DK, AVL 

Measuring range 0 - 350 bar 0 - 300 bar 

Overload 400 bar 350 bar 

Sensitivity 34 PC/bar 19 PC/bar 

Linearity ≤ ± 0.3 % FSO ≤ ± 0.3 % FSO 

Operating temperature range -40 - 400 °C -40 - 400 °C 

Thermal sensitivity change ≤ 1%, 20 - 400 °C,  

0 - 300 bar 

≤ 2%, 20 - 400 °C,  

0 - 300 bar 

≤ ± 0.25%, 250 ± 100 
°C,  

0 - 300 bar 

≤ ± 0.5%, 250 ± 100 
°C,  

0 - 300 bar 

Thermal shock error Δp (short-term 
drift) 

≤ ± 0.3 bar ≤ ± 0.4 bar 

 

The recorded pressure data were converted to voltage signals via the piezo-resistive 

amplifier; after conditioning, the records were saved by the data acquisition system.  

The data acquisition system of this engine facility consists of many sensors for typical 

measurements, which can be categorized into two platforms. The AVL PUMA Open 
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Automation System (V2012) is utilized to control the testbed and monitor its operation 

parameters (Figure 3.5), including the engine speed, torque, intake and exhaust 

pressures, intake and exhaust temperatures, equivalence ratio of air/fuel mixture, oil and 

coolant temperature, and so forth. The IndiCom module (IndiCom 2.4, AVL) is configured 

to record the in-cylinder pressure of all channels (see Figure 3.6), and some other 

variables analyzed according to the cylinder pressure, such as the combustion phasing, 

IMEP, knock intensity, and the maximum pressure rise rate. All the parameters can be 

displayed and plotted on the predefined user interface (UI) in real-time based on these 

platforms. Continuous measurements can be implemented with up to 10,000 channels in 

parallel. To collect the parameters for further analysis, all the data from these channels 

could be data streamed and recorded at the resolution up to 0.1 crank angle degree (CAD) 

for 200 consecutive cycles.  

The crankshaft angle is recorded using an AVL angle encoder unit (optical encoder 366C), 

which is equipped with an integrated marker disk and fiber optical cables (Figure 3.7). The 

marker disc is equipped with 720 marks meaning the encoder provides a live resolution 

of 0.5 CAD. According to the phase shift in signal evaluation, the absolute position of the 

crankshaft is known at any time. The precise engine speed measurement ranges from n = 

0 rpm to n = 20,000 rpm. 
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Figure 3.5. PUMA system. 

 
Figure 3.6. The signal configuration window of the Indicom module. 

 
Figure 3.7. The AVL angle encoder unit (optical encoder 366C). 

The equivalence ratio of the air/fuel mixture is measured by a lambda sensor (ETAS LA3, 

see Figure 3.8) located in the exhaust manifold. The measurement is based on the oxygen 

content in the exhaust gas, as well as the following inputs for each test condition: 

• Stoichiometric ratio of the air/fuel mixture (by mass); 



129 
 

 
 

• H/C molecular ratio of fuel; 

• O/C molecular ratio of fuel; 

• H2O proportion in the air/fuel mixture. 

 
Figure 3.8. ETAS LA3 lambda meter. 

3.8 High-speed imaging system 

Many optical techniques are carried out to investigate engine combustion, including 

natural light photography, schlieren photography, and laser-induced fluorescence (LIF) 

[4]. These methods offer direct and non-intrusive analysis of the combustion process 

without interfering with the engine systems. Natural light imaging refers to collecting the 

chemiluminescence emitted by flame species. For the flame chemiluminescence studies 

discussed in Chapter 5, the crank-angle resolved high-speed imaging is synchronized with 

the pressure measurement via a high-speed imaging system. 

The engine setup was modified based on the above-mentioned metal configurations to 

allow optical access for high-speed natural flame luminosity (NFL) imaging. As shown in 
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Figure 3.10a, the metal flat piston crown was replaced with a quartz one (Suprasil 2 Grade 

B) of the same dimensions, fitted onto an enlongated piston. With a silver-surfaced UV 

mirror placed below with a stationary 45° tilted angle, a full optical view from the bottom 

of the combustion chamber could be captured from the side. A vacuum pump was used 

to evacuate the air from the engine crankcase, to prevent oil splashing upwards during 

operation, and so help to keep the optical components clean.  

Starting from the ignition time, the combustion process in the cylinder was recorded by a 

high-speed monochromatic camera (SA-X2, Photron) with a Nikon lens (50 mm, f 1.4). The 

camera (Figure 3.9) offers recording rates up to 13,500fps at reduced image resolution 

with shutter speeds as short as 293 nanoseconds. A 400 – 500 nm band-pass filter (FF01-

451/106, Semrock) was used to collect the visible light and suppress the high luminosity 

intensity resulting from soot radiation. The engine and camera synchronization was 

achieved by transmitting the TTL triggering signals from the Indicom system to the 

camera. PFV software (version .3691, Photron) was used to record and save flame images 

in real-time. For each condition, the engine ran with 200 continuous firing cycles to 

confirm operation at a steady state; then another 200 consecutive firing cycles were 

captured by the camera. The frame rate was set to 72,000 frames per second with a pixel 

resolution of 384 × 384, and the exposure time was 12 μs at an engine speed of 1200 rpm. 

The camera was set to operate under the random mode, and it only captured the required 

number of images once receiving the triggering signal. In each cycle, a total of 600 images 
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were collected. The key specifications of the high-speed imaging system are listed in Table 

3.7. 

Table 3.7. Specifications of the high-speed imaging system 

Description Specifications 

Camera type SA-X2, Photron 

Frame rate 72,000 fps 

Frames per crank angle 10 

Band-pass filter 400 – 500 nm 

Shutter speed 1/400 000 

Resolution 384 × 384 

Exposure time 12 μs 

Recorded images per cycle 600 

Camera triggering time As ignition timing 

 

 
Figure 3.9. High-speed camera (FASTCAM SA-X2, Photron). 
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Figure 3.10. Optical engine setup. 

3.9 Laser system 

A pulsed Nd: YAG laser (Q-smart 850, Quantel) was employed in this study, the short pulse 

duration (10 ns) of the laser beam allowing it to take high fidelity images with no motion 

blur. Its basic wavelength is 1064 nm, where the best efficiency is achieved. The second, 

third, and fourth harmonics convert the fundamental wavelengths (i.e., 1064 nm) to 532 

nm, 355 nm, and 266 nm, respectively. During engine operation, the laser pulse is 

synchronized with camera triggering at 10 kHz. After the laser light comes from the laser 

equipment, it is first converted into a horizontal laser sheet via an optical collimator (from 

LaVision), consisting of a cylindrical concave lens and two cylindrical convex lenses. The 

upper part of the removable metal liner is replaced by a thin quartz ring having the same 
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inner and outer diameters. The height of this quartz ring is only 4 mm, which allows the 

laser beam to pass through the whole combustion chamber. The laser beam with 

transformed wavelengths is usually applied in the planar laser-induced fluorescence 

(PLIF) photography technique to detect the concentrations of particular species (e.g., CH, 

CH2O, and OH*) and the temperature distribution in flames. The basic schematic diagram 

of PLIF measurement is illustrated in Figure 3.11. 

 
Figure 3.11. Schematic arrangement of PLIF measurement (adapted from [6]). 

3.10 Research methods 

3.10.1 Spark strategy 

As shown in Figure 3.1c, four spark plugs were evenly mounted around the metal liner. 

Various flame propagation processes could be triggered by different spark ignition 

strategies, and potential auto-ignition sites were deduced according to multiple pressure 

signal channels. Figure 3.12 shows the four spark strategies investigated with varying 

combinations of spark plugs.  
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(a) Spark plug: 1 (b) Spark plug: 1+3 

 
 

(c) Spark plug: 1+2+3 (d) Spark plug: 1+2+3+4 

Figure 3.12. Different spark ignition strategies (Top view). 

3.10.2 Flame propagation area calculations 

An application was developed based on the Matlab program to simulate the flame 

propagation processes under different spark strategies and assess the corresponding 

flame area growth. The user interface is displayed in Figure 3.13. In this application, a 

total of nine spark plugs were set at different positions in the combustion chamber, as 

shown in Figure 3.14. One was placed inside the combustion chamber, while others were 

placed around the metal liner circumferentially. The locations of all the plugs and the 

metal liner could be adjusted by inputting the corresponding x and y coordinates. The 
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triggering timings of all the spark plugs could be set separately. In addition, other related 

parameters, e.g., engine speed, flame speed, and the end timing of calculation, could be 

settled through the application user interface. Note that the flame speed was set as a 

constant for this flame propagation area calculator because its increase in the engine 

combustion cycle was not significant [7]. However, to improve the accuracy of the results, 

Matlab Cantera was coupled to both the SI engine simulation code and this calculator to 

provide the real-time flame speed. They then comprise version 2.0 of the application.  

 
Figure 3.13. The user interface of flame propagation calculator. 
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Figure 3.14. Arrangement of the nine spark plugs in the flame propagation calculator. 

It is critical to calculate the overlap areas between the flames initiated from the different 

spark plug sites when estimating the flame propagation area. As illustrated in Figure 3.15, 

given the radii of two circles, C1 (blue) and C2 (red), the overlap area can be calculated 

based on the following cases: 

1. if 𝑑 ≥  𝑟1 +  𝑟2, the intersection area is zero, as these two circles intersect up to a point 

in this case; 

2. if 𝑑 ≤  𝑟1 −  𝑟2, the intersection area is 𝜋𝑟2
2, the circle C2 being entirely inside C1 in 

this case; 

3, if 𝑟1 −  𝑟2  <  𝑑 <  𝑟1 +  𝑟2, C1 and C2 are partially overlapped, and the intersection 

area between the two circles can be calculated by Eq. (3.1): 

𝐴𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 =  𝑟1
2𝑐𝑜𝑠−1 (

𝑑1

𝑟1
) −  𝑑1√𝑟1

2 − 𝑑1
2 +  𝑟2

2𝑐𝑜𝑠−1 (
𝑑2

𝑟2
) −  𝑑2√𝑟2

2 − 𝑑2
2          (3.1) 

Where: 
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𝑟1, 𝑟2 are the radii of two intersecting circles, C1 (blue) and C2 (red), respectively; 

d is the distance between the centers of C1 and C2, 𝑑1  is the x coordinate of the 

intersection points, and 𝑑2 = 𝑑 −  𝑑1; 

 
Figure 3.15. The area of intersection between two circles [8]. 

The intersection areas between two random flame circles in the cylinder are computed 

and displayed in real-time based on the aforementioned methods. Moreover, the total 

flame area in the field of the combustion chamber is analyzed and exhibited as well. As 

shown in Figure 3.16, the various spark strategies produce different flame propagation 

processes. The red areas represent the flame zones with the burned mixture, and the 

total flame area (cm2) is displayed on the upper right side of each graph. Each black line 

represents the center connection between two overlapping circles, including the biggest 

circle of the cylinder field. The values attached to these black lines indicate the 

intersection areas at a certain number of crank angle degrees after ignition timing (°CA 

AIT). 
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(a) Single spark ignition (37 °CA AIT) 

 

(b) Double spark ignition (22 °CA AIT) 
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(c) Triple spark ignition (21.2 °CA AIT) 

 

(d) Quadruple spark ignition (20.8 °CA AIT) 
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(e) Eight spark ignition (20 °CA AIT) 

Figure 3.16. The real-time flame propagation areas under different spark strategies. 

3.10.3 Fuel-tracer PLIF 

In the fuel-tracer PLIF experiment, pure nitrogen was utilized as the intake gas under non-

reactive conditions. Around 1% of toluene by volume was added into the isooctane fuel 

to act as the tracer. The fourth harmonic (266 nm, 60 mJ/pulse) of an Nd: YAG laser (Q-

smart 850, Quantel) was used to excite the fuel tracer fluorescence. The laser system was 

activated with a 10 Hz TTL signal provided by a pulse delay generator (DG535, Stanford 

Research).  

A sheet and collimator optics (LaVision) was used to transform the laser beam into a 

horizontal laser sheet with a thickness of less than 1mm. The laser sheet was placed just 

below the cylinder head, which passes through the air/fuel mixture in the cylinder and 

excites fuel fluorescence. As the fluorescence intensity is positively correlated with the 
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fuel concentration, the air/fuel mixing conditions could be analyzed based on the 

illuminations. An ICCD camera (PI-MAX3, this is different with the previous one) was 

placed on the side of the UV mirror and set perpendicular to the reflected laser sheet. A 

Nikon UV lens (105 mm, f/4.5) was fitted with the camera to capture the fuel fluorescence 

signal, and a Semrock band-pass filter (278–305 nm) was put in front of the mirror to 

reduce signal noise. In the experiment, the gate width and gain level of the camera were 

set at 100 ns and 100% respectively. The camera and laser were synchronized with the 

engine based on the TTL output signal with an engine timing unit (ETU, AVL). The trigger 

timing of the laser and camera were adjusted by the ETU controller software.  

For each specific crank angle, the images collected from fifty consecutive engine cycles 

were averaged to visualize the fuel distributions in the cylinder. The in-cylinder fuel 

distributions at different timings based on fuel-tracer PLIF imaging are illustrated in Figure 

3.17. When the fuel injection timing is set at -330 CAD aTDC, the injected fuel is mainly 

distributed in the left part of the cylinder, due to the single inlet port injection (the first 

row in Figure 3.17(a)) and limited air/fuel mixing time. In comparison, the average PLIF 

images from -60 CAD aTDC to -10 CAD aTDC present near-uniform air/fuel mixing in the 

cylinder. Since the applied spark timing is normally after -30 CAD aTDC, implying that the 

customized PFI module assures homogeneous fuel distribution in this study. 
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(a) (b) 

Figure 3.17. Single-short and mean fuel distributions in cylinder with fuel-tracer PLIF 
imaging at various timings (the mean PLIF results are average based on fifty 

consecutive engine cycles). 

3.10.4 Formaldehyde PLIF/ OH* chemiluminescence imaging 

Formaldehyde (CH2O) is a radical that is mainly produced in the low-temperature heat 

release (LTHR) period; therefore, it is primarily considered as an essential indicator for the 

LTHR zone [9]. In comparison, the OH* radicals are high-temperature reaction products, 

which were taken as the indicator of the high-temperature heat release (HTHR) zone [10]. 

In this study, the third harmonic (355 nm, 60 mJ/pulse) of an Nd: YAG laser (Q-smart 850, 

Quantel) was employed to excite the CH2O chemiluminescence. An ICCD camera (PI-

MAX3) coupled with a Nikon 50 mm, f/1.2 visible lens, were used in this experimental 

setup. The readout function was set at “DIF” mode to acquire two images at each cycle, 
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and the gate widths were set at 100 µs and 100 ns, respectively. These two gates were 

decided upon for capturing the OH* and Formaldehyde PLIF chemiluminescence images, 

because the PLIF intensity is stronger than the OH* signal while its pulse is much shorter. 

The time delays of these two trigger signals were synchronized with the laser beam and 

both of the gain levels were set at 100%. In every cycle, only one pair of OH* and CH2O 

images could be recorded at a crank angle of interest, due to the limit of the low laser 

frequency. A high-pass filter (BLP01-355R, Semrock) was coupled with a band-pass filter 

(FF01-451/106, Semrock) to mitigate signal noise and capture the CH2O and OH* signals. 

At each condition, a total of one hundred cycles were recorded, and only the last 50 pairs 

were averaged to get the CH2O/ OH* distributions, since the combustion of the first 50 

cycles was not stable.  

3.10.5 Data processing 

This section mainly consists of the data processing procedures and methodologies applied 

to clear the raw data, including the recorded in-cylinder pressure and flame images. The 

heat release analysis, including the HRR, combustion phasing, and combustion 

characteristics, will be discussed in Section 3.10.5.1, and the flame image processing, e.g., 

flame area estimation, flame boundary extraction, flame intensity assessment, flame 

radius and velocity calculations, will be discussed in Section 3.10.5.2. 

3.10.5.1 Heat release analysis 

Based on the recorded in-cylinder pressure, much important information can be derived 

through heat release analysis. As described in section 3.1, the pressure data were 
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collected by six AVL piezoelectric pressure sensors and recorded by an Indicom data 

acquisition system. Based on the pressure trace in every cycle, the heat release rate (HRR) 

was calculated based on Eq. (3.2) [7]. 

𝜕𝑄

𝜕𝜃
=  

𝛾

𝛾−1
𝑃

𝜕𝑉

𝜕𝜃
+  

𝛾

𝛾−1
𝑉

𝜕𝑃

𝜕𝜃
+  

𝜕𝑄𝐻𝑇

𝜕𝜃
+  

𝜕𝑄𝑐𝑟𝑒𝑣𝑖𝑐𝑒

𝜕𝜃
                                (3.2) 

Where: 

𝑄 is the cumulative heat release, J; 

𝜃 is the crank angle, CAD; 

𝛾 is the specific heat ratio; 

P is the in-cylinder pressure, bar; 

V is the cylinder volume, 𝑚3; 

𝑄𝐻𝑇 is the heat transferred to the cylinder wall, J; 

𝑄𝑐𝑟𝑒𝑣𝑖𝑐𝑒 is the bypass heat losses through crevice. 

The heat transfer rate to the cylinder wall is calculated by Eq. (3.3): 

𝑑𝑄𝐻𝑇

𝑑𝜃
=  𝐴ℎ𝑐(𝑇 −  𝑇𝑤)                                                     (3.3) 

Where: 

A is the surface area of the combustion chamber, including the cylinder wall, piston, and 

the lower surface of the cylinder head; 
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ℎ𝑐  is the heat transfer coefficient; 

𝑇 is the average temperature of cylinder gas; 

𝑇𝑤 is the mean cylinder wall temperature. 

3.10.5.2 Flame image processing 

According to the camera setup, a total of 600 images were captured in a time resolution 

of 0.1 CAD (frame rate: 72000 fps, engine speed: 1200 rpm) in every cycle, with a matrix 

size of 384 by 384 pixels (see Figure 3.18a). Firstly, the original images were filtered to 

eliminate background noise. As the camera triggering signal pulses were doubled in 

frequency using a digital delay generator (DG535, SRS), the background noise in odd and 

even-numbered pictures was different; hence these two groups of images were denoised 

separately.  

Next, based on Otsu’s threshold selection method [11], the denoised flame image was 

converted into a binary (black and white) image, as shown in Figure 3.18c. The white 

pixels represent the projected flame area in this binary image, while the black ones 

represent the background. According to the number of white pixels, the real-time flame 

areas could be evaluated. Besides, the flame boundary could be extracted from the white 

pixel distribution, as exhibited by the red line in Figure 3.18d.  
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(a) Original flame image (the intensity is 
multiplied by 5) 

(b) Denoised flame image (the intensity 
is multiplied by 5) 

  

(c) Binary image (d) Flame boundary 

Figure 3.18. Flame image at 7 CAD aTDC with flame intensity (single spark ignition, 
spark timing: -13 CAD aTDC). 

3.11 Concluding remarks 

This chapter introduced the utilized experimental apparatus in this study, including the 

engine systems, data acquisition system, optical and laser diagnostics systems. Based on 

the customized multiple spark ignition system, a series of spark strategies are proposed 
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to activate different knock events for investigation. An application is developed based on 

the Matlab program to learn the flame propagation process and end-gas zones generated 

by the spark strategies mentioned above. The applied fuel-tracer PLIF method is described 

in this chapter to investigate the fuel distributions with the current setup. Moreover, the 

intermediate species formaldehyde (CH2O) and OH* are considered as essential 

indicators for low-temperature and high-temperature reactions, respectively. To explore 

different stages and radical distributions of knocking combustion, the Formaldehyde PLIF/ 

OH* chemiluminescence imaging is illustrated. 

This chapter also discusses some data processing methods used in this study, including 

heat release analysis and flame image processing. The next chapter will demonstrate the 

experimental findings based on the above-mentioned experiment facilities and research 

methods. 
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Chapter 4: Experimental study on knock mechanism with multiple spark 

plugs and multiple pressure sensors 

This chapter introduces the customized multiple spark ignition system, and discusses the 

different combustion characteristics and knock responses resulting from various spark 

strategies. A correlation analysis is carried out to investigate the influential factors, and a 

linear regression model is established to predict the knock intensity. Some data 

processing methods, such as band-pass filtering, fast Fourier transform, wavelet analysis, 

Levenberg-Marquardt curve fitting, etc., are applied to analyze the knock-related 

pressure oscillation, frequency spectra, acoustic harmonic modes, and heat released by 

auto-ignition.  

4.1 Introduction 

Present, severe environmental challenges, such as air pollution and global warming are 

driving the optimization and development of internal combustion engines (ICEs) toward 

higher efficiency, lower exhaust emission, and lower fuel consumption [1-3]. Some 

modern technologies are implemented on the spark ignition (SI) engine, such as 

downsizing, down-speeding, and high compression ratio, which endow the SI engine with 

great potential for improved engine efficiency. However, the application of these 

technologies always meets barriers from engine knock [4]. Consequently, it is imperative 

to have a better understanding of the knock mechanism and its stimulating factors. 
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Engine knock is initiated by the auto-ignition of air/fuel mixture ahead of the flame front 

[5, 6]. The spontaneous reactions which results and the accompanying heat release are 

fast and violent, which generates steep pressure gradients and high-frequency 

fluctuations across the combustion chamber, and leads to risks of damage. Therefore, it 

has long been an inherent problem that affects SI engine thermal efficiency and service 

life. For example, knock intensifies engine vibration and noise, and heavy knock may 

directly lead to engine failure by physical damage and overheating [7]. 

Previously, a large number of knock studies have been carried out on knock occurrence 

prediction [8-12], influential factors [13-15], knock suppression [16-18], and knock 

generation mechanisms [19-22]. However, due to the engine cycle-to-cycle variations and 

some other unobservable effects such as the unburned end-gas mass, flow field structure, 

or hot spot temperature gradient [23-26], the knock phenomenon is randomly observed 

in spatial and temporal domains throughout engine cycles. The end-gas regions and knock 

evolution processes regarding different conditions are not transparent. Consequently, it 

consumes much time and energy consuming to obtain statistical data of knock behavior.  

This work applies a multiple spark ignition system to explore the possibility of introducing 

knock at stoichiometric conditions, as the in-cylinder pressure and temperature are 

higher when igniting multiple plugs simultaneously. Additionally, to produce different 

auto-ignition sites and the following knock evolution processes, a series of spark 

strategies are used to control flame propagation path. Multiple spark ignition was firstly 

introduced to reduce cold start problems [27, 28] and to extend the lean combustion limit 
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and EGR tolerance while keeping low cycle-to-cycle variability [29-34]; currently multiple 

spark ignition is mainly used in high-speed internal combustion engines such as racing 

cars, motorcycles and outboard motors in attempts to eliminate misfires and partial burn 

combustions, minimize the combustion variability, and reduce the fuel consumption as 

well as unburned hydrocarbon (UHC) and nitric oxide (NOx) emissions [33, 35, 36]. Kartha 

et al. [37] reported that a multiple spark plug configuration yielded minor NOx emissions 

compared to single spark combustion with equivalent ignition energy, and it was ideal for 

reducing UHC and CO emissions. More important, Pasternak et al. [38] applied 0D/3D 

simulations to estimate the spark plug number effects on knock occurrence, and the 

results indicated that multiple spark ignition is more prone to engine knock compared to 

single spark ignition, and ignition timing retardation was needed for multiple spark 

ignition to achieve a similar knock limit. Jaasim et al. [39] investigated the influences of 

hotspot location and timing on superknock propensity, but their research was restricted 

to hotspots rather than multiple sparks. Chen et al. [40] studied the effect of synchronous 

double spark ignition on engine performance and declared that dual spark is more prone 

to knock because of the two ignited flames. The knock intensity could be significantly 

decreased if the spark location was close to where auto-ignition occurs. Therefore, it is 

believed to be time-saving and energy-saving to implement knock study through multiple 

spark sites, as it is more susceptible to knock events. More importantly, the different 

knock mechanisms (e.g. auto-ignition sites, pressure wave disseminations, knock 

intensities etc.) and knock evolution processes along with multiple spark ignition are not 

clear, and the knocking characteristics (e.g. vibration mode) regarding different multiple 
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spark methods are still unknown. Therefore, this study aims to analyze the knock 

properties and probe into the developing mechanisms with a multiple spark ignition 

scheme. 

During engine knock cycles, the heat release rate is high, and the result is high local 

pressure leads to pressure waves spreading across the combustion chamber. 

Consequently, the pressure distribution in the cylinder is non-uniform [1]. Besides, the 

interactions between pressure waves and flame front always lead to in-cylinder pressure 

oscillations [41, 42]. For knock research, it is crucial to ascertain how a pressure wave is 

formed, how it initiates knocking combustion, and what kind of knock it causes. Some 

analyses have been implemented to study the knock evolution processes, such as the 

pressure wave propagation, interaction, and reflection phenomena during knock cycles 

[43, 44]. Pöschl et al. [25] and Wei et al. [45] demonstrated the in-cylinder pressure wave 

propagation, interaction, and reflection phenomenon during knock cycles, which could 

be determined by the differences in pressure data measured at different locations in the 

combustion chamber. Terashima et al. [46] investigated the pressure wave effects on the 

end-gas auto-ignition and indicated that wall reflection of a pressure wave promoted the 

auto-ignition progress and knock intensity. Wei et al. [47] showed that pressure wave 

propagation and reflection might trigger the deflagration to detonation transition, which 

then enhanced the high pressure vacillation. Notably, the former investigations mainly 

analyze the spreading pressure waves by simulation, and few studies experimentally 
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research the whole knock development processes with different operating conditions on 

a SI engine.  

Syrimis and Assanis [48] studied the spatial and temporal characteristics of pressure wave 

propagation with one spark plug and two probes mounted at different positions. Shen et 

al. [49] estimated the pressure resonant frequency based on a proposed knock intensity 

metric, which exhibited a high signal-to-noise ratio. Luong et al. [50] declared that the 

temperature inhomogeneities in the cylinder affected the knock intensity, and decreasing 

the temperature length scale effectively mitigated super-knock development. In addition, 

Pan et al. [51] conducted knock experiments in a highly durable optical rapid compression 

machine, which visualized the processes of auto-ignition initiation and reaction wave 

evolutions, accompanied by synchronous pressure and temperature trajectories. 

However, few of these results were directly from experiments implemented on standard 

engines. Some of these studies revealed that the pressure signal was most accurate when 

recorded at a pressure node of the resonant pattern. Still, the precision was constrained 

by the limited probe number and the different characteristics of other resonance modes. 

To monitor the in-cylinder pressure fluctuations, Vressner et al. [52] used eight pressure 

sensors (six on the liner, one at the center, one at half radius) to study the relationships 

among pressure oscillations, chamber shape, and engine speed, but they mainly focused 

on homogeneous charge compression ignition rather than SI. 

Furthermore, the pressure oscillation processes and vibration modes regarding various 

knock conditions in SI combustion have not been systematically studied. The gaps 



154 
 

 
 

between the knock triggering mechanism and its developing processes have not been 

fully bridged because of the accessibility and measurement restrictions in a normal SI 

engine. Therefore, the lack of information regarding knock generation and evolution 

draws increasing research interests on this topic. 

In response to the above-mentioned issues and to promote understanding of knock 

events in the SI engine, this work applied a multiple spark ignition system to explore the 

possibility of introducing controllable knock at stoichiometric conditions, as the in-

cylinder pressure and temperature were higher than normal combustion with single spark 

ignition. In addition, the flame propagation time with side spark ignition was comparable 

or even longer than that of central spark ignition in a conventional SI engine. More 

importantly, through applying numerous spark numbers, locations, and timings, different 

end-gas masses as well as spatial distribution could be achieved. In the experiment, four 

spark plugs and four pressure sensors were installed circumferentially around the liner. 

With another pressure sensor mounted on the cylinder head, five channels of pressure 

signal could be recorded simultaneously to detect the in-cylinder pressure fluctuations. 

On the one hand, the arrival time of pressure waves induced by a knock at different 

pressure transducers was different; on the other hand, the pressure signals were different 

when knock happens at different chamber locations. Therefore, these multiple pressure 

signals could be used to understand better the auto-ignition site and the knock evolution 

process. 
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For the engine knock development, although the knock-induced vibrations can be 

analyzed according to the in-cylinder pressure [19, 43, 53], Syrimis and Assanis [48] 

pointed out the disparities of pressure wave transmission across the combustion 

chamber. In addition, some groups [54-56] studied the correlations between knock 

intensity and knocking oscillations by using different filters and knock evaluation 

algorithms. Nevertheless, for the knock-induced pressure oscillations, before the most 

significant spike hits, the pre-oscillations (knock vibrations ahead of the peak with 

maximum amplitude) exist for a short duration. In this case, the relationship between pre-

oscillations and the maximum peak, i.e., which condition will lead to a devastating level 

of knock vibrating magnitude, is still unclear. Furthermore, with the given pre-oscillations, 

how to predict the highest peak level and make interventions in time to avoid destructive 

knock have not yet been explored systematically. Zhen et al. [19] demonstrated the 

relationship between the propagation velocity of the main reaction front and the knock 

intensity, but it was not investigated quantitatively. Alessandro et al. [12] utilized 

correlation coefficients to account for the knock probability; however, their results could 

not evaluate multiple influential factors simultaneously, and the results needed to be 

assessed further. Likewise, using different filters on pressure data, the obtained pressure 

oscillations were irregular and it was complex to identify the vibration rules, which usually 

incorporate numerous acoustic resonance modes [57, 58] and disparate directions [59], 

including secondary knock vibrations. 
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Additionally, the uncertainty of time gaps between the successive signal arrival moments 

make it challenging to predict the pressure wave propagation paths. Moreover, the rapid 

heat release by end-gas auto-ignition contributes to the acoustic resonance across the 

combustion chamber. The energy produced from knocking combustion was calculated by 

Sun et al. [60] and Ghandhi [61] using a Wiebe function. However, the knocking heat 

release fractions with respect to different conditions, as well as the influence on knock 

vibration magnitude, are worth investigating. 

With the above concerns, this work also investigates the relationships between the 

maximum amplitude of pressure oscillation (MAPO) and its influential factors. Based on 

the sensitivity analysis results, a multiple linear regression (MLR) model with the high-

ranking parameters is established to predict the MAPO value and validate it against the 

experimental data. Beside this, the Wiebe function is applied to estimate the heat release 

attributable to knocking combustion [60] and its relationship with knock intensity. For the 

knock-induced vibrations, the primary acoustic harmonic mode is extracted from the 

mixed signal to provide a clearer view of the pressure wave transmission in the cylinder. 

Additionally, the most influential factors on knock strength were analyzed, and a 

mathematical model was built to predict its value, and estimate the knock heat release 

fractions against different conditions. 
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4.2 Research methods 

4.2.1 Different sparking strategies 

In the experiment, four spark plugs were evenly mounted around the metal liner. Various 

flame propagation processes could be triggered by using different spark ignition 

strategies under SI mode. Noteworthy spark plug 1 is installed at the exhaust valve side, 

while plug 3 is near the inlet valves. In addition, another four pressure transducers are 

installed close to the spark plugs, with 15° spacing for each pair. In this case, the pressure 

sensors could detect the pressure vibrations from different directions around the liner, 

and help to predict the potential auto-ignition sites based on multiple channels of 

pressure signal. 

The different spark strategies implemented in this study are shown in Fig. 3.12, through 

which spark plugs P1 – P4 could be triggered at different locations and different spark 

timings, to generate various controllable end-gas zones. Previous studies [20, 41, 62] 

indicate that knock is more likely to initiate near exhaust valves rather than inlet valves, 

since they have higher temperature and more hot deposits. Therefore, together with the 

pressure probes at different positions, the knock happened at different locations in 

cylinder could be investigated.   

Regarding all the spark strategies, the spark timing is swept earlier with 2-3 CAD intervals, 

which provokes transitions from normal combustion to conventional knock at naturally 

aspirated conditions [2, 62, 63]. In addition, to get rid of potential risks caused by knock, 
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the knock limited timings for different spark strategies are adjusted to keep the mean 

knock intensity below 6 bar, as determined by the AVL Indicom operating system. For the 

single spark ignition, the cycle-to-cycle variability (CCV) is high when activating the plug 

at late timings (-10 CAD aTDC to TDC), as the combustion is mild due to the long 

combustion duration with side spark ignition. Moreover, based on the pressure signals 

collected from different sides of the chamber, the subsequent pressure oscillation and 

resonance mode analysis helped to deduce the initial auto-ignition sites. 

4.2.2 Band-pass filtering and pressure oscillation quantification 

As the pressure oscillation during knocking cycles consists of interfere resulting from 

combustion and background noises, the raw pressure signal was band-pass filtered to 

attenuate frequencies outside the given range. 

A bandpass filter with a 4–20 kHz frequency range [24] was applied to analyze the nature 

of in-cylinder pressure fluctuations, based on the pressure signals obtained by the five 

pressure transducers. The sampled pressure trace and filtered pressure signal of normal 

combustion and knocking cycles are shown in Figures 4.1a and 4.1b, respectively. Here 

the sampled pressure traces are collected from the specific cycle with maximum MAPO 

at each condition. 
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a) Normal combustion 

 

b) Knocking combustion 

Figure 4.1. Pressure trace and filtered pressure when sparking plug 1 and ST = -15 CAD 
aTDC. 

Moreover, the filtered pressure data is evaluated [1] to calculate the maximum amplitude 

of pressure oscillation (MAPO) according to peak-to-peak criteria [64, 65], which was 

chosen to quantify the knock intensities of the filtered pressure data. The MAPO was 

defined as [24]: 

MAPO = max|𝑃𝑓|
𝑇𝐷𝐶−20°

𝑇𝐷𝐶+40°
                                                                    (4.1) 
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Where the 𝑃𝑓 is the filtered pressure data obtained after band-pass filtering (4–20 kHz) 

the pressure signal in a time window around TDC (-20～40 CAD aTDC) [7]. 

In this study, the cycles with MAPO smaller than 0.5 bar are considered “normal cycles” 

[63], while it is kept below 6 bar to avoid potential risks. According to the knocking cycle 

shown in Figure 4.1b, the magnitudes of pressure vibrations in the range of 9 and 13 CAD 

aTDC becomes higher than the preceding normal combustion, indicating that the 

occurrence of initial auto-ignition continues for several crank angles followed by an 

abrupt pressure increase.  

To analyze the positions, heights as well as widths of the local maxima of the knock 

vibrations, the signal analyzer toolbox in Matlab was applied. Firstly, all the negative 

peaks were converted into positive ones, according to their absolute values. After that, a 

threshold at 0.05 bar was set to differentiate the pressure oscillations under knock 

conditions (Figure 4.1b) and normal combustion (Figure 4.1a). Next, all the negative peaks 

were turned into positive to evaluate the variations of oscillation strength with time.  

In Figure 4.2, the pressure oscillation peaks whose absolute values were higher than the 

preset threshold (red line, 0.05 bar) were located successively. The characteristics of 

signal fluctuations are analyzed in the following sections. Here, we gave different 

numbers to these peaks in the range of peak -5 to peak 5, with peak 0 being the highest 

knock peak. 

In Figure 4.3, a compass plot was built to directly view the in-cylinder pressure oscillations, 

including the amplitude, direction, and variations with time. The four sectors stand for 
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the knock vibrations monitored by the four side probes; the amplitudes were depicted by 

the dashed circles in different scales. To distinguish the positive and negative fluctuations, 

the pink sectors were applied to represent the positive pressure oscillations while the 

grey ones represent negative vibration signals. 

 
Figure 4.2. Peaks of filtered pressure signal when sparking plug 1, ST = -25 CAD aTDC 

(as measured by the top sensor). 

 
Figure 4.3. Compass plot of pressure oscillation when sparking plug 1, ST = -25 CAD 

aTDC, as detected by the side sensors. 

This study determines the knock onset according to the crank angle at the maximum 
amplitude of bandpass filtered (bpf) pressure signal [66, 67].  
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4.2.3 Correlation coefficient 

The Spearman correlation coefficient is used to evaluate the knock-related factors, which 

is a nonparametric measure to justify the relevance degree between two variables. The 

expression of the Spearman correlation coefficient is expressed as [68]: 

𝑟𝑠 =
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑖

√∑ (𝑥𝑖−�̅�)2 ∑ (𝑦𝑖−�̅�)2
𝑖𝑖

                                                                (4.2) 

Where 𝑥𝑖, 𝑦𝑖
 are ranks of variables, and �̅� and �̅� are the corresponding mean values. 

4.2.4 Prediction model of MAPO 

4.2.4.1 Correlation analysis 

Due to the complexity of building the forecasting model for MAPO, it is advisable to apply 

a sensitivity analysis to recognize the most influential factors. Given the dependent and 

independent variables, the multiple correlation approach is used to measure the linear 

correlation between the response (dependent) variable and the explanatory 

(independent) variables. 

Given variables x, y and z, we define the multiple correlation coefficient [69]: 

𝑅𝑧,𝑥𝑦 = √
𝑟𝑥𝑧

2 +𝑟𝑦𝑧
2 −2𝑟𝑥𝑧𝑟𝑦𝑧𝑟𝑥𝑦

1−𝑟𝑥𝑦
2                                                   (4.3) 

Where 𝑟𝑥𝑧 , 𝑟𝑦𝑧 , 𝑟𝑥𝑦 are the correlation coefficients between two random variables. Here 

x and y are viewed as the independent variables, and z is the dependent variable. 

4.2.4.2 Model setup 
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As an intuitive forecasting method, the MLR (multiple linear regression) technique is 

frequently used to deal with the relations between a response variable and a few 

explanatory variables through linear combinations of the latter [70]. The most general 

equation of the MLR model is illustrated in Eq. (4.4) [71]: 

𝑦𝑖 = 𝛽0 + 𝛽1𝑥𝑖1 + 𝛽2𝑥𝑖2 + ⋯ + 𝛽𝑛𝑥𝑖𝑛 + 𝜖                                (4.4) 

Where for i=n observations: 

𝑦𝑖 - dependent variables 

𝑥𝑖  - explanatory variables 

𝛽0 – y-intercept (constant term) 

𝛽𝑛 – slope coefficients for each explanatory variable 

𝜖 – the error term of the model (also known as the residuals) 

4.2.4.3 Model validation 

To validate the proposed model, an additional piece of data was used to evaluate the 

prediction errors; the residuals around zero provide an effective indicator of model 

accuracy. Besides, several statistics indicators, e.g., coefficient of determination [72] and 

p-value [73], were applied to evaluate the precision of the established model.  

(1) Coefficient of determination (𝑅2) 

The coefficient of determination is a statistical metric used to measure the degree to 

which independent variables can explain the outcome variable. Moreover, this indicator 

represents the predictability degree of the model [72]: 
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𝑅2 = 1 −
∑ (𝑥𝑖−𝑦𝑖)2𝑁

𝑖=1

∑ (𝑥𝑖−�̅�)2𝑁
𝑖=1

                                                       (4.5) 

Where  

𝑥𝑖  is the i-th expected output; 

𝑦𝑖 is the i-th predicted output; 

�̅� is the average of the whole desired output; 

N is the number of the identification set samples. 

𝑅2  often varies between 0 and 1, where 0 indicates that any independent variables 

cannot predict the outcome, and 1 suggests that the outcome can be predicted without 

error from the independent variables. Overall, the higher the 𝑅2, the more efficient the 

developed model. 

(2) p-value 

In statistics, the p-value is the probability of obtaining results as extreme as the observed 

results of a statistical hypothesis test, assuming that the null hypothesis is correct. A 

smaller p-value means that there is more substantial evidence in favor of the alternative 

hypothesis. There are two steps to calculate the p-value [73]: 

Step 1: Calculate the test static Z 

z =
𝑝−𝑝0

√
𝑝0(1−𝑝0)

𝑛

                                                                         (4.6)                           

Where, 
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�̂�: Sample Proportion 

𝑝0: assumed population proportion in the null hypothesis 

N: sample size 

Step 2: Consult the Z-table to find the corresponding level of P from the Z value obtained.  

Table 4.1 lists the accuracy strength with different p-value ranges.  

Table 4.1. Accuracy estimation with p-value [74] 

p-value strength of the evidence 

< 0.05 Strong 

= 0.05 Marginal 

> 0.05 Weak 

 

(3) Mean absolute percentage error (MAPE) 

To evaluate the regression model established in this study, the MAPE was used as the 

measurement of prediction accuracy, which is defined as [75]: 

MAPE =
1

𝑛
∑ |

𝐴𝑡−𝑃𝑡

𝐴𝑡
|𝑛

𝑡=1                                                                 (4.7) 

Where 𝐴𝑡 is the actual value and 𝑃𝑡 is the prediction value.  

For assessment, the model forecasting ability is excellent when MAPE < 10%, while the 

performance is good when MAPE < 20% [76]. 

4.2.5 Acoustic resonance mode 
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Engine knock originates from high-frequency acoustic vibrations in the cylinder, and the 

generated acoustic resonance modes were determined by the chamber geometry and 

combustion process [7]. Compared with the circumferential and radial modes, the axial 

vibration modes are considered negligible since the space above the piston is much 

smaller compared to the cylinder bore [77] when knock happens (near TDC). By taking the 

cylinder bore and perimeter as the characteristic lengths for the radial and circumferential 

modes respectively, the knock frequencies regarding different vibration modes for a 

simple disk-shaped combustion chamber can be calculated by [78]: 

𝑓𝑚,𝑛 =
𝐶∙𝜌𝑚,𝑛

𝜋∙𝐵
                                                                            (4.8) 

Where: fm,n = specific vibration frequency for mode m,n [Hz]; 

C = local sound of speed [m/s]; 

ρm,n = resonance mode factor; 

B = cylinder bore diameter [m]; 

m = circumferential mode number; 

n = radial oscillation mode number. 

The theoretical frequencies related to various acoustic resonance modes can be seen in 

Table 1.1. The various acoustic vibration modes revealed different transmission paths of 

pressure waves, while the dominant modes possess larger magnitudes. 

As specified by Draper's "drum mode" theory [62, 79], the knock-induced pressure 

fluctuation was mainly from the first resonant mode (1, 0) along with the oscillating 

energy distributed in the frequency band between 6 and 8 kHz. 
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4.2.6 Frequency analysis 

4.2.6.1 Fast Fourier Transform (FFT) 

The FFT method was applied to evaluate the dominant frequencies regarding pressure 

oscillations, which ensures accurate frequency analysis with a minor computational 

burden [80]. Figure 4.4 shows a typical FFT spectrum of pressure obtained with the top 

pressure sensor mounted on the cylinder head. The two peaks correspond to oscillation 

modes (1, 0) and (2, 0) (two of the circumferential resonance modes, more details can be 

seen in Table 2.2) with theoretical frequencies of 6.879 kHz and 11.411 kHz. 

As shown in Fig. 4.4, the vibrations of pressure signal including different frequencies that 

related to the various acoustic wave fluctuation modes. However, these different modes 

may lead to chaos when scrutinizing the time gaps among the different oscillation peaks. 

In this case, the pressure signal is divided into different parts based on the resonance 

frequencies; thus the band-pass filtered pressure fluctuations are split into oscillation 

peaks within separate frequency ranges, which is beneficial for pressure wave 

propagation analysis. 

4.2.6.2 Wavelet analysis 

Since the FFT method only provides the average knocking frequencies over the whole 

time window, wavelet analysis was performed to investigate further the frequency 

variation with time [81]. Figure 4.5 illustrates the wavelet analysis results of the same 

case as Figure 4.4. The two dominating frequencies are found in the FFT, but they change 
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slightly with time, most likely due to a change in local speed of sound as the temperature 

of the charge changes with the combustion chamber volume.  

 
Figure 4.4. FFT spectrum of cylinder pressure in a knocking cycle (Sparking plug: 1, ST 

= -25 CAD aTDC). 

 
Figure 4.5. Wavelet analysis of cylinder pressure in a knocking cycle (Sparking plug: 1, 

ST = -25 CAD aTDC). 

4.2.7 Two-zone engine model and mean acoustic speed 

In considering the differences in wave travelling speeds in high-temperature and low-

temperature regions, a two-zone engine model is used, which is regarded as an efficient 
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quasi-dimensional model to assess the physical combustion process of spark-ignited 

engines. With this model, the combustion chamber is separated into the burned 

(reaction) and unburned (premixed) zones, and a Wiebe function is adopted to estimate 

the mass fraction of burned fuel, 𝑥𝑏. Subsequently, the average temperature in these two 

regions, 𝑇𝑏 and 𝑇𝑢 can be calculated, respectively [82, 83]. Next, the acoustic wave speed 

in these two zones, 𝐶𝑏 and 𝐶𝑢, are predicted according to:  

𝐶𝑏 = √𝛾 ∙ 𝑅 ∙ 𝑇𝑏                                                                            (4.9) 

𝐶𝑢 = √𝛾 ∙ 𝑅 ∙ 𝑇𝑢                                                                          (4.10) 

Where: 

𝛾 =
𝐶𝑝

𝐶𝑣
⁄ , the specific heat ratio. 

𝑅 = 0.287 𝑘𝐽/𝑘𝑔 ∙ 𝐾, the gas constant for air [84]. 

𝑇𝑏 and 𝑇𝑢 are the burned and unburned gas temperature in combustion chamber. 

According to Refs. [5, 85], the mean acoustic speed is defined as: 

𝐶̅ = 𝐶𝑏 ∙ √𝑥𝑏 + 𝐶𝑢 ∙ (1 − √𝑥𝑏)                                                          (4.11) 

Where: 

𝐶𝑏 and 𝐶𝑢 are the speed of sound in the burned and unburned zones. 

𝑥𝑏 is the mass fraction burned of fuel. 
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4.2.8 Knock heat release analysis 

To analyze the heat released during engine cycles, the pressure data were processed with 

a low-pass filter first, then the heat release rates were computed based on Eq. (4.8) [5]: 

𝑑𝑄

𝑑𝜃
=

1

𝛾−1
𝑉

𝑑𝑝

𝑑𝜃
+

𝛾

𝛾−1
𝑝

𝑑𝑉

𝑑𝜃
+

𝑑𝑄ℎ𝑡

𝑑𝜃
                                                 (4.12) 

Where,  

Q – heat released by burned fuel; 

Qht – heat transferred through cylinder wall; 

Θ – crank angle; 

V – chamber volume; 

P – in-cylinder pressure; 

Γ – specific heat ratio. 

During combustion, the heat release process is very complex, involving chemical 

dynamics, fluid dynamics, and heat transfer interaction. Therefore, it is hard to fit the 

combustion history across all of the cycles without some basic physics information. To 

characterize the statistical distribution of the combustion profile, we use a Wiebe 

function to match the “S” shaped burn rate [86]: 

𝑥𝑏 = 1 − 𝑒𝑥𝑝 [−𝑎(
𝜃−𝜃0

∆𝜃
)𝑚+1]                                                              (4.13) 

Where: 

θ - crank angle;  
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θ0 - start of combustion; 

Δθ - total combustion duration; 

a and m - adjustable parameters. 

Actual mass fraction burned curves have been fitted with a = 5 and m = 2 ( as in Eq. (4.13)). 

In non-knocking cycles, the flame propagates smoothly, and the air/fuel mixture is burned 

by the flame front, giving rise to weak pressure vibrations, as shown in Figure 4.1a. 

Meanwhile, the in-cylinder pressure and heat release rate increase steadily to peak values 

then decrease, during which the whole mixture is consumed. Regarding these cases, the 

Wiebe function was tuned to match the accumulated heat release profile (Figure 4.6a), 

and the parameters, a and m, were adjusted for each knock-free cycle. Based on the heat 

release data from CA2 to CA90 (the crank angles at which 2% and 90% of the heat from 

combustion have been released, respectively) [87], the main heat release during 

combustion can be evaluated. Additionally, the Levenberg-Marquardt algorithm was 

applied to adjust the Wiebe function for each combustion event [88], and the sampled 

curve-fitting result for HRR being presented in Figure 4.6b, which shows good agreement 

with the experimental combustion data. 
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a) Cumulative heat release fraction and 
curve fitting for a normal combustion cycle 

b) Comparison of heat release rate and 
prediction results by Wiebe function for 

a normal combustion cycle 

  

c) Cumulative heat release fraction and 
curve fitting for knocking combustion cycle 

d) Splitting the heat release caused by 
auto-ignition and normal combustion 

Figure 4.6. The process of predicting the knock induced heat release fraction with 
Wiebe function and curve fitting (sparking plug 3 and ST = -25 CAD aTDC). 

For knocking cycles, end-gas auto-ignition occurred before the flame front arrival, which 

caused abnormal increases in heat release rates and led to deviations from the normal 

combustion process. To assess the bias of heat release because of auto-ignition, the 

combustion progress from CA2 to knock onset (Figure 4.6c) was matched to predict the 

unleashed energy due to flame propagation. Next, the fitted function was extended to 

predict the fuel mass fractions consumed by the main flame during the knocking period. 
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Consequently, the fuel mass burned by auto-ignition could be estimated by subtracting 

the Wiebe function forecast results from the total burned fuel mass [89]. This was based 

on the assumption that the effect of auto-ignition occurrence on the main flame 

propagation was negligible. Therefore, the heat released by auto-ignition was predicted 

by Eq. (4.10) [87]. The sample results are illustrated in Figure 4.6d. 

𝑄𝐴 = ∫ (�̇� − 𝑄�̇�)𝑑𝜃 = 𝜂𝑐𝑚𝐹𝐿𝐻𝑉[𝑥𝑏 − 𝑥𝑤]𝜃𝑙

𝜃ℎ𝜃ℎ

𝜃𝑙
                                         (4.14) 

Where, 

𝜃𝑙  and 𝜃ℎ  are the low and high limits of the auto-ignition period; 

�̇� and 𝑄�̇� are the total heat release rate and the Wiebe function forecast heat release 

rate at each crank angle, respectively; 

𝜂𝑐, 𝑚𝐹 and 𝐿𝐻𝑉 are the combustion efficiency, fuel mass, and the low heat value for heat 

release calculation, respectively; 

𝑥𝑏  and 𝑥𝑤  are the real-time burn fraction and the proportion predicted by the Wiebe 

function, respectively; 

4.3 Knocking combustion characteristics 

4.3.1 Pressure trace and HRR analysis 

Figure 4.7 shows the pressure traces and heat release rates concerning different spark 

strategies, keeping the same spark timing (-17 CAD aTDC) through. The pressure rise of 

sparking plug 1 is most moderate, while the pressure traces of sparking plug 1+3 and plug 
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1+2+3 increase rapidly, the fluctuations being more intense along with higher peak 

pressures. However, the maximum in-cylinder pressure decreases when sparking all four 

spark plugs, and the pressure trace becomes smoother. Overall, the combustion phasing 

is more advanced when introducing more spark plugs except when igniting four spark 

plugs. Compared with other HRRs, the HRR of triggering plug 1 is milder along with a 

longer duration. The HRRs when sparking plug 1+3 and plug 1+2+3 rise rapidly after knock 

occurrence, and large amounts of heat are released during the knocking process. 

Compared with triggering plug 1+3, the combustion phasing and the knock onset is more 

advanced when activating plug 1+2+3. However, the combustion becomes smoothed, and 

the combustion phasing is apparently advanced when igniting plugs 1+2+3+4 

simultaneously, which denotes that multiple ignition sites can accelerate the combustion 

process and suppress the knock occurrence. 

 
Figure 4.7. The pressure traces and heat release rates for different spark strategies (ST 

= -17 CAD aTDC). 

4.3.2 Combustion phasing 



175 
 

 
 

Figure 4.8 demonstrates the CA50 for different spark timings. When fixing the spark plug 

number, the CA50 is effectively advanced with the advanced spark timing. For example, 

the CA50 locates around 25 CAD aTDC when activating plug 1 at -17 CAD aTDC, indicating 

one side spark ignition at late timing results in mild combustion and low HRRs, as shown 

in Figure 4.7. However, when advancing the spark timing from -17 to -27 CAD aTDC, the 

CA50 moves forward to 9 CAD aTDC. In addition, igniting more spark plugs simultaneously 

leads to earlier CA50, which implies that multiple spark ignition accelerates the overall 

flame propagation. Moreover, we notice that the rate of CA50 advance decrease with 

activating more plugs, meaning that the flame acceleration effect is fading by introducing 

more and more plugs. This is because more activated spark plugs lead to more flame 

overlap in the cylinder. Meanwhile, the speed of growth of flame propagation is also 

limited by the turbulence, which attenuates the further advance of CA50 when sparking 

more plugs simultaneously. 

Figure 4.9 shows the combustion duration (CD, defined as CA90-CA10) variation when 

advancing the spark timing regarding the different sparking methods. In comparison, 

more spark plugs lead to shorter combustion durations, which is consistent with the HRR 

traces shown in Figure 4.7. Besides, the single spark ignition (spark plug: 1) has an 

obviously longer duration (e.g., 34 CAD with ST at -10 CAD aTDC) than the other spark 

strategies, which is attributed to the longer flame travel distance from a single side plug 

and a lower flame speed, compared with other cases. Moreover, with more spark plugs, 
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shorter CD variations are observed with earlier ST, because activating more plugs leads to 

higher in-cylinder temperature, which induces higher flame speed. 

 
Figure 4.8. CA50 for various spark timings and spark strategies. 

 
Figure 4.9. Combustion duration for various spark timings and spark strategies. 

4.3.3 Knock intensity (KI) distribution and peak value variation 

Figure 4.10 shows the percentages of zones for different knock intensity ranges 

concerning various ST and spark strategies. Overall, the late ignition timing ranging from 
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-10 CAD aTDC to TDC leads to low knock intensity, since the KI zone below 0.5 bar counts 

for almost 100% among all the knock intensity zones. Notably, the spark timing range with 

all the knock intensities below 0.5 bar differs for various spark strategies. For example, 

the scope for igniting plug 1 is from -17 CAD aTDC to TDC, while for other multiple spark 

ignition strategies, the earlier ST boundary is delayed to -10 CAD aTDC. Consequently, the 

knock occurrence is more likely for various spark strategies at the same ST, and the knock 

intensity tends to be higher than single spark ignition.  

As is shown in Figure 4.10a, with advancing the ST, the percentage of KI < 0.5 reduces 

significantly. The proportion with KI ranges from 0.5 bar to 1 bar increase considerably at 

first, then gradually reduces when advancing the spark timings. In comparison, the 

percentages of zones with KI > 1 bar rise continually, which is attributed to the high in-

cylinder pressure and temperature and early STs. At the same time, the maximum knock 

intensities of different spark strategies stay at a low level at late STs. Along with the 

advancing of ST, these maximum KI values rise remarkably then stabilize at specific 

turning points. Additionally, the more spark ignition sites, the later the turning point, 

which denotes that spark timing has less impact on the knock intensity with more spark 

ignition sites.  

Compared with individually igniting plug 1, sparking plugs 1+3 and plugs 1+2+3 leads to 

higher peak value of maximal knock intensities under different STs, which illustrates that 

multiple spark ignitions could exacerbate the knock events. However, the peak value 

declines from 5.6 bar to 4.5 bar when switching from triggering plugs 1+3 to plugs 1+2+3. 
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This value can be further reduced to 1.3 bar approximately when activating all four spark 

plugs, which strongly indicates that overmuch spark sites could ‘kill’ the auto-ignition and 

effectively mitigate the knock intensity. In addition, the percentage of higher KI zones 

when sparking plugs 1+3 rises considerably at early STs, e.g., -15, -17, and -20 CAD aTDC. 

This phenomenon reveals that triggering multiple spark plugs simultaneously induces 

more intense engine knock, as the in-cylinder pressure and temperature tend to be higher 

when advancing the spark timing. 

As shown from Figures 4.10b and 4.10c, compared with sparking plugs 1+3, the high KI 

percentages when sparking plugs 1+2+3 continually rise when advancing the ST earlier 

than -13 CAD aTDC. However, the shares of low knock zones (e.g. KI < 0.5, 0.5 < KI < 1) are 

relatively high. For example, at the ST of -13 CAD aTDC, the proportion of KI < 0.5 with 

sparking plugs 1+3 decreases below 80%, while the percentage for sparking plugs 1+2+3 

is still above 95%. What is more, in terms of triggering plugs 1+2+3 simultaneously, both 

of the portions of KI < 0.5 and 0.5 < KI < 1 are higher than those of triggering plugs 1+3 at 

the STs of -15 and -17 CAD aTDC. In contrast, the shares of KI > 1 zones are relatively low 

for sparking plugs 1+2+3, which demonstrate that spark ignition with more plugs could 

reduce the knock intensity, since the flame propagation is much faster from different 

sides in cylinder, so less time is left for auto-ignition. 
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a) Spark plug: 1 b) Spark plug: 1+3 

  

c) Spark plug: 1+2+3 d) Spark plug: 1+2+3+4 

Figure 4.10. The percentages of different knock intensity zones and maximum knock 
intensities regarding various spark timings and spark strategies. 

Based on Figure 4.10d, it is noteworthy to mention that the spark strategy with all four 

plugs activated simultaneously could restrict the knock occurrence, since the KI < 0.5 zone 

accounts for the major part among all the KI ranges, and which plateaus above 60% at STs 

earlier than -15 CAD aTDC. On the contrary, the proportion of high KI stays very low even 

at early spark timings. 

4.3.4 Mean KI and standard deviation (SD) 

Figure 4.11 shows the mean KI variations along with CA50 of different spark strategies. 

When the CA50 is later than 25 CAD aTDC, the mean knock intensities stay below 0.1 bar, 
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which denotes knock events seldom happen with late combustion phases. As the CA50 is 

advanced to 17 CAD aTDC, the mean knock intensities gradually increase to around 0.4 

bar. When continuously advancing the CA50, except for sparking the four plugs 

simultaneously, the mean knock intensities of the rest of the spark strategies grow 

significantly to high levels. In comparison, when switching plug 1 to igniting plugs 1+3, the 

mean KI rises much faster, and the peak values are obviously higher. However, when 

adding one more flame source (activating plugs 1+2+3), the intensity peak value is 

reduced from 1.8 bar to 1.3 bar, which is similar to triggering plug 1 separately. 

Furthermore, the mean KI when triggering all four spark plugs is kept below 0.5 bar with 

various values of CA50; this denotes that adding a certain number of spark plugs promotes 

engine knock, while introducing symmetrically more spark plugs could inhibit the knock 

occurrence. 

Figure 4.12 displays the standard deviation changes of CA50 for different spark strategies, 

which follow similar trends to the mean KI. In addition, a high KI is always accompanied 

by a high standard deviation due to the randomness of engine knock. Therefore, highly 

intensive knock often results in large cyclical variability and dispersed pressure 

fluctuation. Notably, triggering plug 1 separately leads to higher deviations than sparking 

plugs 1+2+3, though their mean KIs are similar. This is because the auto-ignition sites and 

knock evolution processes of single spark ignition are more random than with triple spark 

ignition. 
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Figure 4.11. Mean knock intensities regarding CA50 of different spark strategies. 

 
Figure 4.12. Standard deviations of knock intensities regarding CA50 of different spark 

strategies. 

4.3.5 Influential factors on MAPO 

Figure 4.13 displays the MAPO distributions concerning different crank angles of 1st 

oscillation peaks. Generally, the MAPO stays at a low level when the 1st peak appears 

after 15 CAD aTDC, and it goes up variously with advancing oscillation peak phasing. In 

particular, among all the spark strategies, sparking four spark plugs simultaneously gives 
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rise to the weakest increase of oscillation amplitude, and the peak values stay below 0.5 

bar, which is consistent with the mean KI variation trends.  

As shown in Figure 4.13, a linear function (Y = -0.25X + 2.82) is fitted to illustrate the 

overall relationship between MAPO and the crank angle of 1st pressure oscillation peak. 

When the initial peak occurs after 15 CAD aTDC, the pressure fluctuation amplitude is less 

than 0.4 bar. Before that, the MAPO increases linearly with the 1st oscillation peak 

phasing. In comparison, the two sites of spark ignition (spark plug: 1+3) lead to the largest 

amplitude growth, which is followed by three sites (spark plug: 1+2+3) and finally one site 

(spark plug: 1). 

 
Figure 4.13. Relations between the 1st oscillation peak phasing and MAPO. 

The Spearman correlation coefficients are calculated to illustrate the corresponding 

influences to obtain the correlations between MAPO and additional factors during knock 

cycles, e.g. the number of pressure vibration peaks. In addition, the relationships are 

divided into three different levels based on the correlation values (Strong: 0.67≤𝑟𝑠 ≤1, 
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Moderate: 0.33≤𝑟𝑠≤0.67, Weak: 𝑟𝑠≤0.33). As shown in Figure 4.14, the number of 

pressure vibrations follows a positive linear correlation with MAPO. These relations are 

robust for all the spark strategies, indicating that higher MAPO accompanies more 

pressure fluctuations. Similar trends exist with the amplitude of the 1st oscillation peak, 

which suggests that a stronger initial peak very likely leads to higher MAPO. Notably, the 

correlation coefficient for sparking all four plugs is lower than the other spark methods, 

and it locates at the boundary between strong and moderate relations. This arises 

because both the MAPO and the initial peak height are insignificant, which contributes to 

the low correlation value. 

 
Figure 4.14. Spearman correlation coefficients between MAPO and different factors. 

Regarding the number of pressure vibration peaks before the maximum peak (pre-peaks), 

which also follows a positive linear relation with the MAPO, it is the same with all the 

spark strategies. Moreover, all of these relationships locate in the moderate zone (0.33≤

𝑟𝑠≤0.67), which implies that more pre-peaks sometimes contribute to higher MAPO as 

well. 
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4.3.6 Magnitude changes of pressure oscillation peaks at Fixed CA50  

Figures 4.15 shows the variations of average magnitudes of different vibration peaks, 

which are measured by different pressure probes from different sides of the chamber. In 

order to compare the peak amplitudes at a similar level, the CA50 is set at 9 CAD aTDC 

uniformly for different sparking methods. Furthermore, these peaks are numbered from 

-5 to 5 to trace the peak amplitude variations with time.  

As is shown in Figure 4.15a, the MAPO values of different spark strategies follow the same 

trends as those of mean knock intensities depicted by Figure 4.11. However, when 

comparing these figures, the different transducers give different values for every case, 

which verifies the disparity of pressure distribution and pressure propagation processes 

in the cylinder. Moreover, side1 and side3 sensors demonstrate similar peak variations 

with respect to the different sparking methods (see Figures 4.15b and 4.15d), while the 

other two side sensors exhibit other almost identical trends and amplitudes (see Figures 

4.15c and 4.15e). Consequently, these facts imply the directional pressure wave 

transmission across the combustion chamber, leading to similar results for side sensors 

in opposite positions. 

Moreover, although the pre-oscillation (negative index) and post-oscillation (positive 

index) peaks follow the overall upward and downward trends respectively, they showcase 

some zigzags of amplitudes during the vibration processes. Generally, the post-oscillation 

peaks possess more fluctuations in amplitude than the pre-oscillation ones, which may 

be because the maximum vibration peak could trigger more secondary pressure waves in 
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different directions, which contribute to the rise and fall of the main wave magnitude by 

ways of wave resonance and interference. 

 

 

 

   

 

 

 

Figure 4.15. Magnitude changes of pressure oscillation peaks for the different spark 
strategies (measured by the individual sensors marked in the subplots). 

4.3.7 Heat release fractions at knock with CA50 at 9 CAD aTDC 

Figures 4.16 shows the calculated heat release fractions (real-time HRR/total HRR) at 

various pressure oscillation peaks with respect to the different sparking strategies. To 

compare the oscillation peaks and the related heat release fractions at knock concerning 

various sparking methods and measurement locations, the graphs related to each sensor 

are put together for convenience. In general, these probes give almost identical heat 
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release fractions at the end of peak 5 (the 5th post-oscillation peak), with all the values 

ranging from 80% to 90%. To be specific, the quadruple sparking strategy (spark plug: 

1+2+3+4) ranks 1st while the single sparking strategy (spark plug: 1) ranks last of the heat 

release fractions in the post-oscillation period. 

As can be seen in Figures 4.16, among all the sparking methods, activating four plugs 

simultaneously, all the pressure sensors except the one mounted at side1 location show 

the highest heat release fractions at early oscillation period, as this spark strategy 

provides the largest flame area during the propagation process. However, the side1 

sensor exhibits the lowest fractions at pre-oscillation peaks (-5 ～ 0) when sparking all 

four spark plugs. This may be attributed to the weak pressure oscillations for this strategy, 

which cause a difference in peak detection time among various pressure sensors.  

Figure 4.16a shows that the heat release fractions generally follow specific orders with 

spark plug numbers at pre-oscillation peaks (-5 ～ 0), i.e., more activated plugs lead to 

higher heat release fraction, which is consistent with the flame areas in the combustion 

chamber. However, for the post-oscillation peaks (0 ～ 5), the heat release fraction of 

double spark ignition (spark plug: 1+3) grows fast and can surpass that of triple spark 

ignition (spark plug: 1+2+3). As shown in Figure 4.11, since the double spark ignition 

strategy usually possesses a stronger knock signature than the triple spark ignition 

strategy, conclusions can be drawn that higher knock intensity leads to higher HRRs 

during the pressure oscillation processes. 
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a) top sensor b) side1 sensor 

  
c) side2 sensor d) side3 sensor 

 
e) side4 sensor 

Figure 4.16. Heat release fractions at knock for the different spark strategies (measure 
by the individual sensors). 
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Moreover, the results given by sensors 2 and 4 (Figures 4.15c, 4.15e, 4.16c, 4.16e) show 

that the peak oscillation amplitudes and the heat release fractions follow the opposite 

trends with respect to the different spark strategies. For example, the single spark ignition 

(spark plug: 1) leads to the highest peak amplitudes, while the quadruple spark ignition 

(spark plug: 1+2+3+4) gives the lowest peak height. Conversely, the former sparking 

method produces minimal heat release fractions while the latter provides the greatest 

fractions at knock. Consequently, a low degree of pressure oscillation can improve the 

heat release fraction at knock onset. Moreover, according to the HRRs given by the 

different probes, the measurement location also affects the measured HRR during 

pressure oscillations. 

4.3.8 Effects of measurement location on MAPO 

Figure 4.17a displays maximum oscillation magnitudes for single spark ignition (spark plug 

1) measured by pressure transducers amounted at different locations. As the ST is 

advanced, pressure oscillation caused by engine knock becomes more intense. The top 

pressure sensor generally gives the highest fluctuation peak, which is similar to the plots 

shown in Figure 4.15. In addition, when the ST is later than -25 CAD aTDC, the 1st and 3rd 

side sensors give higher oscillation intensities than those given by the 2nd and 4th side 

sensors. It denotes that the side1 and side3 sensors are alongside the pressure wave 

propagation, while the other two are in the vertical direction. With advancing ST, the 

fluctuation intensity given by the 2nd and 4th side sensors surpasses the values denoted 
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by the other two side sensors; this implies that the auto-ignition position and wave 

transmission direction have changed. 

  

a) spark plug: 1 b) spark plug: 1+3 

  

c) spark plug: 1+2+3 d) spark plug: 1+2+3+4 

Figure 4.17. Maximum oscillation magnitude with different measurement locations. 

Figures 4.17b-4.17d demonstrate the maximal oscillation magnitudes quantified by 

various sensors with multiple spark ignition. Compared with triggering plug 1 individually, 

triggering plugs 1+3 and 1+2+3 could improve pressure fluctuation strength at late STs. 

On the contrary, activating all four spark plugs could sufficiently suppress the fluctuation 
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during knock cycles. In addition, Figures 4.17b and 4.17c show that the sensors near the 

spark plugs exhibit higher MAPOs than those near the supposed end-gas zone. 

Notably, based on the oscillation magnitude variations, these four pressure sensors 

mounted around the liner can be divided into two groups. The group along the pressure 

wave spreading path provides higher fluctuation peak values than the other group in the 

perpendicular direction. Furthermore, as shown in Figure 4.17c, the 3rd side sensor gives 

higher values than the top pressure sensor, which may be because the pressure wave 

crest is closer to the side sensor. 

4.3.9 Summary of section 4.3 

This study investigates the knock inception mechanism and the relationships among 

knock intensity, pressure oscillation, and different influencing factors during knock cycles. 

A specialized liner with four side spark plugs was used to produce various flame 

propagation processes. Various spark strategies (e.g., spark timing, spark number, spark 

location) were applied to generate different auto-ignition sites and knock characteristics. 

Using the four side pressure sensors mounted on the metal liner and another one on the 

cylinder head, multiple channels of pressure signal were collected to analyze the knock 

intensities for different spark strategies. The in-cylinder pressure was band-pass filtered 

to obtain the pressure vibration numbers and peak amplitudes. Furthermore, various 

influential factors on MAPO and the effects of measurement locations were analyzed. 

Concerning the proposed research questions, the key conclusions are listed as follows: 
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1. Adding more ignition sources leads to higher pressure rise rate, heat release rate, and 

earlier combustion phasing. Additionally, multiple spark ignitions allow the spark timing 

to be retarded around 10 CAD to get stable combustion. 

2. Compared with the single spark ignition, activating two spark plugs is more prone to 

knock and results in higher knock amplitude, since it produces higher in-cylinder pressure 

and temperature. By comparing the pressure oscillations measured by the different 

sensors, the strongest oscillation peak may happen near the activated spark plug in some 

cases, instead of in the end-gas zone, where the auto-ignition is normally believed to 

initiate. 

3. When switching from double spark ignition to triple spark ignition, the mean KI would 

be reduced significantly to a similar level to single spark ignition. In addition, 

measurement results demonstrate that the highest pressure vibration peak may emerge 

near the spark plugs instead of in the end-gas region. 

4. Additionally, in comparison with other sparking methods, triggering the four side spark 

plugs could effectively suppress the knock strength and recurrence rate. It denotes that 

overmuch symmetrical spark sites could effectively ‘kill’ the auto-ignition and reduce the 

knock intensity. Furthermore, higher knock intensity and fewer ignition sites result in 

higher cyclical variability. 

5. A linear function was fitted to illustrate the relationship between the crank angles of 

1st peaks and MAPO. Both the vibration peak number and the amplitude of the 1st peak 
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follow strong positive linear correlations with MAPO, and the number of pre-peaks has a 

moderate positive linear relationship with the MAPO.  

6. According to the heat release fractions at knock onset, there is always less energy left 

for auto-ignition with more spark plugs because of the higher HRRs. In addition, two side 

sensors (side2 and side4) reveal that the lower the energy left over at knock onset, the 

lower the peak amplitude would be. However, this is not applicable to other sensors, 

implying that the measured peak at knock onset is not only determined by the number of 

spark plugs, but also by the measurement location. 

7. The five pressure transducers located at different parts of the cylinder do not give 

identical results of pressure fluctuation and heat release, which confirms the 

directionality of the pressure wave transmission during the knocking process. 

Furthermore, the four side sensors could be divided into two groups, as the sensors 

located at opposite positions always display similar peak amplitude variation trends. This 

fact manifests that the pressure vibration amplitude along the wave propagation path 

differs from that in the perpendicular direction, and this phenomenon will be researched 

further. 

4.4 Knock induced oscillations with different spark strategies 

4.4.1 Spark number effect on knocking pressure oscillations 

To investigate the effect of spark plug number on knock induced pressure oscillations, the 

number of active plug was varied from 1 to 4, and the spark timing was adjusted to fix the 
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CA50 at 9 CAD aTDC. As shown in Figure 4.8, the employed spark timings for different 

spark strategies (see Figure 3.12) are -27, -20, -17, and -15 CAD aTDC, respectively. In 

addition, to obtain more knocking vibration data of the most vigorous knock for each case, 

the cycle with maximum MAPO is selected to present the pressure oscillation variations 

across the whole-time window (lower left subplots). In Figure 4.1b, we see that the 

prominent pressure oscillations focus around the peak of MAPO (peak 0, depicted by 

Figure 4.2). Therefore, the time range of peaks -5 ~ 5 (green mask) has been extracted to 

display the main pressure fluctuations detected by the different sensors (lower right 

subplot). The compass plot indicates the oscillation amplitude changes from peak -5 to 

peak 5 (upper subplot) and the pressure wave transmission directions. The main 

orientation of wave propagation is marked by arrows and the timing is tagged by the 

dashed line.  

Figure 4.18 shows the knocking pressure oscillations when igniting spark plug 1 at -27 CAD 

aTDC. The peak with maximum absolute amplitude (peak 0) emerges at 11 CAD aTDC. 

From 10.2 to 13 CAD aTDC, the side probes of 1 and 2 exhibit the opposite phase to the 

other side probes of 3 and 4, indicating that the knock-induced pressure wave travels 

between the 1st and 3rd quadrant in the combustion chamber. Moreover, as marked by 

the arrows, the acoustic vibrations led by knock focus in the direction between side2 and 

side4, while weaker fluctuations appear between side1 and side3, which further 

demonstrates that the acoustic resonance may follow the (1, 0) mode shown in Table 1.1. 
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When triggering plugs 1+3 at the same time of -20 CAD aTDC as shown in Figure 4.19, the 

maximum absolute value of pressure oscillation peaks is kept at a similar level with the 

single spark ignition, as shown in Figures 4.18 - 4.19. The spike with the highest absolute 

value emerges at 12 CAD aTDC, given by the side1 sensor. Additionally, from peak -5 to 

peak 5 (green marked time window in Figure 4.19), the side1 sensor always presents the 

exact contrary vibration phase to the other sensors, which follow the same trend in the 

compass subplots. Moreover, side2 and side4 sensors always display the same oscillation 

phases as shown in the compass subplots. These facts denote that the pressure wave 

mainly moves between side1 and side3, indicating (1, 0) mode. 

 
Figure 4.18. In-cylinder pressure oscillations for a single-spark ignition case (active 

plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC). 
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Figure 4.19. In-cylinder pressure oscillations for a double-spark ignition case (active 

plug 1+3, ST= -20 CAD aTDC, CA50: 9 CAD aTDC). 

 
Figure 4.20. In-cylinder pressure oscillations for a triple-spark ignition case (active plug 

1+2+3, ST= -17 CAD aTDC,  CA50: 9 CAD aTDC). 
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Figure 4.21. In-cylinder pressure oscillations for a quadruple-spark ignition case 

(active plug 1+2+3+4, ST= -15 CAD aTDC, CA50: 9 CAD aTDC). 

For the triple spark ignition (igniting spark plug 1+2+3, ST= -17 CAD aTDC), Figure 4.20 

displays that the most significant spike locates at 15 CAD aTDC, with a similar absolute 

value (2.1 bar) for the single and double spark ignition cases. In addition, the pressure 

oscillations mainly exist between side1 and side3, which implies the (1, 0) mode also 

dominates the acoustic resonance in knocking vibrations. Furthermore, when increasing 

the active plug number from 1 to 3, the pressure oscillations between side2 and side4 

become weaker, demonstrating igniting more spark plugs can suppress the non-principal 

pressure oscillations in other directions during knock. 

When triggering all four side spark plugs at the same time (sparking plug 1+2+3+4, ST= -

15 CAD aTDC), the amplitudes of peaks -5 ~ 5 are much lower than those brought about 

by the other spark strategies, which suggests that igniting many plugs symmetrically could 
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suppress the knocking oscillations, as can be validated by the pressure traces shown in 

Figure 4.7. Additionally, at some peaks (e.g., peaks -2 - 2 in Figure 4.21), all the side 

sensors display the same signs but different phases, indicating auto-ignition starts close 

to the chamber center, and the resonance mode (0, 1) is dominant in this case.  

4.4.2 Knock vibration statistics with various spark plug numbers 

Regarding the different cases shown in Figures 4.18 – 4.21, Figure 4.22 illustrates the 

distribution of pressure fluctuation, including the directions and amplitudes, to 

investigate the common features across all the knocking cycles. Similar to the angular 

change in normal polar coordinates, the direction of side2 was taken as 0°, and the 

pressure vibration directions increase in a counterclockwise way, from 0° (side2) to 180° 

(side4). Besides, the vibration amplitudes were divided into five groups based on their 

absolute values (20% percentage in scope for each range) and marked with different 

colors and symbols.  

Figure 4.22a provides the summary statistics for pressure oscillations when triggering 

plug 1 individually at -27 CAD aTDC. It is significant that these knocking cycles can be 

divided into separate groups based on the vibrating directions (0°, 45°, 90°, 135°, and 

180°). In comparison, the knocking oscillations mostly occur along the paths of side1 – 

side3 (90°) and side2 – side4 (0°, 180°), indicating the auto-ignition sites are concentrated 

in some specific areas in the cylinder. Moreover, the groups with high amplitudes (above 

1 bar) mainly appear in the direction of 0° and 180°, implying that strong knocking 

oscillations tend to happen between side2 and side4, which is consistent with Figure 4.18. 
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Figures 4.22b and 4.22c present the main characteristics of pressure oscillations when 

activating two and three spark plugs while keeping the same CA50 (9 CAD aTDC). Nearly 

all the knocking cycles focus in the direction of 90°, which signifies the auto-ignition sites 

are more concentrated in these two cases, and the pressure oscillation is very likely to 

happen between side1 and side3. Furthermore, with respect to the double spark ignition 

strategy (Figure 4.22b), the proportions of high amplitude groups (above 1 bar) are much 

higher than those of single (Figure 4.22a) and triple (Figure 4.22c) spark ignitions, which 

suggests that triggering two spark plugs simultaneously could promote the knock 

intensity compared with one and three spark plugs.  

As shown in Figure 4.22d, although the direction of 0° presents the most among all the 

knocking cycles with all four spark plugs activated, the overall orientations are more 

distributed, suggesting the auto-ignition sites are more scattered in cylinder than the 

other case. Additionally, the fluctuating amplitudes are significantly lower than those of 

other knocking cases. Specifically, the highest vibration magnitude is well below 0.5 bar, 

indicating that triggering all four plugs together could effectively suppress the knock 

occurrence, in accord with the results of Figures 4.18 – 4.21. 
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a) sparking plug 1, ST= -27 CAD aTDC, 
CA50: 9 CAD aTDC 

b) sparking plug 1+3, ST= -20 CAD aTDC, 
CA50: 9 CAD aTDC 

  

c) sparking plug 1+2+3, ST= -17 CAD 
aTDC,  CA50: 9 CAD aTDC 

d) sparking plug 1+2+3+4, ST= -15 CAD 
aTDC, CA50: 9 CAD aTDC 

Figure 4.22. Pressure oscillation statistics with fixed CA50 but different spark plug 
numbers. 

4.4.3 Spark number effect on knocking frequencies in the space domain 

Figure 4.23 shows the variations of knocking oscillation frequencies from different sides 

of the chamber with the FFT method. Overall, the top sensor exhibits the highest 

frequency magnitudes than the side sensors since it has relatively high measurement 

sensitivity. Notably, side sensors mainly reveal one dominant resonance mode of (1, 0), 

with frequencies between 6 and 8 kHz. This is because the side sensors can only 



200 
 

 
 

distinguish the pressure wave that impacts them, leading to the (1, 0) harmonic mode. 

However, the top sensor can detect the knock-induced pressure waves (including the 

primary and secondary ones) transmitted in different directions; therefore, more 

frequency bands, namely more acoustic resonance modes, are observed from the top 

sensor. 

  

a) sparking plug 1, ST= -27 CAD aTDC b) sparking plug 1+3, ST= -20 CAD aTDC 

  

 c) sparking plug 1+2+3, ST= -17 CAD aTDC d) sparking plug 1+2+3+4, ST= -15 CAD 
aTDC 

Figure 4.23. Knocking frequencies in the space domain with fixed CA50 but different 
spark plug numbers. 

Figure 4.23a shows the single spark plug 1 igniting (sparking plug 1, CA50: 9 CAD aTDC). 

As discussed, the side sensors display the primary frequency band of 6-8 kHz with similar 
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magnitudes, indicating the (1, 0) mode. The top sensor also reveals the frequency band 

between 10 and 12 kHz, which suggests another acoustic harmonic mode of (2, 0). 

Together with the compass subplots shown in Figure 4.18, it can be deduced that the 

knock-induced pressure wave mainly travels between the 1st and 3rd quadrant.  

Figure 4.23b shows the knock fluctuation frequencies for double spark plugs (1+3) with 

CA50 at 9 CAD aTDC. The more substantial mode of (1, 0) with the frequency band 

between 6-8 kHz is noted. In particular, the side1 and side3 sensors receive more 

apparent signals from the (1, 0) band than the other two side sensors, further indicating 

that the in-cylinder pressure oscillations mainly exist between the side1 and side3 

sensors. This is entirely in accord with the subplots in Figure 4.19. Notably, the top sensor 

also detects the pressure vibrations in other frequency bands, e.g., 11-12 kHz and 15-16 

kHz, representing harmonic modes (2, 0) and (3, 0), respectively. This implies that there 

exist pressure vibrations in other directions. 

Figure 4.23c shows the knock fluctuation frequencies for triple spark ignition (sparking 

plug 1+2+3, CA50: 9 CAD aTDC). The side1 and side3 sensors display pressure oscillations 

in the frequency between 6-8 kHz; the magnitudes are higher than those from the other 

probes, including the top sensor. This denotes that the in-cylinder pressure oscillation is 

mainly along the path between side1 and side3 sensors (i.e. (1, 0) mode), while its power 

in other directions is rather weak. This trend coincides with that indicated by the compass 

subplot in Figure 4.20, where the “needles” always point to side1 and side3.  
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Regarding the quadruple spark ignition (CA50: 9 CAD aTDC), all the transducers reveal the 

pressure fluctuations in the frequency band between 6-8 kHz along with relatively lower 

magnitudes. This is because the four spark ignition strategy can suppress the pressure 

oscillation resulting from a knock, and therefore reduce the power of the frequency 

bands. Furthermore, compared with the resonance mode (1, 0), the top sensor shows a 

higher amplitude for the frequency band between 14–15 kHz, representing the harmonic 

mode (0, 1). This reveals that the auto-ignition starts close to the chamber center; 

subsequently, the pressure wave travels between the auto-ignition region to the 

periphery of the combustion chamber. 

4.4.4 Spark number effect on knocking frequencies in the time domain 

Figure 4.24 demonstrates the knocking frequency variations for different spark strategies 

during the combustion process. As the top pressure sensor possesses higher sensitivity 

than the side sensors, the wavelet analysis was performed based on the top sensor data 

only to show more details about the knock oscillations. Generally, in the current spark 

strategies, the prominent frequency bands are concentrated between 5 and 20 CAD aTDC, 

which indicates that the time ranges of knock vibration produced by various spark 

strategies are similar to the combustion phasing. However, the frequency distributions 

and amplitudes are different for the various spark strategies. In particular, the power of 

all the different frequency bands reduces slightly during the main combustion phase, 

attributed to the attenuation of in-cylinder vibrations. 
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a) sparking plug 1, , ST= -27 CAD aTDC b) sparking plug 1+3, , ST= -20 CAD aTDC 

  

 c) sparking plug 1+2+3, ST= -17 CAD aTDC d) sparking plug 1+2+3+4, ST= -15 CAD 
aTDC 

Figure 4.24. Knocking frequencies in the time domain with fixed CA50 (measured by 
the top sensor). 

Three main frequency bands of 6-8, 11-12, and 15-16 kHz are observed in Figure 4.24a, 

which represent the resonance modes of (1, 0), (2, 0), and (3, 0), respectively. The primary 

mode (1, 0) exhibits the most significant power. Besides, the lower frequency band lasts 

longer, indicating the pressure vibrations with higher frequency decay faster than those 

with lower frequencies. This observation also applies to the case with two spark plugs, as 

shown in Figure 4.24b, where the three frequency bands, 6-8, 11-12, and 15-16 kHz, also 

dominate the whole oscillation process. But the primary mode, in this case, emerges at 
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slightly later phasing, which is because the spark timing is delayed when switching from 

single to double spark ignition (i.e., from -27 to -20 CAD aTDC) to keep the same CA50 (9 

CAD aTDC). When switching from double spark ignition to triple spark ignition (Figure 

4.24c), the dominant frequency bands present similar behaviors, except that the top 

sensor detects stronger (2, 0) and (3, 0) modes than the (1, 0).   

For quadruple spark plugs 1+2+3+4 igniting at -15 CAD aTDC (see Figure 4.24d), the power 

of different frequency bands is weakly overall due to the weak knock vibrations. Notably, 

the apparent frequency bands between 14-15 kHz and 11-12 kHz are observed, which 

indicate for (0, 1) and (2, 0) modes, respectively. As discussed on Figure 4.23d, the auto-

ignition originates near the chamber center; the resulting knocking oscillations transmit 

from the center to the circumference and then reflect in different directions after the 

wave/wall interactions. 

4.4.5 Spark timing effect on knocking pressure oscillations 

In Figure 4.25, apart from the spark timing of -27 CAD aTDC (Figure 4.23a) with single 

spark plug 1, another two spark timings of -20 and -30 CAD aTDC were added to 

investigate the effect of spark timing on knocking vibrations. 
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a) ST: -20 CAD aTDC 

 

b)  ST: -30 CAD aTDC 

Figure 4.25. In-cylinder pressure oscillations of single spark plug 1 with different spark 
timing. 
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When advancing the ST from -20 to -30 CAD aTDC, the MAPO increases obviously, and 

the phasing of MAPO is significantly advanced from 24 to 8 CAD aTDC. When triggering 

the ST at -20 CAD aTDC (Figure 4.25a), the pressure wave mainly travels between side1 

and side3. It moves back and forth between the 1st and 3rd quadrants when advancing 

the spark timing to -27 CAD aTDC (see Figure 4.23). In addition, when further advancing 

the ST to -30 CAD aTDC (Figure 4.25b), the pathway of the pressure wave is changed; it 

moves between the 2nd and 4th quadrants. This indicates the auto-ignition center 

changes when shifting the spark timing. For ST= -20 CAD aTDC, the auto-ignition occurs 

close to side3, and the resulting pressure wave travels between side1 and side3. However, 

when advancing the ST to -27 and -30 CAD aTDC, the auto-ignition happens far before the 

flame reaches the end wall; therefore, the pressure waves travel in other directions. 

Moreover, with earlier auto-ignition occurrence, more energy is released during knock, 

thus leading to high fluctuation amplitude. 

4.4.6 Knock vibration statistics with various spark timings 

Following the knocking cases displayed in Figure 4.24, Figure 4.26 demonstrates the spark 

timing effect on the statistical properties of knocking oscillations, such as the knock 

vibration amplitude and direction. As presented by Figure 4.26a, when igniting plug 1 at -

20 CAD aTDC, the knocking cycles were evenly distributed in various orientations (e.g., 0°, 

45°, 90°, 135°, 180°), and most of the knocking cycles obtained low fluctuating magnitude 

(below 0.5 bar). Furthermore, in the same condition, the groups with high amplitudes 
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locate in the direction of 90°, denoting that the most vigorous knock induced pressure 

oscillation is initiated between side1 and side3 in this case. 

 

a) ST: -20 CAD aTDC 

 

b)  ST: -30 CAD aTDC 

Figure 4.26. In-cylinder pressure oscillations of single spark plug 1 with different spark 
timing. 
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After advancing the spark timing from -20 CAD aTDC to -30 CAD aTDC, Figure 4.26b 

depicts that the in-cylinder fluctuations of knocking cycles are also fairly distributed 

except for 45°. Compared with the knocking cycles exhibited by Figure 4.26a, the pressure 

oscillation strength was significantly increased. Moreover, the knocking vibrations with 

the highest amplitudes appeared in the direction of 180, manifesting that the pressure 

wave mainly traveled between side2 and side4, which indicates that the distribution zone 

of auto-ignition changes with varying the spark timing. 

4.4.7 Spark timing effect on knocking frequencies in the space and time domains 

Following the same ignition strategy as described above in Figure 4.25, the effect of spark 

timing on knocking frequencies in the space and time domains is shown in Figure 4.27 and 

Figure 4.28.  

  

a)  ST: -20 CAD aTDC b) ST: -30 CAD aTDC 

Figure 4.27. Knocking frequencies in the space domain for single spark plug 1 with 
different spark timings. 
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a)  ST: -20 CAD aTDC b) ST: -30 CAD aTDC 

Figure 4.28. Knocking frequencies measured by the top sensor in the time domain for 
single spark plug 1 with different spark timings. 

For the ST at -20 CAD aTDC, the side1 and side3 sensors provide a stronger frequency 

band between 6–8 kHz than the other two sensors at side2 and side4, indicating that the 

primary knock wave vibrates between the side1 and side3 sensors as shown in Figure 

4.27a. The knock frequencies given by the top sensor mainly focus on the range of 6–8 

kHz, revealing that the primary resonance mode of (1, 0) dominates the whole oscillation 

process. When advancing the ST from -20 to -30 CAD aTDC, Figure 4.27b, all of the five 

sensors provide knock frequencies with higher power, since the knock intensity increases. 

Apart from the primary frequency band between 6–8 kHz, the top sensor demonstrates 

evident frequency bands between 11–12 and 15–16 kHz, respectively, representing 

acoustic harmonic modes (2, 0) and (3, 0) respectively. These facts imply that the 

oscillation amplitude rises with advancing the spark timing, and the pressure oscillation 

becomes more complex, as more resonance modes emerge. 
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The top sensor results showing the time ranges of different frequency bands produced by 

knock vibrations are compared in Figure 4.28. When advancing the ST from -20 to -30 CAD 

aTDC, the phasing locations of various frequency bands are advanced from 20 to 5 CAD 

aTDC. Although the frequency bands with higher values decay faster than those with 

lower values, advancing the spark timing does not significantly change the duration of 

various frequency bands. 

4.4.8 Summary of section 4.4 

1. Compared with single side spark ignition, triggering 2 and 3 spark plugs simultaneously 

can promote the knock propensity and increase the pressure vibration amplitudes. When 

sparking all four side spark plugs simultaneously, knock can be suppressed effectively by 

the fast flame propagation. Activating more spark plugs could advance the CA50 

efficiently, but the effect reduces with increasing spark plug numbers. 

2. During the pressure oscillations, the phase differences and the vibration amplitudes 

monitored by multiple pressure sensors can reveal the spreading process of the in-

cylinder pressure wave. Increasing the activated plug number from one to three, the 

knocking-induced pressure waves mainly travel from one side to another but in different 

directions. In comparison, when applying four side spark ignition, the auto-ignition 

happens close to the chamber center. The pressure wave travels between the central 

auto-ignition site and the periphery of the combustion chamber, indicating the resonance 

mode (0, 1) is dominant in this case. 



211 
 

 
 

3. The statistical results on knocking cycles highlight that increasing the spark plug number 

from 1 to 2 and 3 leads to more concentrated directions of in-cylinder pressure 

oscillations, while the double spark ignition generates higher percentages of strong knock 

vibrations (above 1 bar) than the single and triple spark ignition. In comparison, triggering 

all four plugs simultaneously leads to more distributed orientations of pressure 

oscillations with lower amplitudes. Moreover, advancing the spark timing in itself could 

improve the fluctuation amplitudes among knocking cycles, and change the vibration 

aspects and distributions of auto-ignition sites in the cylinder. 

4. Compared with the side sensors, the top sensor can recognize more resonance modes. 

The power of knocking frequencies is closely related to the oscillation amplitude. All the 

five sensors demonstrate the frequency band between 6 - 8 kHz when triggering up to 

three spark plugs simultaneously, denoting the primary resonance mode of (1, 0). 

However, for four spark ignition, the power of this frequency band is low; the top sensor 

gives an evident frequency band between 14 - 15 kHz, representing the harmonic mode 

of (0, 1). 

5. According to wavelet analysis results of the top sensor signal, the time ranges of 

frequency bands for different spark numbers are similar with the same CA50. The 

frequency power increases at first then decreases when increasing the spark plug number 

from 1 to 4, following the same trend with MAPO. The values of different frequency bands 

reduce slightly with time. Moreover, the low-frequency bands last longer than the high 

frequency ones. 
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6. With advancing the spark timing, the MAPO rises, and the MAPO phasing is advanced 

to an earlier phase. More importantly, the auto-ignition initiates earlier, even far before 

the flame reaches the end wall, thereby releasing more energy in the knock process; this 

explains the knock amplitude growth with earlier spark timing. Moreover, this brings 

more resonance modes, and the pressure oscillation becomes more complex. 

4.5 Statistical study on knock strength, direction and heat release 

4.5.1 Multiple correlation and multiple linear regression between MAPO and different 

factors 

As the MAPO represents the knock intensity, it is vital to identify the influential factors on 

MAPO and determine which factor takes the leading role for high MAPO during knocking 

combustion. Consequently, a series of potential factors are listed in Table 4.2 for analysis. 

Table 4.2. Analysis influential factors of MAPO 

No. Item No. Item 

1 Spark number 6 Mean increase ratio of pre-knocks 

2 Spark timing 7 Mean decrease ratio of pre-knocks 

3 Number of increase pre-peaks 8 Mean increase value of pre-knocks 

4 Number of decrease pre-peaks 9 Mean decrease value of pre-knocks 

5 Number of stable pre-peaks   

 

As shown in Figure 4.29, before the main peak (peak 0) appears, there are rises and falls 

of pre-peaks (vibration peaks before the highest peak) in amplitude, which may affect the 

subsequent MAPO. In this section, various features of pre-peaks, e.g., times of increase 
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and decrease, mean variation ratios (relative percentages), and average variation values, 

are considered. 

 
Figure 4.29. Schematic diagram of amplitude variations of pre-peaks and post-peaks 

(Spark plug: 1+3, CA50: 9 CAD aTDC). 

The multiple correlation coefficients between MAPO and the listed factors in Table 4.2 

are presented in Figure 4.30, and the corresponding values are listed in Table 4.3, which 

vary significantly for the different factors. For the spark strategies, such as spark number 

and spark timing, their correlations coefficients with MAPO are surprisingly low. This 

indicates their effects are limited, and more spark numbers or earlier spark timing does 

not necessarily lead to higher MAPO. Conversely, the average increase value of pre-peaks 

possesses significant positive correlations ( 𝑟𝑠  = 0.965), which demonstrates that the 

higher each pre-peak height grows, the higher the MAPO produced. In comparison, the 

average decrease value of pre-peaks tends to reduce the MAPO, although the effect is 

negligible. Furthermore, the number of increases and decreases for pre-peaks pose 

opposite consequences on MAPO, and their absolute values are the same (|𝑟𝑠|= 0.128). 

Additionally, the mean relative percentage of pre-peak decrease has a negative 
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correlation (𝑟𝑠  = -0.112) with MAPO, which is more significant than that of pre-peak 

increase. 

 
Figure 4.30. Multiple correlation coefficients between MAPO and different factors. 

Table 4.3. Multiple correlation coefficients between MAPO and influential factors 

No. Item Value No. Item Value 

1 Spark number 0.01657 6 Mean increase ratio of 

pre-knocks 

0.0375 

2 Spark timing -

0.01203 

7 Mean decrease ratio of 

pre-knocks 

-0.1116 

3 Number of increase pre-

peaks 

0.1278 8 Mean increase value of 

pre-knocks 

0.9646 

4 Number of decrease pre-

peaks 

-0.1278 9 Mean decrease value of 

pre-knocks 

-

0.02625 

5 Number of stable pre-

peaks 

0    

 

After the correlation analysis, the parameters weakly related with MAPO were filtered 

out to improve the predicting efficiency of the MLR model. In total, the coefficients of the 

MLR model were listed in Table 4.4. 
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Table 4.4. MLR coefficients for MAPO prediction 

No. Item Value No. Item Value 

1 Number of increase pre-
peaks 

0.1278 5 Mean increase value of 
pre-knocks 

0.9646 

2 Number of decrease pre-
peaks 

-
0.1278 

6 Mean decrease value of 
pre-knocks 

-0.02625 

3 Mean increase ratio of 
pre-knocks 

0.0375 7 R2 0.9674 

4 Mean decrease ratio of 
pre-knocks 

-
0.1116 

8 p-value 4.610E-
156 

According to the statistical analysis results, the 𝑅2 value is very close to 1, and the p-value 

is far below 0.01, which denote the established MLR model possesses high precision. An 

additional 10% of data was used to compare and validate the forecasted values to validate 

the error between predicted and experimental values. 

Figure 4.31 shows the comparison results of MAPO between experimental data and MLR 

prediction values. The MLR model agreed well with the experimental data. Based on Eq. 

(4.3), the MAPE value is calculated as 3.22%, which proves the high forecasting accuracy 

of the established regression model. 

 
Figure 4.31. Validation of MLR model of MAPO. 
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4.5.2 Pressure wave propagation 

The FFT method evaluated the dominant frequencies of pressure oscillations caused by 

knock for the different spark strategies. According to the results of section 4.4.3, the top 

sensor could recognize more resonance modes than those installed at the side of the 

chamber. Therefore, for the different sparking strategies with the same CA50 at 9 CAD 

aTDC, the FFT results based on the top sensor signal are shown in Figure 4.32.  

According to Figure 4.32, the mode of (1, 0) was the most dominant among all the acoustic 

resonance modes in the single spark ignition case, thus activating spark plug 1 was 

adopted in the following sections (Figure 4.32a) to further analyze the pressure wave 

propagation. 

Figure 4.33a shows the time gaps between the pressure oscillation peaks detected by 

different pressure sensor locations, respecting the case of triggering spark plug 1 only at 

-27 CAD aTDC (Figure 4.32a). Overall, the time gaps vary randomly between 0.6 and 2 

CAD, while the side1 and side3 sensors generally display more significant time gaps than 

side2 and side4. This is because the fluctuation mainly developed in the direction 

between side2 and side4; nevertheless, they omitted the weak oscillations between side1 

and side3 sensors, which resulted in the broader time gaps among pressure oscillation 

peaks. In comparison, the top sensor exhibited more time gaps than the side sensors for 

the same fluctuation process, due to its higher sensitivity than the side ones. 
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a) spark plug 1, ST= -27 CAD aTDC, CA50: 
9 CAD aTDC 

b) spark plug 1+3, ST= -20 CAD aTDC, 
CA50: 9 CAD aTDC 

  

 c) spark plug 1+2+3, ST= -17 CAD aTDC,  
CA50: 9 CAD aTDC 

d) spark plug 1+2+3+4, ST= -15 CAD aTDC, 
CA50: 9 CAD aTDC 

Figure 4.32. FFT results with fixed CA50 but different spark plugs numbers (based on 
top sensor). 

After removing the noise from other acoustic vibrating resonance modes, such as the (2, 

0) and (0, 1) modes (Table 1.1), the main knock induced pressure oscillation form, mode 

(1, 0), was extracted from the raw signal, and the corresponding time gaps are presented 

in Figure 4.33b. Since the time gaps provided by side2 and side4 were more unified (Figure 

4.33a), this implies that the acoustic wave mainly travels between side2 and side4 

sensors; hence we choose the vibration signal captured by the side2 probe is chosen as 
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the reference (Figure 4.34), since it provides high precision due to the pressure wave front 

strikes the sensor tip directly. In addition, the vibration signals under mixed and primary 

resonance modes, monitored by other sensors, are shown in the Appendix B. 

Figure 4.34 shows the labeled knock vibration peaks before and after extracting the 

primary harmonic mode (1, 0). The peaks and related time intervals under mixed-mode 

are more distributed and less structured, as shown in Figure 4.34a. In comparison, the 

extraction of resonance mode (1, 0) (Figure 4.34b) can make the signal and time gaps 

more regular and accurate. As shown in Figure 4.33 b, the time gaps under mode (1, 0) 

diverge between 1 – 1.4 CAD, while most focus on 1.2 CAD. Especially for side2, nearly all 

the time intervals remain at 1.2 CAD. On average, the time interval between receiving two 

adjacent signals is 1.23 CAD for the side2 probe, or 0.17 ms. Besides, the mean acoustic 

wave speed is 496.81 m/s, the average wave traveling distance between two signals is 

calculated as 84.5 mm, which is extremely close to the cylinder bore, 85 mm. 

Consequently, regarding the sensors, splitting the different acoustic resonance modes 

helps to improve the precision of the time interval between two adjacent pressure signals, 

and to deduce the propagation path of knock-induced pressure waves across the 

combustion chamber. 



219 
 

 
 

 

a) mixed resonance mode 

 

b) resonance mode (1,0) 

Figure 4.33. Time gaps among pressure oscillation peaks (sparking plug 1, ST= -27 CAD 
aTDC, CA50: 9 CAD aTDC). 
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a) mixed resonance mode 

 

b) resonance mode (1,0) 

Figure 4.34. Pressure oscillation peaks (side2 sensor, sparking plug 1, ST= -27 CAD 
aTDC, CA50: 9 CAD aTDC). 

4.5.3 Heat release fractions of auto-ignition 

Figure 4.35 presents the heat release fractions contributed by normal and knocking 

combustion, with a fixed CA50 but different number of active spark plugs and spark 

timings. The time interval between the peak HRR of normal combustion and the auto-

ignition beginning (𝐴𝐼𝑜𝑛𝑠𝑒𝑡), and the knocking combustion duration (𝐴𝐼𝑜𝑛𝑠𝑒𝑡 – 𝐴𝐼𝑒𝑛𝑑), are 

depicted in Figure 4.35. 
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a) sparking plug 1, ST= -27 CAD aTDC, 
CA50: 9 CAD aTDC 

b) sparking plug 1+3, ST= -20 CAD aTDC, 
CA50: 9 CAD aTDC 

  

c) sparking plug 1+2+3, ST= -17 CAD 
aTDC,  CA50: 9 CAD aTDC 

d) sparking plug 1+2+3+4, ST= -15 CAD 
aTDC, CA50: 9 CAD aTDC 

Figure 4.35. Heat release fractions of auto-ignition with fixed CA50 but different 
numbers of active spark plugs. 

For single spark ignition (sparking plug 1, Figure 4.35a), the spark timing was set at -27 

CAD aTDC with the fixed CA50, 9 CAD aTDC. In this case, the HRR of normal combustion 

(gradient of 𝑄𝑁𝐶, the green part in Figure 4.35a) went up smoothly and peaked at 1 CAD 

aTDC, with the peak value around 42 J/CAD. Around 3 CAD aTDC, the auto-ignition 

happened and its HRR significantly increased to a much higher level, reaching nearly 120 

J/CAD. Simultaneously, the knock-induced heat release vibrated heavily, causing some 
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sharp spikes in the HRR profile. Notably, the energy released by knocking combustion 

(𝑄𝐴𝐼, red area) occupied a large part of the total released energy (𝑄𝑁𝐶 + 𝑄𝐴𝐼), indicating 

that combustion initiated by auto-ignition consumes a significant proportion of the fuel 

mass. Moreover, the knocking combustion lasted for a long duration, around 6.6 CAD. 

When switching the spark strategy from single to double spark ignition (see Figure 3.12b), 

the spark timing was delayed from -27 to -20 CAD aTDC. For the regular combustion heat 

release contributed by main flame propagation ( 𝑄𝑁𝐶  in Figure 4.35b), there was a 

noticeable increase in the HRR rise rate compared with single spark ignition (Figure 

4.35a). The peak value increased from 42 J/CAD to more than 60 J/CAD, because more 

spark ignition led to faster flame spreading speed. Notably, there was a nearly vertical 

HRR increase where the auto-ignition, indicating high knock intensity. Furthermore, the 

knock HRR dropped slightly to 115 J/CAD, compared with single spark ignition (Figure 

4.35a), indicating that more spark ignitions may lead to a lower proportion of knock 

energy release. 

For the triple spark ignitions case (sparking plug 1+2+3, Figure 4.35c), the HRR rise rate 

increased more sharply than the aforementioned two cases in Figure 4.35a and Figure 

4.35b, implying that more spark ignition sites contribute to more intense flame 

propagation. The top HRR value reached almost 80 J/CAD, much higher than the single- 

and double-sparking cases. Notably, with an increase in the number of active spark plugs, 

the auto-ignition emerged at relatively later timings, the time gap between the peak 

normal combustion HRR phasing and the 𝐴𝐼𝑜𝑛𝑠𝑒𝑡  was increased from 0.6 to 2.6 CAD, 
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showing that more fuel was burned before the occurrence of auto-ignition. Beside this, 

the dramatic knocking reactions are shown from the steep HRR rises in the 𝑄𝐴𝐼  area. 

Furthermore, the fraction of heat produced by auto-ignition became even smaller, 

because more fuel was burned by the main flame initiated by more spark ignitions before 

auto-ignition occurred. 

When altering the sparking strategy from triple to quadruple spark ignitions, the spark 

timing was slightly retarded from -17 to -15 CAD aTDC. Likewise, the HRR growth rate, as 

well as the peak value, stayed steady. However, for the whole released energy, the part 

occupied by knocking combustion was obviously lower than that of triple spark ignition 

(Figure 4.35c). Meanwhile, the duration of knocking combustion was even shorter (1.8 

CAD), coupled with a relatively low HRR value (the peak HRR during knocking combustion 

was around 65 J/CAD), implying that less fuel was consumed by the auto-ignition. 

Additionally, the fluctuations of HRRs caused by knock were much milder than those in 

the previous cases (Figures 4.35a-4.35c), suggesting that the knock intensity was lower 

when activating four symmetrical spark plugs simultaneously. Consequently, valid 

conclusions can be drawn that four symmetrical spark ignitions can suppress the knock 

combustion in the experiment, which is consistent with the trend illustrated in section 

4.3. 

Figure 4.36 shows the fractions of knock-induced heat release of the total released energy 

versus CA50 for the different strategies. When triggering 1-3 spark plugs simultaneously, 

the heat release fraction of auto-ignition goes up with the advanced CA50, because the 
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knock intensities increase and more fuel is burned by auto-ignition. After this, the 

percentages fall off with earlier CA50, as the main flame travels faster due to the higher 

in-cylinder temperature, leading to more flame being consumed by normal combustion. 

In particular, when sparking four plugs simultaneously, the knock heat release percentage 

stays at a low level with different CA50s, denoting this sparking strategy can suppress the 

auto-ignition, and that most of the fuel was burned by flame propagation. Moreover, 

comparing all the sparking methods, more activated spark plugs lead to lower knock heat 

release fractions. This is because more spark ignitions lead to more expanding flames in 

the chamber, resulting in a larger flame area; hence, less fuel will be consumed by auto-

ignition. 

 
Figure 4. 36. Knock heat release fraction versus CA50 of different spark strategies. 

Figure 4.37 shows the standard deviation (SD) variations with CA50 for different spark 

strategies. With the advance of CA50, the SD of the heat release proportion goes up 

significantly except for the four spark ignition, which leads to very low SD because of the 
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minimal value of energy released by auto-ignition. More importantly, at early CA50 ranges 

(< 9 CAD aTDC), more triggered plugs bring lower SD of knock heat release percentage, 

which indicates igniting more spark plugs generates better control about the auto-ignition 

characteristics, e.g., location, duration, released energy, and the corresponding fraction 

of energy consumed in auto-ignition. 

 
Figure 4.37. Standard deviation of knock heat release fraction versus CA50 of different 

spark strategies. 

With the rising MAPO, most of the sparking methods witness remarkably growths of heat 

release fractions contributed by auto-ignition, as shown in Figure 4.38. On the one hand, 

the knocking combustion becomes more aggressive with increasing MAPO, which causes 

more intense auto-ignition which in turn consumes more fuel. On the other hand, the 

rising MAPO also contributes to higher flame speed, which becomes dominant in high 

MAPO cases and leads to a reduction in the energy delivery fraction of auto-ignition. 

Moreover, compared with other spark strategies, triggering four spark plugs 



226 
 

 
 

simultaneously results in the lowest knock heat release fraction because it restrains the 

knock occurrence, and the least fuel is burned in auto-ignition. 

 
Figure 4.38. Knock heat release fraction versus MAPO of different spark strategies. 

Figure 4.39 shows that advancing the CA50 contributes to evident increases in the knock 

HRR rise rates, because the knocking combustion becomes more violent and hence more 

fuel is consumed by auto-ignition. Similarly, the knock-induced HRR rise rate follows the 

same trend regarding the knock intensities brought about by different spark strategies. 

There are slight declines in HRR rise rates after the peaks, caused by the faster-

propagating speed of the main flame due to the higher in-cylinder temperatures. In 

comparison, activating all four plugs leads to the lowest knock HRR rise rate, showing that 

it has suppressing effects on the knock development. 
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Figure 4.39. Knock HRR rise rate regarding CA50 of different spark strategies. 

Figure 4.40 shows that by advancing the CA50, the released energy percentage at knock 

onset decreased significantly for most cases, because the earlier CA50 causes stronger 

knock propensity and earlier knock onset, and less energy is released by the flame front 

before knock. However, for most applied sparking strategies, the heat release proportion 

at knock onset shifts to an opposite varying trend and it climbs slowly when continuously 

advancing combustion phasing. This is due to the in-cylinder temperature increase along 

with the CA50 advance, which contributes to accelerating flame propagation speed, thus 

consuming more fuel before knock happens. In addition, the more activated spark plugs, 

the higher the heat release fraction at knock onset. 
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Figure 4.40. Heat release fraction at knock onset regarding CA50 of different spark 

strategies. 

4.5.4 Summary of section 4.5 

1. According to the sensitivity analysis, the average increase of pre-peaks has a much 

stronger correlation (𝑟𝑠 = 0.965) with the MAPO than the spark plug number and spark 

timing, while the influence from the average increase is negative and negligible. The 

increase and decrease of pre-oscillations give the same level but contrary effects on the 

MAPO value. The mean decrease ratio of pre-peaks has a more significant impact on the 

MAPO than the mean increase ratio. 

2. The developed MLR model can predict the MAPO successfully and shows high accuracy. 

The R2 value is very close to 1, and the p-value is significantly below 0.01.  Moreover, 10% 

of experiment data was reserved for validating the model prediction values, and the 

effectiveness of the established model was confirmed according to the MAPE value 

(3.22%). 



229 
 

 
 

3. Focusing on the primary resonance mode (1, 0) allows  the elimination of noise from 

minor acoustic waves and provides more regular pressure oscillation, thus bringing signal 

detection with high accuracy in the main fluctuating directions. For the case with only 

plug 1 triggered at -27 CAD aTDC, the pressure wave mainly travels along the cylinder 

diameter in the knocking cycle, according to the acoustic speed and average time interval 

of knock vibration peaks. 

4. With a fixed CA50, multiple spark ignitions accelerate the flame spreading speed and 

increase the fuel burn rate. The knocking combustion duration is reduced, and the heat 

release fraction due to auto-ignition decreases significantly. When activating four 

symmetrical plugs simultaneously, the heat release fraction by knock is lowest. The 

fluctuations of HRRs induced by knock are much milder than the other cases, implying 

that triggering four symmetrical plugs could suppress knocking combustion. 

5. When advancing the CA50, the knock-induced heat release fraction rises at first then 

decreases, under the dual effects from knocking combustion and flame propagation. 

Similarly, with the rising MAPO, the energy proportion released by knocking combustion 

grows significantly then slightly reduces.  

4.6 Concluding remarks 

This chapter mainly discussed the different knocking combustion characteristics with the 

various spark activation approaches. To investigate knock-induced pressure oscillations, 

the recorded pressure data was band-pass filtered to analyze the knock strength. Fast 
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Fourier Transform and wavelet analysis were implemented to study the knock oscillation 

frequency spectrum and the acoustic harmonic mode. In addition, models for knock 

sensitivity analysis and intensity prediction were built to learn about influential factors on 

knock and the potential risks in different cases. Based on the Wiebe function and 

Levenberg-Marquardt algorithm, the two-zone engine model and heat release curve 

fitting were proposed in this study. The fuel energy consumed by normal flame 

propagation and auto-ignition is computed in different knocking combustion cases. 

Expanding on this, the next chapter will analyze the effects of compression ratio and fuel 

octane number on the knock response under different spark strategies. 
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Chapter 5: Effects of multiple spark ignition on engine knock under 

different compression ratio and fuel octane number conditions 

The chapter 4 implements several data processing methods to predict the knock intensity, 

calculate the pressure oscillation and heat release contributed by knocking combustion, 

and analyze the corresponding frequency spectra and resonance modes.  This chapter 

mainly discusses the different combustion characteristics, knock intensity statistics, and 

emissions regarding the applied spark strategies. The influences of compression ratio and 

fuel octane number on the knock behavior under various spark plug activation methods 

are investigated, and the reasons are analyzed. 

5.1 Introduction 

Engine knock is an abnormal phenomenon in spark-ignition (SI) engines resulted from end 

gas auto-ignition before the flame front arrival [1, 2]. Engine knock increases engine 

vibration and noise caused by the rapid heat release of end-gas energy and the 

subsequent high local pressure [3]. The intense pressure waves spread across combustion 

chamber, which may be amplified by the wave-flame interactions and wall reflections [4], 

with the possibility of leading to engine failure because of physical damage and 

overheating. Although it has been extensively researched for many decades, knock 

continues to be an issue that limits engine efficiency and service life [5]. Novel efficiency-

enhancing strategies, such as boosting, high compression ratio, downsizing, and down-

speeding, have the potential to greatly improve SI engine performance and economy [3, 
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6-9], but they are limited by the high knock tendency. Knock suppression strategies such 

as adjusting spark timing (ST) [10, 11], water injection [12-14], fuel enrichment [15, 16], 

and increasing fuel octane number (ON) [17, 18] have been widely investigated. However, 

these technologies may reduce the efficiency gain or degrade the cold-start performance. 

The development of knock suppression strategies will significantly benefit from an 

improved understanding of knocking combustion, but the stochastic nature of knock 

hinders experimental research in this area. In particular, it is incredibly challenging to 

obtain statistically significant results given the large cycle-to-cycle variations typically 

associated with operating conditions prone to knock [19, 20].  

Detailed experimental studies on knock are limited. Qi et al. [21] and Iijima et al. [22] 

carried out high-speed photography on engine knock. They observed different end-gas 

combustion modes respectively, but it was hard to visualize the pressure wave 

propagations directly. Monitoring pressure oscillations through multiple pressure 

transducers is a more effective method. Syrimis and Assanis [23] studied the spatial and 

temporal characteristics of the pressure wave with two transducers; however, the 

precision was limited since the acoustic wave may not travel along the path between the 

two transducers. Vressner et al. [24] used eight pressure sensors (six on the liner, one at 

the center, one at half radius) to inspect the in-cylinder pressure fluctuations. However, 

they mainly focused on homogeneous charge compression ignition (HCCI) rather than SI. 

Pan et al. [25] implemented a knock study in a rapid compression machine and performed 

optical diagnostics synchronously with pressure acquisition. Similarly, Wang et al. [26] 
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visualized shock waves in a rapid compression machine and investigated high-pressure 

oscillations of super knock. Further work exploring knocking characteristics 

experimentally under real engine conditions and systematically analyzing the effects of 

compression ratio and fuel octane number is needed to gain more insight into knock 

process. 

The main objective of this chapter is to overcome this obstacle to experimental 

investigations with a new research engine based on a multiple-spark ignition strategy, 

specifically designed to investigate knock events.  

The ‘contest’ between main flame propagation and end-gas auto-ignition plays a critical 

role in determining the occurrence of knock. If the main flame travels sufficiently fast, it 

burns all the air/fuel mixture smoothly before end-gas auto-ignition occurs [27]. For this 

reason, many researchers have investigated multiple spark ignitions to accelerate flame 

propagation, achieve higher engine efficiency, and reduce emissions [28-30]. On the 

contrary, if the ignition delay of the end-gas is shorter than the flame propagation time, 

knock events are more likely. Based on the above theory, some researchers artificially 

applied multiple sparks or side spark to stimulate more knock events. For example, Chen 

et al. [31] studied the effect of synchronous double spark ignition on engine performance 

and observed that dual spark ignition was more prone to produce knock. Pasternak et al. 

[32] reported that engine knock was more accessible with multiple sparks than single 

spark ignition, and the spark timing needed to be delayed to keep the same knock 

intensity level. More spark sites lead to faster combustion, and the higher in-cylinder 
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temperature further accelerates the flame propagation and can promote more knock 

[33]. Whether this will surpass the decrease of end-gas ignition delay and suppress auto-

ignition depends on the specific operating conditions. In particular, some researchers 

observed that fast flame spreading inhibits the formation of auto-ignition [34]. As 

multiple spark ignition has been proven to improve engine efficiency [35, 36] and reduce 

emissions [35], this knock intensity reduction mechanism could lead to promising 

applications. 

This chapter explores the influences of different compression ratios (CR = 8, 9, 10) and 

fuel octane numbers (ON = 100, 95, 91) on the knock characteristics under different spark 

strategies. Some critical parameters, such as the heat release fraction at knock onset and 

the end-gas power density, are calculated to gain insights into the reasons behind 

different knock responses. In addition, the combustion characteristics regarding various 

spark strategies are compared to provide a reference for a future optical study. Finally, 

the resonance modes of knock vibration under different compression ratios and fuel 

octane numbers were studied. 

The outline of this chapter is as follows: section 5.2 describes the applied research 

methods, including the quantification of pressure fluctuations, determination of knock 

onset, and various acoustic resonance modes; section 5.3 presents the combustion 

characteristics under different spark strategies, including pressure and heat release, 

combustion phasing, indicated mean effective pressure (IMEP), and exhaust emissions; 

section 5.4 demonstrates the effects of multiple spark ignition on engine knock under 
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different compression ratio and fuel octane number conditions; finally, the key findings 

are summarized in section 5.5. 

5.2 Research methods 

5.2.1 Analysis of pressure traces 

A bandpass filter with a 4–20 kHz frequency range [16] was applied to analyze the nature 

of in-cylinder pressure fluctuations based on the pressure signals obtained by the six 

pressure transducers. The maximum amplitude of pressure oscillation (MAPO) was 

chosen as the indicator to quantify knock intensity [20]. More details can be found in 

section 4.2.2. 

For a knocking combustion cycle, the end-gas power density and temperature at knock 

onset are taken as important indicators to evaluate knock intensity. Higher end-gas power 

density and temperature cause stronger auto-ignition and higher knock intensity [1, 21]. 

Since these two indicators follow a positive correlation, the unburned temperature is 

calculated according to pressure data and then the knock strength under different 

conditions is estimated [36]. 

Compared with the experiment setup illustrated in the Chapter 4, the central injector was 

replaced with a pressure sensor (GH15DK, AVL) to detect the pressure signal from the 

center, and a metal holder of the same geometry with the original injector was produced 

for sensor installation. In this chapter, a total of six pressure transducers are mounted at 

different positions in the combustion chamber; in this chapter, the local pressure 
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measured by these sensors was used to estimate the pressure oscillations on the radial 

cylinder plane. Firstly, because the sensors have different sensitivities, the filtered 

pressure signals from all the channels were unified to a similar range through 

standardization. Next, the corresponding knock vibration schemes were plotted 

according to the results obtained from the probes at different positions, as shown in 

Figure 5.1, which provides a direct view of the in-cylinder pressure oscillations, including 

the amplitude, direction, and variations with time. The positions of the pressure sensors 

are marked by yellow dots. Figure 5.1 shows that the pressure oscillation at the highest 

peak (16.8 CAD aTDC) lies between the 2nd and 4th quadrants, which fits well with the 

resonance mode (1, 0) (see Table 1.1). 

 
Figure 5.1. In-cylinder pressure oscillation at the maximum peak of single spark ignition 

(plug 1), ST = -23 CAD aTDC (X, Y: mm. Color scale: a. u.. The values detected by the 
different sensors have been standardized. PRF100, CR = 9. The positions of pressure 

sensors are shown by yellow dots.). 
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5.2.2 Knock onset determination 

For each test condition (see section 3.1), its pressure trace was recorded to compute the 

heat release rate (HRR). Figure 5.2 illustrates how it was estimated for a typical cycle when 

activating three plugs (SP: 1+2+3) at -13 CAD aTDC. The red line indicates the HRR ranges 

from -20 to 40 CAD aTDC, and the black line shows the mass fraction burned (MFB), 

estimated based on the cumulative energy release. Additionally, the beginning of high-

temperature heat release is normally defined as the crank angle at which the second 

derivative of heat release rate 𝑑
2𝐻𝑅𝑅

𝑑2𝜃
⁄ reaches its local maxima [37]. Consequently, 

the knock onset time is determined as the first crank angle when d^2 HRR/d^2 θ reaches 

its peak due to spontaneous end-gas auto-ignition [38]. The vertical line denotes knock 

onset and the corresponding HRR and MFB values at this time. In this case, knock is 

initiated around 17.4 CAD aTDC, and about 83.8% of the fuel has been consumed by the 

main flames at this moment. 

 
Figure 5.2. Comparison of auto-ignition timing and the related HRR and MFB (CR: 9, 

ST: -13 CAD aTDC, SP: 1+2+3). 
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5.2.3 Frequency spectrum 

Engine knock originates from the high-frequency acoustic vibrations in the cylinder, and 

the generated frequency spectrum and acoustic resonance modes are determined by the 

chamber geometry and combustion process. The fast Fourier transform (FFT) method is 

applied here to evaluate the dominant frequencies of knock-induced pressure oscillations 

as it ensures accurate frequency analysis with a minor computational burden [39, 40]. 

More details can be found in section 4.2.6.1. 

5.3 Combustion characteristics under different spark strategies 

5.3.1 Pressure trace and HRR analysis 

Figure 5.3 displays pressure and HRR traces in the range from -20 to 40 CAD aTDC, 

associated with the cycle with the highest observed MAPO among the 70 firing cycles 

recorded, for each spark plug combination at a spark timing of -13 CAD aTDC. These 

“extreme” cycles highlight key differences between the knock events achievable with the 

tested ignition strategies. Increasing the number of sparks reduces combustion duration, 

as multiple flames propagate simultaneously, consuming the charge more rapidly. The 

knock onset, clearly visible from the abrupt increase in the HRR curves, occurs earlier with 

the increasing number of sparks. Similarly, the peak in the HRR due to auto-ignition 

increases with the number of sparks. 
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Figure 5.3. Pressure traces and HRRs (PRF100, CR: 9, ST: -13 CAD aTDC). 

As shown in Figure 5.4, the MAPO does not show a monotonic behavior with increasing 

the number of activated spark plugs. There is a noticeable reduction of MAPO (from 4.35 

to 2.18 bar) when switching from triple to quadruple ignition. Although activating 

additional spark plugs can increase the peak pressure, the available energy drops for end-

gas auto-ignition which may alleviate knock strength. The results suggest that triggering 

more spark plugs does not always promote knock. 
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Figure 5.4. Amplitudes of pressure oscillations after bandpass filtering (PRF100, CR: 9, 

ST: -13 CAD aTDC). 

5.3.2 Combustion duration, IMEP, and COV 

Regarding the various spark strategies, the combustion duration (CD, defined as the 

period between CA10 and CA90) for each spark timing is displayed in Figure 5.5. When 

activating plug 1 singularly near TDC, the CD is almost 50 CAD. The CD is significantly 

reduced by advancing the spark timing because the increasing in-cylinder temperature 

that results from a combination of combustion and piston motion, could promote fuel 

consumption rate. Compared with all the sparking methods, adding more spark plugs 

could considerably shorten the combustion duration, due to more flame propagating 

kernels occurring at the same time. 
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Figure 5.6 shows the engine IMEPs when sparking at different timings with various 

numbers of active spark plugs. Compared with single-spark ignition, multiple spark 

ignition provides advantages in power output, especially at later spark timings. This is 

because actuating only one plug with late phasing leads to longer combustion duration, 

primarily affecting the IMEP. In comparison, the multiple spark ignition leads to faster 

combustion and promotes higher in-cylinder pressure and temperature, improving 

engine efficiency and increasing power output. For example, compared with single-spark 

ignition, the four-spark ignition could boost the IMEP by 12.3% at the same spark timing 

of -15 CAD aTDC, with this effect being more prominent at late spark timings. Moreover, 

four-spark ignition could suppress the knock intensity compared with the triple-spark or 

even the double-spark ignition cases, which gives the four-spark ignition strategy great 

potential in a theoretical application. 

Figure 5.7 displays the coefficient of variation (COV) of IMEP with the different spark 

strategies. Overall, advancing the spark timing improves combustion stability because the 

in-cylinder pressure and temperature tend to be higher. Hence multiple-spark ignition 

could effectively reduce the cycle-to-cycle variations. The COVs brought by the quadruple 

sparking stay at the lowest level among all the sparking strategies, with their values below 

1.5%. 
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Figure 5.5. Combustion duration under different spark strategies (Fuel: PRF100, CR: 9). 

 
Figure 5.6. IMEPs under different spark strategies (Fuel: PRF100, CR: 9). 
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Figure 5.7. COVs of IMEPs under different spark strategies (PRF100, CR9). 

5.3.3 Emissions 

Figures 5.8a and 5.8b illustrate UHC and CO emissions respectively, with different spark 

timings and active plug numbers. The combustion becomes more violent and complete 

with more advanced spark timing. The in-cylinder temperature rises to a higher level, 

which stimulates the consumption of UHC and CO. Consequently, both the UHC and CO 

reduce remarkably when advancing the spark timing. Similarly, the UHC and CO emissions 

are significantly reduced by activating more spark plugs.  

As the NOx formation is sensitive to in-cylinder temperature, the spark timing and spark 

number have non-trivial influences on the NOx emission. As shown in Figure 5.8c, NOx is 

increased significantly for each active spark number as the spark timing is advanced, 

attributed to the higher in-cylinder temperature that promotes the NOx production rate. 

To reduce excessive NOx emissions, it is suggested to introduce more EGR or use water 
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injection, which could compensate for the higher temperatures with multiple spark 

ignition [41]. 

  

(a) (b) 

 

(c) 

Figure 5.8. Exhaust emissions under different spark strategies (Fuel: PRF100, CR: 9). 
(a) UHC, (b) CO, and (c) NOx. 

5.3.4 Summary of section 5.3 

Based on using different numbers of the four plugs, a series of spark strategies (P1, P1+P3, 

P1+P2+P3, P1+P2+P3+P4) was implemented to trigger knock events for research. Up to 

six pressure sensors were used to monitor the pressure signals from different positions in 
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combustion chamber. Using the different spark strategies, the combustion 

characteristics, emissions, and knock responses were compared. The main conclusions of 

this section are listed as follows: 

(1) Compared with single-spark ignition, multiple spark locations boost the peak pressure 

and HRR rise rates. However, increasing the number of active plugs from one to three 

increases the knock strength significantly.  

(2) Four-spark ignition could reduce the MAPO to a lower level than the triple-spark 

ignition or even below double-spark ignition in some cases, suggesting that the four-spark 

ignition has a potentially significant knock suppression effect. This effect could be further 

enhanced by applying high octane number fuel and low compression ratio. 

(3) Multiple spark ignition generates higher power output and reduces combustion 

instability, especially at late spark timings. Compared with the single spark case, triggering 

four plugs at -15 CAD improves the gross indicated engine efficiency by about 12.3%, with 

the COV being kept below 1.5%. Together with the knock alleviation effect, this endows 

the four spark ignition with potential for application.  

(4) In comparison with the other strategies, four-spark ignition leads to the lowest UHC 

and CO emissions across the range of investigated spark timings, while its NOx output is 

relatively high. 
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5.4 Effects of multiple spark ignition on engine knock under different 

compression ratio and fuel octane number conditions 

5.4.1 Knock intensity statistics 

The primary motivation for the research engine design discussed here is to facilitate knock 

research by promoting knock events with a desired intensity distribution. Figure 5.9 

shows a scatter plot of the MAPO recorded with the different ignition strategies, using 

isooctane as fuel (PRF100), a compression ratio of 9, and a spark timing of -13 CAD aTDC. 

Data are limited to 70 firing cycles when activating 3 or 4 spark plugs and extended to 200 

cycles when operating with one or two spark plugs. This is due to the fact that the triple 

and quadruple spark ignitions produce more violent knock cycles and the strength 

increases continuously (see Figure 5.9), hence the fire cycles are terminated to protect 

the engine. 

 
Figure 5.9. MAPO distributions in different cycles for the different spark strategies 

(PRF100, CR: 9, ST = -13 CAD aTDC). The first 70 cycles are used to calculate the mean 
combustion characteristics for comparison. 
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For single spark ignition, the MAPO values are near zero-level, and only a few weak knock 

cycles appear at the end. For two spark ignition, although very few knock cycles emerge 

in the first 70 cycles, knock events with MAPO between 1 and 2 bar are more frequent in 

the later cycles. In contrast, when triggering three or four plugs simultaneously, a large 

number of heavy knock cycles appear after the first 20 cycles, and the MAPO values rise 

rapidly forcing termination of the experiment to avoid potential engine damage because 

of violent knock. With the activation of the fourth spark plug, the MAPO steadily increases 

up to 0.5 bar in the first 50 cycles, and then moderate to heavy knock events occur. The 

MAPO scatter plot shows that for all the ignition strategies tested, the likelihood and the 

intensity of a knocking cycle is a strong function of the cycle number, highlighting that 

factors such as in-cylinder temperature distribution, which cannot be maintained 

constant from cycle-to-cycle, may play a large role in a knock event.   

The data presented in Figure 5.9 were obtained for a single spark timing of -13 CAD aTDC, 

but the knock propensity is a strong function of spark timing. Data for the four spark 

strategies considered at CR=9, with spark timing ranging from -30 CAD aTDC to TDC, were 

collected and processed.  Figure 5.10 shows the effect of spark timing on mean MAPO of 

the first 70 cycles for the four spark strategies investigated. For all ignition strategies, 

advancing the spark timing increases the average MAPO, after an initial plateau during 

which knock is not observed.  Further advancing the spark timing once knock is first 

observed, the sensitivity of the MAPO to the spark timing first increases rapidly then stays 

approximately constant over a wide interval, and finally drops again. For all spark timings, 
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the average MAPO first increases activating additional spark plugs, but it drops when 

activating the fourth spark plug.   

 
Figure 5.10. Average MAPO for different spark strategies (PRF100). 

Given that the objective of this custom research engine is to facilitate experimental 

investigation of knock, it is important to understand the distribution of knock intensity as 

a function of the spark timing and the number of active spark plugs. For the single spark 

ignition cases (Figure 5.11a), when the spark timing is later than -27 CAD aTDC, knock is 

not observed. At -30 CAD aTDC, we see the ranges of [0.5, 1] and [1, 1.5] appear in the 

MAPO distributions, denoting that there are knock cycles with this spark strategy. 

Advancing spark timing from -30 to -40 CAD aTDC, the percentage of the lowest MAPO 

range goes down significantly from 93% to 30%, in favor of cycles with MAPO >1.5. The 

double spark ignition (Figure 5.11b) leads to similar results, with no observable knock for 

spark timing later than -27 CAD aTDC, 30% mild knock events (this being defined as having 
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a MAPO between 0.5 and 1) for spark timing ranging from -30 to -25 CAD aTDC, and an 

increased percentage of stronger knock events as the spark timing is advanced. In 

particular, the fraction of cycles with MAPO larger than 1 bar reaches above 42% when 

the spark timing is at -33 CAD aTDC.  

The triple-spark ignition (Figure 5.11c) shows mild knock events with ST as late as -7 CAD 

aTDC, and the probability of a MAPO greater than 0.5 bar grows rapidly when advancing 

the spark timing. The probability of “weak” knock events with MAPO < 1 bar is between 

20% and 30% for spark timing ranging from -13 to -27 CAD aTDC, similar to what was 

achieved with one or two spark plugs activated.  The percentage of knock events with 

MAPO > 2 increases rapidly when advancing the spark timing, reaching over 20% for a 

spark timing of -27 CAD aTDC. The activation of the fourth spark plug inverts the trend, 

with a reduction of the percentage of cycles with MAPO higher than 0.5 bar for all spark 

timings. Interestingly the addition of the fourth spark plug reduces the occurrence of 

strong knock events (MAPO>2) and those in the 0.5-1 bar range while showing a 

distribution similar to the three spark ignition case for events with MAPO in the 1-2 bar 

range. Figure 5.11 summarizes the flexibility provided by the multiple sparks in enabling 

a wide range of MAPO distributions and provides useful guidelines for using this research 

engine for knock studies. In particular, by combining different spark strategies and spark 

timing, knock events falling into a specific MAPO range can be targeted. 
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(a) Spark plug: 1 (b) Spark plug: 1+3 

  

(c) Spark plug: 1+2+3 (d) Spark plug: 1+2+3+4 

Figure 5.11. MAPO distribution percentages for different sparking methods (PRF100, 
CR: 8). 

5.4.2 Compression ratio effect on knock characteristics under different spark strategies 

Figure 5.12 demonstrates the average MAPO variation with different compression ratios 

(CR = 10, 9, 8, obtained by changing the piston height) for each spark strategy. The inlet 

air temperature was kept constant. In general, for a given ignition strategy higher 

compression ratio promotes auto-ignition of end-gas, resulting in higher MAPO. The 

average MAPO profiles show similar trends with the spark timing for the cases with 

compression ratios at 9 and 10, respectively; advancing the spark timing MAPO will 
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increase rapidly after knock is first observed, where increasing the number of active 

sparks from two to three causes a drastic increase in the MAPO, which is then suppressed 

by activating the fourth spark plug. The only deviation to the trend is for the CR-10 cases 

with ST>-5 for which the four spark plugs ignition leads to higher MAPO than the three 

spark plug configuration. Reducing the compression ratio, the engine becomes less prone 

to knock, and the MAPO is greatly reduced for all cases. For up to three active spark plugs, 

the trends are maintained, but given the highly non-linear temperature dependence of 

the knock process, for a fixed ignition strategy, the MAPO reduction is significantly larger 

when varying the compression ratio from 9 to 8, than from 10 to 9. This nonlinearity 

becomes more evident when activating the fourth spark-plug, as the average MAPO drops 

even below what is achieved with two sparks. The results suggest that for CR-8, with four 

activated spark plugs, the flame consumes all of the end gas before auto-ignition happens, 

therefore suppressing knock.   

 
Figure 5.12. Average MAPO variation with compression ratio under different spark 

strategies (fuel: PRF100). 
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Further analysis of the pressure traces can lead to a better understanding of the observed 

behavior with different spark strategies. Figures 5.13-5.15 show the average knock onset 

time, the unburned temperature at knock onset, and the cumulative heat release 

fractions at knock onset for different compression ratios (CR = 10, 9, 8) and sparking 

methods respectively. In this analysis, only the data of knocking combustion cycles (MAPO 

>0.3) are averaged for all the spark strategies.  

 
Figure 5.13. CR effect on knock onset with different spark strategies (fuel: PRF100). 

 
Figure 5.14. CR effect on unburned temperature at knock onset with different spark 

strategies (Fuel: PRF100). 
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Figure 5.15. CR effect on HRR fraction at knock onset with different spark strategies 

(fuel: PRF100). 

For a fixed compression ratio and a constant number of activated sparks, advancing the 

spark timing advances the knock onset time, leading to a higher temperature of the 

unburnt gases at knock onset, and a lower fraction of heat release at knock onset. Auto-

ignition events occurring closer to TDC, with higher temperature and mass fraction of end 

gas, lead to a higher knock intensity, explaining the observed MAPO varying trend with 

spark ignition timing. For a fixed ignition strategy (i.e., number of activated sparks and 

spark timing), an increase in the compression ratio advances the knock onset time and 

lowers the fraction of heat released at knock, consistent with the observed trend in 

MAPO. On the other hand, when increasing the compression ratio, the temperature at 

knock onset is instead reduced as a consequence of the lower fraction of heat released at 

knock onset.  The behavior observed when increasing the number of active spark plugs is 

more complex. For CR-9 and 10, the activation of additional spark plugs advances the 

knock onset time and increases the temperature of the unburnt gases at knock onset, but, 
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in contrast to changes in spark timing and compression ratio, it also increases the fraction 

of heat released at the knock onset point, leaving less energy for auto-ignition. This 

explains the non-monotonic behavior observed for the knock intensity as a function of 

the number of active spark plugs; knock intensity first increases with the number of active 

plugs consistent with the advancing of knock onset timing, and the increased end-gas 

temperature, but the trend is then broken with four active plugs, as the unburnt gas is 

reduced to less than 10%. The curves of heat release at knock onset confirm the proposed 

explanation for the knock suppressing effect of four active spark plugs. In particular, when 

four spark plugs are active, decreasing the compression ratio to 8 further reduces the 

available mass for auto-ignition, leading to an average MAPO below what is observed 

firing only two spark plugs. 

5.4.3 Fuel octane number effect on knock characteristics under different spark 

strategies 

As the octane number of a fuel directly affects its anti-knock property, the influence of 

fuel octane number on the above-mentioned knocking characteristics were further 

studied. Figure 5.16 shows the average MAPOs for the tested ignition strategies at CR=8 

with three different PRF fuels of octane numbers 100, 95, and 91. For a fixed ignition 

strategy, the average MAPO increases with reducing octane number, with the only 

exception being the three-spark plug case with ST<10, for which PRF95 gives a slightly 

more intense average MAPO than PRF91. For the three octane numbers tested, the effect 

of varying spark timing and the number of active spark plugs remains consistent with what 
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was observed with isooctane, namely that increasing the number of active spark plugs 

from three to four, shows a reduction in the MAPO, but the effect is much smaller than 

what was observed for isooctane at CR-8.   

 
Figure 5.16. Average MAPO variation with different fuel octane numbers and different 

spark strategies (CR: 8). 

Figure 5.17 shows that for all the ignition strategies tested, decreasing the octane number 

greatly advances the knock onset time and reduces the heat released by the time of knock 

onset (Figure 5.18), thus explaining the increased average MAPO. The unburned gas 

temperature (Figure 5.19) increases with octane number, but similar to what is observed 

with the compression ratio, the difference is related to the fraction of heat released, and 

not a direct indicator of knock intensity. Reducing the octane number the sensitivity to 

the spark onset timing, and with it the heat released at knock onset is increased, but this 

did not lead to an increased sensitivity of the average MAPO. Increasing the number of 

active plugs from three to four reduces the available fuel for auto-ignition for all octane 
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numbers, explaining the reduction in knock intensity. Note that for PRF95 and PRF91, the 

knock suppression effect of activating four spark plugs is greatly diminished because the 

heat-released at knock onset stays below 90% for most ST.   

 
Figure 5.17. Effect of fuel octane on knock onset under different spark strategies (CR: 

8). 

 
Figure 5.18. Effect of fuel octane on HRR fraction at knock onset under different spark 

strategies (CR: 8). 
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Figure 5.19. Effect of fuel octane on the unburned gas temperature at knock onset 

under different spark strategies (CR: 8). 

5.4.4 Knock induced pressure oscillations, frequencies, and resonance modes of 

different spark strategies 

Figures 5.20 – 5.23 show the pressure oscillations for isooctane at CR = 10 under different 

spark strategies, with the knocking cycle with the highest MAPO being selected for each 

case. Taking the crank angle with the highest absolute amplitude as the center, seven 

consecutive time points are analyzed to investigate the knock-induced pressure 

oscillation for each case. 
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Figure 5.20. In-cylinder pressure oscillations, frequencies, and resonance modes for a 
single spark ignition case (active plug: 1, fuel: PRF100, CR: 10, ST: -10 CAD aTDC). 

 
 

Figure 5.21. In-cylinder pressure oscillations, frequencies, and resonance modes for a 
double spark ignition case (active plug: 1+3, fuel: PRF100, CR: 10, ST: -10 CAD aTDC).  
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Figure 5.22. In-cylinder pressure oscillations, frequencies, and resonance modes for a 
triple spark ignition case (active plug: 1+2+3, fuel: PRF100, CR: 10, ST: -10 CAD aTDC).  

  
Figure 5.23. In-cylinder pressure oscillations, frequencies, and resonance modes for a 
quadruple spark ignition case (active plug: 1+2+3+4, fuel: PRF100, CR: 10, ST: -10 CAD 

aTDC).  

For single spark ignition (Figure 5.20), the primary oscillation mainly lies in between the 

side 2 and side 4, denoting the resonance mode (1, 0) is dominant among all the acoustic 

oscillation forms. Furthermore, the highest and lowest amplitudes appear in the 3rd and 

1st quadrants respectively, indicating that the knock-induced pressure wave mainly 

travels between these two quadrants. Additional acoustic harmonic modes appear during 

the knock vibration process when introducing more spark plugs. For example, activating 
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a second spark (see Figure 5.21), the amplitude increases significantly, and the frequency 

band between 11 and 12 kHz becomes more dominant, implying the (2, 0) oscillation 

mode. More harmonic modes emerge in the knock-induced pressure oscillations, such as 

the (1, 1) form. Similarly, the pressure wave propagates between plugs 2 and 4, suggesting 

auto-ignition initiates within the end-gas zones from these two sides. Switching from 

double spark ignition to triple spark ignition (see Figure 5.22), the amplitudes of the 

oscillating forms are increased noticeably, because of the higher knock strength. From 

Figure 5.22, we see the pressure wave mainly spreads between the side 2 and side 4, 

which can be validated from the FFT spectrum, and (1, 0) mode is more prominent than 

other modes.  In particular, the pressure wave travels from plug 4 (the inactive plug) to 

another location, denoting that the auto-ignition happens in the unburned region near 

this spark plug. When activating four plugs (see Figure 5.23), more resonance modes 

appear in the knock vibration period. For example, the (2, 0) mode is dominant among all 

the forms, and the (1, 1) mode is also clear in this case. In particular, the (0, 1) form is 

stronger than in the other cases, and there is a clear core of waves in Figure 5.23, denoting 

that the auto-ignition is initiated near the center of the combustion chamber, where the 

end-gas is expected to be in this case. In short, a diversity of the acoustic resonance modes 

is promoted by introducing more spark plugs. 

5.4.5 Compression ratio effect on the knock induced pressure oscillations 

Figures 5.24 - 5.26 display the knock-induced pressure oscillations of the four spark 

ignition cases under different compression ratios. In these figures, Figure 5.24 is the same 
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as Figure 5.20 and is reproduced for each compression ratio (CR = 10, 9, 8). For CR = 10 

(see Figure 5.24), the pressure fluctuations reveal various acoustic harmonic forms 

according to the frequency spectrum, such as the (2, 0), (0, 1), and (1, 1) modes. However, 

in the CR = 9 case (see Figure 5.25), two main waveforms are dominant during knock 

vibrations, i.e., the (1, 0) and (0, 1), and the pressure wave mainly spreads between side1 

and side3. Furthermore, in the CR = 8 case (see Figure 5.26), only one acoustic harmonic 

mode (1, 0) appears in the pressure oscillation process.  In summary, lower compression 

ratios reduce the acoustic resonance diversity. 

  
Figure 5.24. In-cylinder pressure oscillations, frequencies, and resonance modes at CR 

= 10 (fuel: PRF100, SP: 1+2+3+4, ST: -10 CAD aTDC). 
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Figure 5.25. In-cylinder pressure oscillations, frequencies, and resonance modes at CR 

= 9 (fuel: PRF100, SP: 1+2+3+4, ST: -10 CAD aTDC). 

  
Figure 5.26. In-cylinder pressure oscillations, frequencies, and resonance modes at CR 

= 8 (fuel: PRF100, SP: 1+2+3+4, ST: -10 CAD aTDC). 

5.4.6 Fuel effect on knock induced pressure oscillations 

Figures 5.27 - 5.29 show the variations of pressure fluctuating strength, forms, and 

frequencies for the four spark ignition case while using PRF fuels with different octane 

numbers (ON = 100, 95, 91) at a CR of 9. For PRF100 (see Figure 5.27), the resonance 

mode (1, 0) plays the predominant role and the wave oscillation mainly exists between 

side1 and side3. The (0, 1) form is also obvious, which manifests that the auto-ignition 
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may happen close to the center. In the PRF95 case, except for the (1, 0) and (0, 1) modes 

that are more apparent than other forms, another frequency band emerges between 19 

and 20 kHz; this represents the (1, 1) resonance mode, which can be validated by the 

wave contours in Figure 5.28. In comparison, the PRF91 gives rise to more dominant 

waveforms than the other fuels, with more local wave spikes in Figure 5.29. These facts 

suggest that lower fuel octane numbers could increase the acoustic resonance diversity. 

  
Figure 5.27. In-cylinder pressure oscillations, frequencies, and resonance modes with 

octane number at 100 (CR: 9, SP: 1+2+3+4, ST: -10 CAD aTDC). 

  
Figure 5.28. In-cylinder pressure oscillations, frequencies, and resonance modes with 

octane number at 95 (CR: 9, SP: 1+2+3+4, ST: -10 CAD aTDC). 
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Figure 5.29. In-cylinder pressure oscillations, frequencies, and resonance modes with 

octane number at 91 (CR: 9, SP: 1+2+3+4, ST: -10 CAD aTDC). 

5.4.7 Summary of section 5.4 

A specialized liner with four spark plugs was used to carry out a series of spark strategies 

to trigger controllable knock for investigation. Flame fronts could be initiated from 

different locations and propagate diversely across the combustion chamber with this 

arrangement. Various end-gas zones are generated to investigate the knock 

characteristics with auto-ignition at different sites in the cylinder. Six pressure 

transducers were mounted at different locations to collect the pressure signals from 

different points. The main conclusions from this study are listed as follows.  

(1) The knock intensity of single spark ignition is normally weak while increasing the 

activated plug number from one to three could increase the MAPO values and knock cycle 

numbers significantly. However, four spark ignition could reduce the MAPO to a lower 

level than for triple spark ignition. 
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(2) The mean MAPO increases significantly when increasing the number of active plugs 

from one to three, and more knock cycles appear in high MAPO ranges. However, when 

activating the fourth spark plug, the average MAPOs and the percentages of high MAPO 

ranges decreases significantly compared with triple spark ignition. 

 (3) For all the spark strategies, advancing spark timing advances the knock onsets, 

decreases the fraction of heat released at knock onset, and increases the end-gas 

temperature when knock occurs. Although the four spark ignition gives rise to the highest 

end-gas temperatures at knock onset, the auto-ignition generally consumes less than 10% 

of the injected fuel, which explains the practical knock mitigation effect of this spark 

strategy. 

(4) The knock intensity is determined by the dual effects of the unburned temperature 

and end-gas mass fraction at knock onset, and this explains the non-monotonic MAPO 

trend when adding more spark ignition sites. Additionally, the knock intensity turnover is 

enhanced by a low compression ratio and a higher octane number of fuel.  

(5) By installing six pressure sensors at different points, the collected pressure signals 

could be used to build 2D knock fluctuation diagrams, and it is found that the indicated 

acoustic resonance modes are highly consistent with those estimated by FFT results. 

Multiple spark ignition points can generate a diversity of knock vibration modes. 

Moreover, higher compression ratios and lower fuel octane numbers tend to produce 

more acoustic harmonic modes during knocking combustion. 
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5.5 Concluding remarks 

The purpose of this chapter was to investigate the effects of compression ratio and fuel 

octane number on knock behaviors under the applied spark strategies. Based on the 

proposed knock determination method, the temperature of the unburned mixture and 

end-gas fraction at knock start were analyzed, and it was found that they can offset each 

other to determine the knock strength. This fact explains the non-monotonic behavior of 

knock intensity variation when activating more plugs simultaneously, and the turnover in 

this becomes more evident with low compression ratio and high fuel octane number. 

Furthermore, based on the multiple channels of pressure signal, 2D pressure oscillation 

contours were built in different knock cases and compared with their respective 

frequency spectrum. These results showed that multiple spark ignition points could 

improve the power output while reducing the combustion cycle-to-cycle variations and 

exhaust emissions such as unburned hydrocarbon and CO. Moreover, increasing the 

number of active plug from one to three leads to more violent knock, while the four spark 

ignition could alleviate knock strength compared with triple spark ignition, and low 

comparison ratio and high fuel octane number could enhance the non-monotonic 

behavior. 

Based on the research findings in this chapter, an US patent has been applied (No. 

63/279,281). The next chapter will introduce high-speed images of knocking combustion, 

and statistically study the distributions of end-gas regions and auto-ignition sites for the 

different conditions discussed in this chapter. 
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Chapter 6: Using optical diagnostics and multi-point pressure sensing on 

knocking combustion with multiple spark ignition 

Chapter 5 compared combustion characteristics and emissions of the applied four spark 

strategies illustrated in section 4.2.1, and investigated the effects of multiple spark 

ignition on engine knock under different compression ratios and fuel octane number 

conditions. 

This chapter mainly implements an optical study on knocking combustion under various 

spark strategies, where the high-speed flame images are synchronized with pressure data 

to investigate the knock evolution in the whole combustion cycle of different cases. Knock 

onset is determined from image processing results, and the distributions of end-gas 

regions and auto-ignition sites are investigated.  

In this chapter, a new method is proposed to investigate knock-induced pressure 

oscillations according to the flame intensity, and the results are consistent with those 

provided by multiple channels of pressure signals.  

6.1 Introduction 

Engine knock is caused by the spontaneous auto-ignition of end-gas, its rapid heat release 

generates steep pressure gradients locally and leads to high-frequency fluctuations across 

combustion chamber, imposing adverse effects on engine performance and service life 

[1]. In the last decade, many studies focused on the knock attenuation techniques, 

including retarding the spark timing [2, 3], water injection [4-6], fuel enrichment [1, 7], 
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and increasing fuel octane number (ON) [8, 9]. However, most of these investigated 

technologies have brought side effects, such as sacrificing engine efficiency or degrading 

the cold-start performance. Consequently, it is imperative to explore the knock 

mechanism in-depth, including the detrimental high-frequency pressure oscillations in 

the cylinder. 

Several studies have been implemented on auto-ignition initiation mechanism and knock 

evolution processes both numerically [10-14] and experimentally [15, 16]. Terashima et 

al. [17] pointed out that pressure wave disturbance enhanced the non-uniform end-gas 

auto-ignition and produced large knock intensities. Luong et al. [18] analyzed effects of 

turbulence and temperature fluctuations on knock. They concluded that the increased 

temperature and pressure by combustion heating enhanced interactions among multiple 

auto-ignition fronts, resulting in localized high-pressure spikes. Iijima et al. [19] studied 

the interactions between auto-ignition and strong pressure wave formation and reported 

the auto-ignition developed in a propagating manner because of the temperature 

distribution. Kawahara et al. [20] analyzed end-gas auto-ignition characteristics in a 

compression–expansion machine, in which the second pressure increase was related to 

auto-ignition before the main flame arrival. Since knocking combustion is very fast, optical 

diagnostic techniques have been widely applied to give critical insights into this process. 

Many recent works [21-24] used high-speed imaging to capture the auto-ignited kernel, 

flame structure, as well as flame propagation speed. Wang et al. [25, 26] studied the 

super-knock mechanism under high pressure and high temperature in a rapid 
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compression machine (RCM). Herzler et al. [27] studied the auto-ignition of toluene 

reference fuel at high pressures and intermediate temperatures in a shock tube. 

However, the RCM and shock tube have limited applicability to the study of knock 

characteristics with high cycle-to-cycle variations, because they cannot reproduce actual 

recurring engine conditions. Consequently, more and more knock researches have been 

implemented on optical SI engines. For example, Vafamehr et al. [28] studied the effect 

of excess fuel on heavy knock. They pointed out that knock intensity was first increased 

by around 65% by adding a small-to-moderate amount of fuel (up to λ: 0.89) through 

direct injection (DI). The knock was suppressed by injecting more fuel until reaching 

excessively rich conditions (λ: 0.65). Sjöberg and He [29] used multiple spark plugs to 

explore the lean combustion limit and observed the transition from deflagration to auto-

ignition under ultra-lean conditions (ϕ = 0.55). Merola and Vaglieco [30] studied the flame 

propagation and radical distributions by using natural flame luminosity (NFL) and 

spectroscopy techniques. Despite these optical studies, the fundamentals of knocking 

combustion in engines have still not been fully uncovered due to the presence of cycle-

to-cycle variation (CCV). As engine knock is a typically stochastic and cycle-dependent 

phenomenon [14, 31], it is laborious to obtain statistical results of knock characteristics. 

To deal with these issues, this study is motivated to trigger more controllable knock 

events by using multiple spark ignition sites, which is illustrated in Chapters 4-5. 

However, there are still gaps in the understanding between the overall knock tendency 

and the detailed in-cylinder knock physics under multiple spark sites conditions. The 
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effects of spark location on knock onset, end-gas distribution, and pressure oscillation 

modes are not well known. To solve these issues, we investigated the knock combustion 

by using different spark strategies on an optical engine. Six pressure sensors were 

installed at different locations, and the high-speed imaging was synchronized with 

pressure measurement to analyze the local knock-induced fluctuations. 

As engine knock is intertwined with the local flow field and energy release, it was revealed 

that the acoustic fluctuations caused by knock were not stable and symmetrical in 

cylinder [32]. Luong et al. [18] indicated that interactions among multiple auto-ignition 

fronts were enhanced by the combustion heating, yielding localized high-pressure spikes. 

Traditionally, the knock-induced vibrations are analyzed based on the in-cylinder pressure 

recorded by transducers [1, 19]. For example, Syrimis and Assanis [33] used two pressure 

probes to investigate the pressure wave propagation temporally and spatially; however, 

the precision was limited since the acoustic vibrations along the path between the two 

transducers may not be predominant. Vressner et al. [34] applied eight pressure 

transducers to study the pressure oscillations of homogeneous charge compression 

ignition (HCCI) with a relatively low spatial resolution, but they did not investigate the 2D 

pressure distributions and wave propagations. Additionally, installing multiple pressure 

transducers may introduce additional signal noises. Shahlari and Ghandhi [35] pointed 

out that the pressure data could be affected by aliasing the natural frequencies of 

multiple pressure sensors, even if the data acquisition frequency was below the sensor 

natural frequency. 
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Recently, some studies [19, 25, 26] observed different end-gas combustion modes and 

captured the pressure fluctuations during knock by synchronizing high-speed 

photography and pressure acquisitions. Kawahara and Tomita [36] visualized the acoustic 

wave propagations after end-gas auto-ignition. The results revealed that large amounts 

of auto-ignited end-gas tended to generate strong pressure waves. Chen et al. [21] 

investigated the relationships between knocking characteristics and auto-ignition, and 

determined that fast SI flame speed facilitated the spontaneous ignition of end-gas. He et 

al. [37] concluded that the luminosity spectrum could identify the resonant frequencies 

and mode shapes produced in engine knock. Zhao and Kaiser [24] illustrated that optical 

diagnostic results had lower cycle-to-cycle variations than those of pressure signals. 

Kawahara et al. [38] investigated the OH* distributions during knocking combustion and 

reported that their oscillations were synchronous with cylinder pressure. Nevertheless, 

the relations between high-speed flame luminosity and pressure oscillation at different 

locations during knocking combustion have not been systematically studied before, and 

how to detect the knock-induced pressure oscillation with high resolution and accuracy 

according to local flame luminosity has not been explored. Moreover, the relations 

between the high-speed flame luminosity and pressure oscillation during knock is still 

unknown. Interestingly, some researchers [39-41] applied a pressure-sensitive paint (PSP) 

technique to measure pressure oscillations directly, however, it is too constrained to be 

used in high pressure and temperature environments in SI engines. To date, very few 

studies measured the spatial distribution of the pressure fluctuation during engine 
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knocking combustion using multiple pressure sensors because it is too expensive and has 

low spatial resolution. 

In this Chapter, we also explored the relations between knock-induced pressure 

oscillations and the natural flame luminosity intensity (NFL) variations in an optical 

engine. A multiple spark ignition system was employed to introduce more controllable 

knock events for analysis. Four pressure sensors were installed circumferentially around 

the liner in the present work, and another two were mounted in the engine head (one at 

the center, another one with an offset, shown in Chapter 4). These multiple pressure 

signals were collected to illustrate the local in-cylinder pressure fluctuations in real-time. 

The predicted spatial distribution of the pressure oscillation based on the six pressure 

sensors was compared to the signal oscillation of the results provided by derived from the 

NFL imaging. A new method was proposed to inspect the knock-induced pressure 

oscillation profiles measure the distribution of pressure oscillations by monitoring the 

fluctuations of the local NFL intensity fluctuations. The effects of flame monitor number 

and size on the precision of this method were also explored. 

6.2 Research methods 

6.2.1 Sparking strategy 

As illustrated in Chapter 4, four spark plugs were evenly mounted around the metal liner. 

Various flame propagation processes could be triggered by using different spark ignition 
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strategies, and potential auto-ignition sites were deduced according to multiple pressure 

signal channels.  

6.2.2 Quantification of knock induced pressure oscillation 

A band-pass filter with a 4–20 kHz frequency range [7] was applied to analyze the nature 

of in-cylinder pressure fluctuations based on the pressure signals obtained by the six 

pressure transducers. The maximum amplitude of pressure oscillation (MAPO) was 

selected to quantify knock strength at each crank angle. More details could be found in 

the Chapter 5. 

6.2.3 Frequency spectrum 

Engine knock results to high-frequency acoustic vibrations in cylinder, and the chamber 

geometry and combustion process determine the generated frequency spectrum and 

acoustic resonance modes. The fast Fourier transform (FFT) and wavelet analysis methods 

are used here to evaluate the dominant frequencies of knock vibrations, and the 

variations of their amplitudes with time. Chapter 5 introduced more details about these 

techniques. 

6.2.4 Knock onset determination with pressure oscillation and image processing 

The knock onset is defined as the first time point when the amplitude of pressure 

oscillation surpasses a preset threshold (|𝑃𝑓| = 0.1 𝑏𝑎𝑟), as illustrated in Refs. [42, 43]. 

As shown in Figure 6.1, there are apparent increases in the heat release rate (HRR) and 
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flame properties (e.g., flame area proportion and mean flame intensity) because of auto-

ignition, denoting the validity of the knock onset determination. 

 

Figure 6.1. Knock onset determination with pressure oscillation (active spark plugs: 
P1+P2+P3, ST = -10 CAD aTDC). 

 

Since auto-ignition may start at the flame front and merge with the main flame, it is hard 

to extract the auto-ignition separately according to image luminosity distributions. 

Additionally, due to the interference from some local areas with strong radiations, the 

intensity gradients [44] and the contrast limited adaptive histogram equalization method 

(CLAHE) [45, 46] could not detect the start of auto-ignition effectively. As shown in Figure 

6.2, the intensity ratios between two adjacent images (Figs. 6.2a and 6.2b) are calculated 

to investigate the flame luminosity variations at different crank angles. When auto-

ignition happens, there is a dramatic change of flame intensity due to the high HRRs of 

knocking combustion, as illustrated by the bright local area in Figure 6.2c. Apart from the 

bright areas of auto-ignition, many bright spots appear at the flame front, due to the 
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luminosity change caused by flame propagation. Next, the graph is denoised with a 2-D 

image digital filter to eliminate the bright dots at the boundary and background noises. 

After that, only the auto-ignition areas were displayed in the image (see Figure 6.2d). 

 

Figure 6.2. Image processing to obtain the knock onset site.  (Sparking plug: 
P1+P2+P3, ST = -10 CAD aTDC) (a) Raw image at 16 CAD aTDC (amplified by 1.5 times). 
(b) Raw image at 16.1 CAD aTDC (amplified by 1.5 times). (c) Distribution of intensity 
ratios of two adjacent pictures. (d) Denoised intensity ratios of two adjacent pictures. 
(e) Denoised intensity ratios with labeling the auto-ignition area. (f) Locating the auto-

ignition area. (g) Extracting the auto-ignition area from the raw image. (h) Binarized 
area of auto-ignition. 

Figure 6.2e shows that the auto-ignition area is labeled based on its high-intensity ratio, 

and its position is marked with a red cross in the original image, as shown in Figure 6.2f. 

Subsequently, the field of auto-ignition is extracted (Figure 6.2g) and binarized (Figure 
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6.2h) from the raw image, to evaluate its area and luminosity distributions. Meanwhile, 

the knock onset can be determined based on the earliest time when auto-ignition could 

be located by this procedure. 

6.2.5 Probability distribution of the end-gas  

Due to the CCV, the end-gas distribution varies across different cycles at each condition. 

It is necessary to investigate the end-gas spreading possibilities, representing the 

scattering trends of auto-ignition sites. For each condition, after sorting out the order of 

200 recorded cycles based on their MAPO values, the first 50 cycles with higher knock 

strength are selected for end-gas spreading and auto-ignition scattering analysis. As 

illustrated in Figure 6.3, a series of raw images (Figure 6.3a) at the same crank angle across 

the sampling cycles are analyzed. The flame boundaries are marked with green lines 

(Figure 6.3b) to denote the flame propagating area. Then the flame images are binarized 

to split the end-gas regions from the main flame (Figure 6.3c). Next, all the binarized 

images are overlapped together to evaluate the end-gas distribution possibilities in the 

cylinder (Figure 6.3d). The higher the possibility in a particular area, the more frequently 

end-gas would distribute therein. 
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Figure 6.3. The possibility of end-gas distribution at 15 CAD aTDC (Sparking plug: 
P1+P2+P3, ST = -10 CAD aTDC) (a) Raw flame image. (b) Labeled flame image. (c) 
Binarized flame image. (d) The possibility of end-gas distribution in the cylinder. 

6.2.6 Cross-correlation 

In this study, the cross-correlation is used to measure the similarity of pressure and NFL 

measurement results, and its peak occurs at the lag where the data are most related [47]. 

Correlation coefficients for time series data can range from -1 to +1. The closer the cross-

correlation is to 1, the closer the set is to the same [48]. 

For two random time series vectors X =  (𝑋1, … , 𝑋𝑚)𝑇 and Y =  (𝑌1, … , 𝑌𝑛)𝑇, their cross-

correlation matrix of X and Y is defined by Eq. (6.1) [49]: 

𝑅𝑋𝑌  ≜ 𝐸[𝑋𝑌𝑇]                                                           (6.1) 

Where: 

𝑅𝑋𝑌 is the cross-correlation matrix of X and Y and has a dimension of m × n. 
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E is the expected value operator. 

X and Y are the random vectors, and they need not have the same dimension, and either 

might be a scalar value. 

6.2.7 2D data fitting 

Figure 6.4a shows that totally six pressure sensors are installed to collect pressure signals 

from different sides. Due to the directional nature of the knock oscillation, its amplitude 

may vary at different locations [50]. As shown in Fig. 6.4a, a 2D contour is fitted based on 

the quantified magnitudes of knock-induced pressure oscillations given by the six 

transducers. The values in this contour indicate the spatial distribution of pressure 

oscillations within the cylinder domain.  

As shown in Fig. 6.4c, a total of six virtual flame monitors, which have the same detection 

sizes as the flush-mounted pressure sensors, are used to monitor the natural flame 

luminosity from the same locations. The sampling properties of these virtual flame 

monitors are same with the high-speed imaging, as shown in the section 2.2. Similarly, 

the flame intensities provided by these virtual flame monitors are fitted to build a 2D 

contour (see Fig. 6.4d), to demonstrate the NFL distributions in cylinder. 
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a) Arrangement of pressure sensors b) 2D contour of knock-induced pressure 
oscillation 

 
 

c) Arrangement of virtual flame 
monitors 

d) 2D contour of knock-induced NFL 
oscillation 

Figure 6.4. Configurations and 2D data fitting results of pressure and NFL monitor. 

6.2.8 Structural similarity 

In this study, the structural similarity index measure (SSIM) is used to evaluate the 

similarity between the 2D contours derived from pressure and NFL measurements, and 

the compared two images should have same sizes. Similar to cross-correlation, the value 

range of SSIM ranges from −1 to +1, SSIM = 1 denotes the contrast images are identical. 
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This index is based on the local estimates SSIM between two windows x and y of size N ∗ 

N pixels [51]: 

𝑠𝑠𝑖𝑚(𝑥, 𝑦) =  
(𝜇𝑥𝜇𝑦+𝑐1)(2𝜎𝑥𝑦+𝑐2)

(𝜇𝑥
2+𝜇𝑦

2+𝑐1)(𝜎𝑥
2+𝜎𝑦

2+𝑐2)
                                         (6.2) 

Where: 

𝜇𝑥 and 𝜇𝑦 are the average values of windows x and y; 

𝜎𝑥
2 and 𝜎𝑦

2 are the variances of windows x and y; 

𝜎𝑥𝑦 is the covariance of windows x and y; 

Constants 𝑐1 = (𝑘1𝐿)2 and 𝑐2 = (𝑘2𝐿)2, L = 255 indicates the luminance range of image; 

𝑘1 = 0.01 and 𝑘2 = 0.03 are experimentally defined constants. 

The global SSIM index for images A and B is calculated as the arithmetic mean of local 

estimated 𝑠𝑠𝑖𝑚(𝑥, 𝑦): 

SSIM(A, B) =  
1

𝑀
∑ 𝑠𝑠𝑖𝑚(𝑥, 𝑦)𝑥𝑦                                                 (6.3) 

Where A and B are two images of equal size, and M is the number of windows. 

6.3 Optical study on knocking combustion under different spark strategies 

6.3.1 Pressure and HRRs 

Figure 6.5 shows the pressure traces and HRRs for the different sparking strategies while 

keeping the same spark timing at -10 CAD aTDC. When activating plug P1 only, both the 
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pressure and HRR grow smoothly before auto-ignition happens around 30 CAD aTDC, 

denoting the mild combustion in the cylinder. In comparison, their values are lower than 

those of other spark strategies, while the combustion duration is much longer because 

the flame propagation process is prolonged by triggering one spark plug. After switching 

to the two-spark case (P1+P3), the combustion duration is significantly shortened, while 

the pressure and HRRs are much higher than those of single spark ignition with plug P1. 

There is a steep increase of HRR around 20 CAD aTDC, implying auto-ignition, which is 

followed by vibrations in the pressure trace.  

 
Figure 6.5. Pressure traces and HRRs of different spark strategies (ST: -10 CAD aTDC). 

For the three-spark ignition case (P1+P2+P3), knocking combustion becomes more violent 

than for the other cases, as the HRR caused by auto-ignition goes up sharply, and the 

knock-induced pressure oscillations are fiercer. When triggering the four plugs 

(P1+P2+P3+P4) simultaneously, the rise rates of pressure and HRR traces are higher than 

the other cases, because the main flame travels from four different sides in parallel, 

contributing to the faster flame area growth. Auto-ignition emerges around 16 CAD aTDC, 

accompanying a steep increase in the energy release rate. However, the pressure 
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fluctuations of knocking combustion are milder than those in the triple spark ignition, 

suggesting this four-spark ignition has a specific suppressing effect on the amplitude of 

knock-induced pressure oscillation. 

6.3.2 Knock onsets and mass fraction of burned (MFB) fuel 

As demonstrated in section 3.4, the knock onset time can be determined according to a 

preset threshold (0.1 bar) of knock-induced pressure oscillation. Figure 6.6 displays the 

different knock onset times of various spark strategies, and the corresponding mass 

fractions burned of fuel (MFBs), and the associated HRRs.  

 
Figure 6.6. MFBs, HRRs, and pressure oscillations of different spark strategies (ST: -10 

CAD aTDC). 

For the single spark ignition (P1), the knock vibrations are very weak during normal 

combustion. The knock onset time (around 31.2 CAD aTDC) is later, and the MFB grows 

slower than in the other cases. In comparison, the knock onset of two-spark ignition 

(P1+P3) is advanced to around 19 CAD aTDC, accompanied by an abrupt increase of HRR, 

and the MFB reaches about 62% when knock happens. After switching to triple spark 
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ignition (P1+P2+P3), the knock onset is further advanced to 16.5 CAD aTDC; meanwhile, 

around 55% of the fuel has been burned by the main flame. The subsequent pressure 

fluctuations become much more violent than in other cases, and the MAPO can reach 5.9 

bar. Regarding the four-spark ignition (P1+P2+P3+P4), the start of auto-ignition is the 

earliest among these spark strategies, due to its higher burn rate. In this case, about 50% 

of the fuel has been consumed at knock onset, but the MAPO value (2.55 bar) is lower 

than that of three-spark ignition.  

6.3.3 In-cylinder natural flame luminosity (NFL) 

6.3.3.1 Single spark ignition (P1, ST: -10 CAD aTDC) 

Figure 6.7 presents the pressure oscillation, HRR and flame properties, and the NFL 

images at some critical time points for single spark ignition at -10 CAD aTDC. Between 10 

and 25 CAD aTDC, the main flame propagates smoothly in the chamber, and the flame 

area grows steadily to around 75% of the whole field. Meanwhile, it is hard to notice any 

pressure oscillations because of the slow combustion, and the mean flame intensity stays 

at a low level. Starting from 28.4 CAD aTDC, we see that the auto-ignition emerges near 

the flame front, which causes more flame kernels to appear close to the cylinder wall, as 

indicated by the flame image at 28.8 CAD aTDC. Subsequently, the end-gas is burned 

through auto-ignition in less than 1 CAD, and both the flame area and HRR increase 

significantly. Note that the auto-ignition luminosity is higher than that of the main flame, 

contributing to the growth of mean flame intensity. Next, the rapid heat release of the 

end-gas results in pressure fluctuations in cylinder. In the period from 31.2 to 32.8 CAD 
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aTDC, the luminosity near plug P1 is higher than in other areas, which may be due to 

strong soot radiation in this area. 

 
Figure 6.7. Pressure oscillation (top sensor), HRR, flame area proportion and mean 

flame intensity, along with the NFL images for single spark ignition case. 

For the single spark ignition case, Figure 6.8 demonstrates the frequency spectra provided 

by pressure transducers measured in the different combustion chamber locations. Firstly, 

all the sensors exhibit a frequency band in the range of [6, 8] kHz, which is related to the 

(1, 0) acoustic harmonic mode, as shown in Tab. 1.1. This is because auto-ignition starts 

from one side (see Figure 6.7), and the generated pressure wave travels back and forth in 
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cylinder. Additionally, the amplitude of the (1, 0) mode displayed by the S2 and S4 sensors 

are higher than those by the S1 and S3 sensors, implying that the knock vibrations are 

more concentrated in a direction between S2 and S4. The top and center pressure sensors 

present another frequency band around 16 kHz, denoting the (3, 0) resonance mode. In 

comparison, this spectrum is negligible in the measurement results of the side sensors, 

suggesting that measuring from the central portion of cylinder is more sensitive to the 

higher frequency spectrum than from the sides. 

 
Figure 6.8. The frequency spectra of different pressure sensors regarding the single 

spark ignition. 
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6.3.3.2 Two spark ignition (P1+P3, ST: -10 CAD aTDC) 

For the two-spark ignition (P1+P3), the flame propagates from two sides simultaneously, 

as shown in Figure 6.9. Both the flame area and HRR rise steadily before 19 CAD aTDC, 

while the amplitude of pressure oscillation stays at a low level. At 19.2 CAD aTDC, a small 

flame kernel emerges near the flame front, which grows rapidly and gives rise to the 

abrupt HRR increase and weak pressure oscillations. At 21.1 CAD aTDC, another flame 

kernel appears at the leading edge of another flame block, which stimulates auto-ignition 

of end-gas in this area and leads to significant increases in HRR and mean flame intensity. 

Afterward, the HRR peaks at 22.2 CAD aTDC while consuming nearly all the end-gas, which 

induces a strong knock vibration across the chamber and high flame brightness. It is 

noteworthy that two bright areas spread close to plugs P1 and P3 respectively, which may 

be caused by the in-cylinder pressure oscillations and soot radiations. 
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Figure 6.9. Pressure oscillation (top sensor), HRR, flame area proportion and mean 

flame intensity, along with the NFL images of the dual spark ignition case. 

Figure 6.10 shows the frequency spectra from the various pressure transducers for the 

two spark ignition case. Apart from the probe at the center, other sensors display evident 

frequency bands centered at 7 kHz and 11 kHz, representing the (1, 0) and (2, 0) vibration 

modes respectively. 
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Figure 6.10. The frequency spectra of different pressure sensors regarding the double 

spark ignition. 

In comparison, the amplitude of the (2, 0) mode is higher than that of the (1, 0) mode. For 

mode (1, 0), the S1 and S3 sensors present higher magnitudes than those of the S2 and 

S4 sensors. For mode (2, 0), these side sensors show a similar amplitude. The resonance 

mode (3, 0) around 16 kHz is also apparent for these sensors, revealing that multiple spark 

ignition leads to the knock vibrations in more directions than single spark ignition.  
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6.3.3.3 Triple spark ignition (P1+P2+P3, ST: -10 CAD aTDC) 

Figure 6.11 displays the combustion images, pressure, HRR, and flame properties when 

activating plugs P1+P2+P3 at -10 CAD aTDC. As illustrated by the NFL images at 15 CAD 

aTDC, the main flame propagates smoothly from three sides, and the flame area, mean 

luminosity and the HRR rise gradually. At the same time, there is little fluctuation of 

cylinder pressure. The auto-ignition initiates at the head of the gap between two flame 

fronts at 18.0 CAD aTDC, resulting in HRR growth and weak knock vibrations. 

Subsequently, more flame kernels emerge in the end-gas area. In particular, the auto-

ignition initiates from the center and cylinder wall simultaneously. The end-gas is burned 

entirely from 18.2 to 18.8 CAD aTDC (0.6 CAD), which contributes to significant HRR and 

flame area increases. As the piston movement is negligible in this process, it can be 

assumed that auto-ignition happens at a near-constant volume. Consequently, the rapid 

heat release contributes to locally high pressure, which induces strong in-cylinder 

pressure oscillations. Meanwhile, high luminosity areas are distributed near the activated 

spark plugs, which may be caused by knock vibration and soot radiation.  
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Figure 6.11. Pressure oscillation (top sensor), HRR, flame area proportion and mean 

flame intensity, along with the NFL images of the triple spark ignition. 

For the triple spark ignition, Figure 6.12 shows the corresponding frequency spectra of 

knock-induced pressure oscillations detected by different transducers. Notably, all the 

side sensors and the top sensor exhibit similar waveforms in the frequency spectra. These 

forms include two frequency bands in the ranges of [6, 8] kHz and [11, 12] kHz, 

representing the (1, 0) and (2, 0) modes respectively. Additionally, the S2 and S3 probes 

display the resonance mode (4, 0) with its frequency spectrum centered at 19 kHz, 
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denoting that the knock vibrations exist in more directions. Moreover, the probe installed 

at the center shows another frequency band from 13 to 15 kHz, representing mode (0, 1).  

 
Figure 6.12. The frequency spectra of different pressure sensors regarding the triple 

spark ignition. 

6.3.3.4 Quadruple spark ignition (P1+P2+P3+P4, ST: -10 CAD aTDC) 

When triggering all four side plugs at -10 CAD aTDC, the flame propagates from different 

sides and leads to increased HRR, flame area, and luminosity, as shown in Figure 6.13. 

Notably, there is slight pressure oscillation during the normal flame propagation process 

caused by the high-pressure rise rate in this case. Starting from 16.5 CAD aTDC, the auto-

ignition initiates from the cylinder center, and the end-gas is consumed very quickly from 
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17.4 to 18.5 CAD aTDC when the resulting HRR reached 200 J/CAD. Afterwards, the rapid 

heat release results in intense pressure oscillations and high flame luminosities in 

cylinder. It is noteworthy that there are more bright flame areas spreading around the 

chamber, possibly due to the knock-induced pressure oscillation and soot radiation. 

 
Figure 6.13. Pressure oscillation, HRR, flame area proportion and mean flame 

intensity, along with the NFL images of the quadruple spark ignition. 

Figure 6.14 shows the frequency spectra given by the various pressure sensors regarding 

the four-spark ignition. On the one hand, the top sensor and all the side sensors 
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demonstrate two dominant frequency ranges; one for the (1, 0) mode, and the other for 

the (2, 0) mode.  

 
Figure 6.14. The frequency spectra of different pressure sensors regarding the 

quadruple spark ignition. 

In comparison, the frequency amplitudes of these two modes given by the center sensor 

are lower than by the side sensors; a similar trend can also be observed in the double and 

triple spark ignition cases. This implies that the center pressure sensor is inferior in 

detecting circumferential vibrations. On the other hand, there is an apparent frequency 

band centered around 15 kHz displayed by the center sensor, representing the (0, 1) 
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acoustic harmonic form; the other probes only present a very weak signal for this form. 

Consequently, we can conclude that the center sensor is more sensitive to the (0, 1) 

mode, while being less sensitive to the (1, 0) and (2, 0) modes.  

6.3.4 Knock onset statistics based on images and pressure data 

Figure 6.15 exhibits statistical results of the knock onset time based on flame images and 

pressure data, respectively, for the various sparking strategies applied in current work. 

The boxes indicate the 25% to 75% percentiles of the statistical results, and the horizontal 

lines represent the median values.  

 
Figure 6.15. Statistics of knock onsets based on flame images and pressure data 

regarding different spark strategies (ST: -10 CAD aTDC). 

According to the statistics, the single (P1) and double (P1+P3) spark ignition produce 1 

and 6 knock cases respectively, as the combustion of these two conditions is generally 

weak, and knock seldom happens. On the contrary, there are many more knocking cycles 
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of triple (P1+P2+P3) and quadruple (P1+P2+P3+P4) spark ignition, with total numbers of 

52 and 39 respectively. The knock strength reaches higher levels, which can be attributed 

to the more violent combustion at these conditions. The knock onset time is advanced by 

adding more spark plugs. More importantly, the knock onset time determined by the 

flame image is close to that indicated by the pressure data, verifying the knock onset 

determination method illustrated in Figure 6.1. Besides this, the start of auto-ignition 

detected by the flame image is usually slightly earlier than that by the pressure data, 

which is due to the flame luminosity being visible earlier than the strong pressure traces 

attributed by rapid heat release of auto-ignition. Their interactions lead to subsequent 

pressure oscillations.  

6.3.5 Relations between MAPO and peak of mean flame intensity 

According to Figs. 6.7-6.14, a higher amplitude of pressure oscillation produces a higher 

peak of mean flame intensity, so it is meaningful to investigate their relations. As shown 

in Figure 6.16, triggering three or four spark plugs gives rise to higher peak mean flame 

intensity than single and double spark ignitions. Meanwhile, the triple and quadruple 

spark strategies also generate more knock cases and higher MAPO values than the other 

cases. In particular, there is a single cycle of three-spark ignition with MAPO above 5 bar, 

which also yields the highest peak of mean flame intensity among all the cycles.  
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Figure 6.16. Relationship between the MAPO and peak of mean flame intensity. 

An exponential fitting is applied to investigate the relationship between the MAPO and 

the maximum value of mean luminosity, as shown in Eq. (6.4): 

Y =
8.5 + 1.2∙𝑒0.049𝑥

100
                                                                (6.4) 

In statistics, the R-squared (R2) value is taken as a correlation measure that represents to 

what extent the variation of a dependent variable can be explained by the independent 

variables in a regression model. R2 range from 0 to 1 and it indicates the strength of their 

relationships [52]. Here the R2 value for this curve-fitting is 0.67, suggesting the MAPO 

follows a moderate exponential relationship with the peak mean flame luminosity, and 

higher knock strength brings a higher peak of mean flame intensity. 

6.3.6 End-gas area fraction, mass fraction, and unburned temperature at knock onset 

Figure 6.17 displays the end-gas fractions at knock onset of the different sparking 

strategies. Overall, the end-gas fraction increases with advancing knock onset time, and 
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triggering more spark plugs decreases the fraction of end-gas at knock onset for the same 

knock onset. This is because more sparks produce more propagating flame fronts and 

higher fuel consumption rates.  

 
Figure 6.17. End-gas area fractions at knock onset regarding different spark strategies 

(ST: -10 CAD aTDC). 

Notably, there is a ‘jump’ of end-gas area proportion with advanced knock onset, 

especially in the four spark ignition case. This could be attributed to the change in the 

distributions of auto-ignition sites. At late knock onset, the auto-ignition tends to happen 

near the chamber center for this spark strategy, as shown in Figure 6.13; advancing the 

knock onset, the auto-ignition could initiate near the cylinder wall, which increases the 

end-gas area fraction.  

Under different spark strategies, the relationship between the fractions of end-gas mass 

and end-gas area at various knock onsets were investigated, and the results are shown in 

Figure 6.18. It is noticeable that the end-gas mass fraction decreases linearly in general as 
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the corresponding area fraction at knock onset reduces, and the linearity is more evident 

when the end-gas area percentage is higher than 5%. The relationship is generalized with 

curve-fitting in Eq. (6.5): 

Y = 1.2 X + 18.5                                                             (6.5) 

 The slope of the curve is larger than 1, indicating that the end gas mass fraction decreases 

faster than the end-area fraction at knock onset. This is because as the end gas area 

decreases, the cylinder pressure becomes higher and the unburned mixture is 

compressed more, resulting in higher end gas density. However, the linearity is degraded 

when the end gas area is smaller than 5%.  

 
Figure 6.18. The relationship between the estimated end-gas mass fraction and the 
measured area fraction at knock onset regarding different spark strategies (ST: -10 

CAD aTDC). 

Figure 6.19 displays the variation of unburned mixture temperature with end-gas area 

fraction at different knock onsets. With the same end-gas area proportion at knock onset, 
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triggering more spark plugs tends to result in higher unburned temperature. This is 

because using more spark ignition sites leads to a higher pressure rise rate and higher in-

cylinder pressure, which in turn increases the temperature in the unburned zone. 

Conversely, for each sparking strategy, a higher end-gas area fraction results in a lower 

unburned temperature, since the end-gas zone is less compressed when the auto-ignition 

happens earlier. In summary, although the mass of end-gas at knock onset reduces when 

triggering more plugs, the corresponding end-gas temperature becomes higher and 

increases the knock strength due to the higher heat release rate of auto-ignition. 

 
Figure 6.19. The relationship between the estimated mean unburned temperature of 

the end-gas zone and the measured area fraction at knock onset under different spark 
strategies (ST: -10 CAD aTDC). 

6.3.7 Distributions of end-gas and auto-ignition sites 

To demonstrate the end-gas distribution at knock onset for each sparking strategy, the 

sampled knock cycles are processed to investigate the flame propagation fields at the 

start of end-gas auto-ignition. The flame images are binarized and reversed to obtain the 
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end-gas locations and their sizes. Afterward, all the binarized images are overlaid and 

averaged to calculate the end-gas distribution possibility, and the results of the various 

spark strategies are illustrated in Figure 6.20. 

   
 

(a) P1+P3 (b) P1+P2+P3 (c) P1+P2+P3+P4  

Figure 6.20. Probability distribution of end-gas zone for different spark strategies (ST: 
-10 CAD aTDC) (a) P1+P3. (b) P1+P2+P3. (c) P1+P2+P3+P4. 

For the two-spark ignition case (Figure 6.20a), the end-gas mainly distributes in the gaps 

between the two flame fronts that originated from plugs P1 and P3. Note that the flame 

area caused by plug P1 is larger than that by plug P3, which is attributed to the different 

flame propagating speeds because of the potential wall temperature disparities; also, the 

swirl flow contributes to the flame propagation in a clockwise direction in cylinder. 

Additionally, the probability (close to 1) area near the position of plug P2 is larger than 

that near plug P4. 

Figure 6.20b exhibits the end-gas possibility distribution in the chamber when triggering 

plugs P1+P2+P3. Although two small areas exist in the 2nd and 3rd quadrants respectively 

with high likelihood, most of the end-gas is located within the flame gap close to plug P4 

and the area closer to the wall has a higher possibility than the inner areas. As illustrated 
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in Figure 6.20c, the end-gas zone of the four-spark ignition case spreads in a cross-like 

fashion in the cylinder and most of it is distributed in the central area, as is expected. 

Figure 6.21 displays the distribution of auto-ignition sites at knock onset of the different 

sparking cases. For the two-spark ignition case (1+3), although the end-gas is distributed in 

the flame gap between S2 and S4 (see Figure 6.20a), the auto-ignition sites are 

concentrated within a small area near one exhaust valve. As the temperature in the 

exhaust valve side (side 1) is normally higher than the intake valve side (side 3), the area 

near side1 has higher auto-ignition potential than other areas. As shown in Figure 6.21b, 

triggering three plugs leads to many knocking cycles, and the auto-ignition sites mainly 

scatter along the path between the 2nd and 4th quadrants. Although the end-gas zone 

mainly distributes in the area between side3 and side4 (Figure 6.20b), there are many 

knocking cycles with auto-ignition starting near side1. In comparison, the auto-ignition 

sites disperse crossly when activating all four plugs, while the auto-ignition sites scatter 

more densely in the area near side1 than that near side3. In summary, the initial auto-

ignition sites are not evenly distributed in the end-gas zone due to a potential 

temperature inhomogeneity in cylinder. The near exhaust value region that has a high 

temperature is more likely to produce the initial knock onset sites.  
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(a) P1+P3 (b) P1+P2+P3 (c) P1+P2+P3+P4 

Figure 6.21. Distribution of auto-ignition sites at knock onset for different spark 
strategies (ST: -10 CAD aTDC) (a) P1+P3. (b) P1+P2+P3. (c) P1+P2+P3+P4. 

6.3.8 Summary of section 6.3 

In this section, various spark strategies (e.g., spark number and location) have been 

implemented to trigger controllable knock. The whole knock process with different 

sparking strategies was observed with high-speed photography. Based on the pressure 

data and NFL analysis, the knock characteristics and end-gas properties under different 

spark strategies were illustrated. The main conclusions are listed as follows: 

1. The current optical engine setup could reproduce the same knock responses as in the 

all-metal experiments so that multiple spark ignition could boost the pressure rise rates 

and knock intensity. Triggering three spark plugs leads to the highest knock strength than 

the other cases.  

2. With the same spark timing (-10 CAD aTDC), increasing the number of active spark plugs 

increases the number of knocking cycles, advances the knock onset, and introduces more 

acoustic resonance modes. Moreover, the center sensor is more sensitive to resonance 

mode (0, 1), while the side sensors are more sensitive to modes (1, 0) and (2, 0). The knock 
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events determined by pressure oscillation agree well with the time-resolved images of 

natural flame luminosity under different spark strategies. The knock onset time detected 

by high-speed imaging is slightly earlier than those detected by pressure data because the 

auto-ignition always happens first with significant luminosity, then it produces 

subsequent pressure oscillations. 

3. During knocking combustion, the initial auto-ignited flame kernel leads to weak 

pressure fluctuations and HRR increase. Subsequently, the remaining end-gas is burned 

near instantaneously, which increases the HRR and flame area proportion abruptly. The 

approximately isochoric combustion releases the local heat extremely quickly, which 

causes much more violent fluctuations and increases in mean flame intensity. 

4. According to the statistics of knocking cycles, the MAPO generally follows an 

exponential relationship with the peak mean flame luminosity. The flame area fraction is 

significantly increased with an advance in the knock onset. The mass fraction and area 

fraction of end-gas follow a good linear relationship when the end-gas area fraction is 

higher than 5%. Additionally, activating more spark plugs tends to result in higher 

unburned temperature, while higher end-gas area fraction at knock onset always leads to 

lower unburned temperature. 

5.  The natural flame probability distribution shows that end-gas is widely spread in the 

gaps between the flame fronts for the different sparking cases. The initial auto-ignition 

sites are not evenly scattered in the end-gas zone due to potential inhomogeneities in 
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temperature in the cylinder. The region near the exhaust valves that have high 

temperatures are more likely to produce initial knock onset sites.  

6.4 Optical study on the flame intensity during knocking combustion (triple 

spark ignition) 

6.4.1 Mean flame intensity analysis 

Regarding the knocking combustion process illustrated in Figure 6.11, the whole flame 

areas at different crank angles are extracted for analysis. The mean flame intensities and 

the corresponding oscillation amplitudes are compared with the cylinder pressure and 

pressure fluctuations respectively, as shown in Figure 6.22. Before 16 CAD aTDC, the 

mean flame intensity and cylinder pressure grow steadily during normal combustion in 

cylinder, and their vibrations are very weak. When knock happens at 16.1 CAD aTDC (see 

Figure 6.11), the mean flame intensity is doubled in an instant, accompanied by the 

aggravated pressure oscillations. However, despite the high-frequency pressure 

fluctuations, there are seldom vibrations of the flame luminosity. In comparison, the 

highest amplitude of pressure oscillation is above 5 bar, while that of luminous intensity 

is no more than 0.3 arbitrary units. Based on the wavelet analysis results illustrated in 

Figure 6.23, the oscillating frequency of the mean flame intensity focuses between 2 and 

4 kHz, indicating the average flame luminosity in the whole space domain is limited in 

representing the knock-induced fluctuations. 
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Figure 6.22. Mean flame intensity and pressure oscillation of knocking combustion 
flame intensity, in-cylinder pressure, pressure oscillation and mean flame intensity 

oscillation. 

 
Figure 6.23. Wavelet analysis result of mean flame intensity. 

6.4.2 Flame intensity oscillations with six flame monitors 

As the mean flame luminosity is incapable of reflecting the knock-induced oscillations, six 

virtual flame monitors (see Figure 6.24) were set at the same positions as the installed 
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pressure sensors. Their monitor radius was set at 5mm, to track the mean luminosity 

changes in these masked areas. The mean flame luminosities in the masked areas of these 

virtual monitors were recorded to show the flame intensity variations.  

 
Figure 6.24. Arrangement of six flame monitors (radius = 5 mm). 

Taking side1 for example, the comparisons between the oscillations of flame intensities 

in the monitored area and the pressure fluctuating amplitudes are illustrated in Figure 

6.25a. The fluctuating amplitude of flame intensity is usually lower than that of pressure 

oscillation, so it is amplified by 20 times for comparison. Both the pressure and flame 

luminosity oscillations show very similar varying trends during knock, and the peak value 

of their cross-correlations can reach 0.9272 (see Fig. 6.25b), suggesting a high similarity 

between them. Moreover, Fig. 6.25a shows that the flame intensity oscillations is usually 

ahead of pressure oscillation, and Fig. 6.25b denotes there is a phasing difference of 0.5 

CAD between them (the time resolution is 0.1 CAD). This phenomenon indicates an error 

when collecting the pressure oscillation signals with transducers, which is possibly 



316 
 

 
 

attributed to the lower speed of sound compared with photons, and the different time 

delays between the pressure and imaging acquisition systems. 

 
 

a) signal fluctuations of filtered pressure 
and flame intensity during knock 

b) cross-correlations between pressure 
oscillations and flame intensity 

fluctuations during knock 

  

c)  signal fluctuations of filtered pressure 
and flame intensity during knock after 

amendment 

d) cross-correlations between pressure 
oscillations and flame intensity 
fluctuations during knock after 

amendment 

Figure 6.25. Comparisons and cross-correlations between pressure oscillations and 
flame intensity fluctuations at side1 during knock before and after amendment. 

After comparing the time difference of these signals, the flame intensity variation is 

retarded by 0.5 CAD to match the phases of pressure oscillation signal, and both of them 

were normalized based on their ranges. As illustrated by Fig. 6.25c, the luminous 
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fluctuations at side1 match very well with the corresponding pressure oscillations after 

applying the time offset and amplitude normalization. Fig. 6.25d displays the 

corresponding correlations after amendment. The comparison results at other detecting 

positions are listed in Appendix C - E.  

6.4.3 Oscillation frequencies of luminous intensity with six flame monitors 

Figure 6.26 shows the oscillation frequencies of flame luminosity and pressure oscillation 

signals detected at the side1 position. From the comparison results, we see the frequency 

bands mainly focus on the ranges of 6 - 8 kHz and 11 - 12 kHz, while the results of flame 

intensity are consistent with the pressure sensors. This fact denotes that the flame 

luminosity analysis demonstrates highly similar results of knock fluctuations with the 

pressure sensors, suggesting that this method provides a convenient way to monitor 

knock-induced pressure oscillations. In comparison, the correlation of frequencies 

between pressure and flame intensity between 4 and 20 kHz is 0.91, denoting the 

oscillation frequencies of NFL are highly correlated with those of knock induced pressure 

oscillations. 
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Figure 6.26. Comparison of oscillation frequencies for pressure and flame intensity 

detected at the side1 position. 

6.4.4 Effects of flame monitor size on pressure oscillation results 

Figure 6.27 shows the arrangements of the six flame monitors in the cylinder, their radii 

are set at R uniformly. To investigate the effects of flame monitor size, the R is adjusted 

from 1mm to 40 mm. As the cylinder bore is 42.5 mm, the monitor with the radius of 40 

mm could scan almost the whole area in the cylinder, with considerable overlaps among 

them. 
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Figure 6.27. Schematic diagram of flame monitors (the radius is marked by R). 

Figure 6.28 demonstrates the normalized amplitudes of knock-induced oscillations 

detected by the pressure transducers and virtual flame monitors of varying radius, and 

their corresponding cross-correlations. These data are collected from the side1 position. 

When setting the virtual flame monitors with small sizes (e.g., R = 1 and 3 mm, see Figs. 

6.28a and 6.28b), the fluctuations of flame intensity are consistent with the pressure 

oscillations, but it is not stable at some crank angles especially when the knock is weak. 

This can be reflected by the relatively low cross-correlations (0.8606 and 0.8944) between 

flame intensity and pressure data, which may be due to the high relative error caused by 

low monitor size.  
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(a) Radius = 1 mm (correlation = 0.8606) (b) Radius = 3 mm (correlation = 0.8944) 

Figure 6.28. Normalized oscillation amplitudes calculated from pressure signal and flame 
luminosity and their correlations with small radii. 

With increasing the monitor size to R = 5 and R = 8 mm respectively (see Figs. 6.29a and 

6.29b), the flame intensity variations become more stable and consistent with the knock-

induced pressure oscillations. Additionally, the cross-correlation reaches 0.9272 and 

0.9026 respectively, denoting their consistency peaks in between. In comparison, after 

expanding the virtual flame monitor to large sizes (R = 20 and 40 mm, see Figs. 6.30a and 

6.30b), the deviations of luminosity fluctuations from the pressure signals become 

evident, which could be seen from the decreasing cross-correlations (0.8890 and 0.7915).  
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(a) Radius = 5 mm (correlation = 0.9272) (b) Radius = 8 mm (correlation = 0.9026) 

Figure 6.29. Normalized oscillation amplitudes calculated from pressure signal and flame 
luminosity and their correlations with medium radii. 

The frequency spectra of flame intensity fluctuations during knock can be seen from Fig. 

6.31, and their cross-correlations with the frequency of pressure oscillations are listed in 

Table 6.1.  

In comparison, the oscillating frequency spectra detected by the virtual flame monitors 

are similar with that based on pressure signal. However, their differences change when 

varying the monitor size. With a small monitor size (e.g., R = 1 mm and 3 mm), the 

frequency spectra of flame luminosity is more sensitive to low-frequency range while 
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their amplitudes are much lower. With the increase of the flame monitor radius, the 

deviations between the frequency spectra of mean flame intensity and pressure 

fluctuations become smaller at first. When the radius is at 5 mm, the NFL frequency 

spectrum is closest to that of cylinder pressure. After that, their difference goes up with 

expanding the flame monitor size.  

  

  

(a) Radius = 20 mm (correlation = 0.8890) (b) Radius = 40 mm (correlation = 0.7915) 

Figure 6.30. Normalized oscillation amplitudes calculated from pressure signal and flame 
luminosity and their correlations with large radii. 

As can be seen from Table 6.1, the cross-correlation between the frequencies of pressure 

and flame luminosity is improved with increasing the virtual monitor size, and reaches its 
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highest level between R = 5 mm and R = 8 mm. With continuously increasing the flame 

monitor radius above 20 mm, the frequency spectra of flame intensity deviate more from 

that of pressure oscillations, and the former amplitude becomes higher than the latter, 

indicating large size of virtual flame monitor are more accessible to low-frequency 

fluctuations. In particular, when the radius above 30 mm, the fluctuating frequency is 

more concentrated towards the band between 6 and 8 kHz, representing the (1, 0) 

acoustic harmonic mode. This trend also suggests that large flame monitor is insensitive 

to high-frequency flame luminosity oscillations in its detection domain. Moreover, their 

cross-correlation reduces obviously with further enlarging the monitor size, denoting the 

optimum virtual flame monitor size is between 5 and 8 mm for detecting the knock 

induced luminous fluctuations. 

 
Figure 6.31. Amplitudes of knock oscillation frequencies based on pressure sensor and 
flame intensity with different radii at the side1 position (R = 1, 3, 5, 8, 20, 30, 40 mm). 
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Table 6.1. The frequency cross-correlations between pressure and flame intensity 
oscillations during knock (side1) 

Radius Correlation 

1mm 0.8731 

3 mm 0.9221 

5 mm 0.9234 

8 mm 0.9250 

20 mm 0.9100 

30 mm 0.8819 

40 mm 0.8271 

6.4.5 Effects of flame monitor number on the pressure oscillation results 

Next, it is decided to investigate the effect of adding more flame monitors on the results. 

Figure 6.32 presents the applied different arrangements of pressure sensors and flame 

monitors to detect the in-cylinder pressure oscillations and luminosity variations 

respectively. To be specific, Figures 6.32a and 6.32b demonstrate the same numbers of 

pressure probes and luminosity monitors individually, and they are set at the same 

positions for comparison. Next, we introduced additional flame monitors near the 

cylinder wall and in the inner areas, and the detector number was increased to 14 and 22 

respectively, as shown in Figures 6.32c and 6.32d. Furthermore, the number of luminosity 

detectors is raised to 53 and 150 to evaluate the effect of the monitor number on the 

knock analysis results. The radius of these luminosity recorders is kept at 5mm in all cases 

except for the 150 monitors, where the size is reduced to 3mm to avoid overlap of the 

sensors. 
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(a) 6 pressure sensors (b) 6 flame monitors 

  

(c) 14 flame monitors (d) 22 flame monitors 

  

(e) 53 flame monitors (f) 150 flame monitors 

Figure 6.32. Arrangements of different numbers of applied monitors: (a) six pressure 
sensors, (b) six flame monitors, (c) 14 flame monitors, (d) 22 flame monitors, (e) 53 

flame monitors, and (f) 150 flame monitors. 
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Figure 6.33 demonstrates the fitted 2D contours of the knock-induced pressure 

oscillations in the cylinder from 18.6 to 19 CAD aTDC, based on the normalized values 

from six pressure sensors and six flame monitors respectively. The contours are unified 

to the same range of color bar for this comparison. At the beginning, the pressure waves 

with positive fluctuating amplitudes are concentrated in the 4th quadrant of the 

combustion chamber, while the ones with negative amplitudes focus in the 2nd quadrant. 

This indicates that the knock vibrations are mainly along a path between the 2nd and 4th 

quadrant, consistent with the case in Figure 6.21. At 18.8 CAD aTDC, the pressure 

oscillation amplitude becomes much higher than at other timings, suggesting the knock 

fluctuations peak at this crank angle, following the knock strength variations illustrated in 

Figure 6.21. Notably, the positive fluctuating area moves to the 1st quadrant of the 

cylinder at 18.9 CAD aTDC, while it changes to the 2nd quadrant at the next crank angle 

(19.0 CAD aTDC). This fact indicates that the wave traveling path may change during knock 

oscillations, resulting from secondary acoustic waves. In comparison, the contours 

generated by the six flame monitors are similar to those given rise by pressure results, 

proving that the sampling of flame intensity is capable of following the in-cylinder 

pressure oscillations. Due to the fundamental distinctions of 3D pressure measurement 

and the 2D line of sight averaged flame intensity measurements, there are slight 

differences between the contours shown in Figures 6.33a and 6.33b. Nevertheless, it is 

considered as an acceptable method to demonstrate the distributions of pressure 

oscillation in cylinder. 
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(a) 6 pressure sensors (b) 6 flame monitors 

Figure 6.33. 2D contours of in-cylinder knock vibrations based on six pressure sensors 
and six flame monitors respectively. (a) 6 pressure sensors; (b) 6 flame monitors. 

Increasing the flame monitor number from 6 to 14 and 22 respectively, more pressure 

fluctuating details are shown in Figure 6.34. For example, comparing the contour plots at 

18.6 CAD aTDC in Figure 6.33a and Figure 6.34a, the added flame detectors introduce 

more oscillation layers. In addition, both the positive and negative outlines become more 

complex, indicating that more flame monitors detect more pressure oscillation details. In 

comparison, after adding another eight flame monitors around the cylinder wall, more 

knock vibration details appear in the graphs demonstrated in Figure 6.34b. Similarly, we 
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also notice that both the positive and negative fluctuating areas move in an anti-clockwise 

way, indicating that the direction of oscillation changes slightly during the knock event. 
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(a) 14 flame monitors (b) 22 flame monitors 

Figure 6.34. 2D contours of in-cylinder knock vibrations based on (a) 14 flame 
monitors and (b) 22 flame monitors. 

As shown in Figure 6.35a, the contour plots present more distribution structures of in-

cylinder pressure oscillation after further increasing the flame monitor number to 53 

compared to those shown in Figures 6.33 and 6.34. These detectors are widely arranged 

in the combustion chamber, providing more accurate information about the in-cylinder 

pressure oscillations. Notably, comparing with graphs created based on 22 monitors and 

53 monitors, the boundary lines between the positive and negative oscillating areas do 

not exhibit much difference, despite the latter case showing more detailed information 
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inside these areas. Furthermore, increasing the flame monitor number from 53 to 150, 

there is no significant change in the pressure fluctuation profiles in cylinder, including the 

distributions of knock vibration strength and the boundaries between the positive and 

negative fluctuating areas. This suggests that 53 flame monitors are sufficient to provide 

the whole picture of in-cylinder pressure oscillations precisely, while keeping the 

computational load at an acceptable level compared to that of 150 flame monitors (i.e., 

the computational load reduced by 65% in this case). 
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(a) 53 flame monitors (b) 150 flame monitors 

Figure 6.35. 2D contours of in-cylinder knock vibrations based on (a) 53 flame 
monitors and (b) 150 flame monitors. 
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6.4.6 Comparisons of NFL images and pressure oscillation contours 

Figure 6.36 shows the comparisons between the high-speed NFL images and the 2D 

contour plots based on the 53 virtual flame monitors. At 18.6 CAD aTDC, a large amount 

of fuel is auto-ignited in the end-gas zone, which is consistent with the HRR and MFB 

increases shown in Figure 6.21. The auto-ignition generates a local high-luminosity area 

between side3 and side4. Correspondingly, based on the detection results of the 53 flame 

monitors, the fitted 2D contour presents similar results with the NFL image. At 18.7 CAD 

aTDC, the spontaneous combustion flame expands rapidly in the 4th quadrant, which is 

fully reflected in the matching contour. In the following few crank angles, we notice the 

areas with high flame intensity change to different positions, due to the directions of 

pressure fluctuations and soot radiation areas. Similarly, the contour plots also exhibit 

these trends, and their luminous distributions in the cylinder are very close to the NFL 

images. These facts suggest the validity of monitoring the in-cylinder NFL distributions 

and knock-induced pressure oscillations by setting the 53 flame monitors. 
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(a) NFL images (b) 53 flame monitors 

Figure 6.36. Comparisons of NFL images and 2D contour plots based on 53 flame 
monitors during knocking combustion. (a) NFL images; (b) 53 flame monitors. 

6.4.7 Summary of section 6.4 

In this section, triple spark ignition was applied to trigger controllable knock (e.g., the 

auto-ignition zone, rate of occurrence, level of knock strength). Six pressure transducers 

were installed at different locations to collect the local pressure fluctuations that resulted 

from knock. High-speed photography of the flame luminosity was implemented to 

synchronize the NFL images with the pressure acquisitions. The main conclusions drawn 

are as follows: 

1. During knocking combustion, the instantaneous auto-ignition leads to rapid increases 

of HRR and MFB, and this near isochoric combustion of end-gas contributes to dramatic 

escalations of pressure oscillation amplitude and flame intensity. 

2. The mean flame intensity variations during knocking combustion is out of 

synchronization with the pressure oscillation, and it only exhibits low fluctuating 
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frequencies between 2 and 4 kHz. Instead, the vibrations of local flame intensity are very 

similar to the pressure fluctuations given by the transducer at the same position. In 

comparison, the local luminosity varies prior to the pressure oscillation (0.5 CAD at the 

engine speed of 1200 rpm), and its amplitude is usually lower than that of the pressure 

oscillations. Additionally, the frequencies of regional luminous variations are consistent 

with those of the pressure oscillations. Consequently, virtual flame monitors provide a 

convenient and accurate way to present the knock vibrations. 

3. Use of small flame monitors (e.g., 1 and 3 mm) leads to unstable luminous fluctuations 

compared with the pressure oscillations. Deviation of luminosity changes from the 

pressure signals are increased with large flame monitor sizes (e.g., 20 and 40 mm). In 

comparison, the flame monitor with radius between 5 and 8 mm shows the best 

correspondence with the measured pressure oscillations during knocking combustion. 

The frequencies of flame luminosity vibration are more focused in the low-frequency 

band with increasing flame monitor radius. 

4. The contours of luminosity variations are consistent with those given by pressure 

signals. When increasing the number of virtual flame monitors from six to 53, there is 

more detail available about the knock vibrations, suggesting that more local luminosity 

monitors provide more accurate data on knock-induced fluctuations. However, increasing 

the flame monitor number to 150, there is no significant change in resolution of the 

contour plots, indicating that the 53 luminous intensity monitors are sufficient to study 

the knock vibrations while keeping the computation load to an acceptable level. 
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5. The luminosity distributions based on these virtual monitors are essentially identical to 

those of the NFL images, indicating that utilizing virtual flame monitors is an excellent way 

to investigate both the flame luminosity variations and pressure oscillations resulting 

from knock. Furthermore, the results suggest it is effective to monitor knock-induced 

pressure oscillations through optical engine setup or installing optical fibers in metal 

engines. 

6.5 Concluding remarks 

This chapter discussed optical study results of knocking combustion regarding the various 

spark strategies used in the previous chapters. The synchronization of high-speed imaging 

and pressure recording was found to provide more details of the knock development 

process. Based on the proposed image processing method in this chapter, the auto-

ignition area is separated from the main combustion area, to validate the knock onset 

determination method demonstrated in chapter 4. For each spark strategy, the flame 

images of different firing cycles are averaged to analyze the distribution of end-gas 

regions, and the auto-ignition sites are also statistically studied. Furthermore, this chapter 

proposes a new method to investigate the knock fluctuations based on flame luminosity, 

with the results showing high consistency with the pressure analysis. Based on this new 

method, another US patent has been filed. In order to propose a practical method of 

alleviating the impact of knock on engine performance, the next chapter will demonstrate 

a new design of variable compression ratio piston to suppress the risks associated with 

knock. 
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Chapter 7: An efficient way to alleviate engine knock – VCR piston design 

study 

The previous chapters discussed the knocking combustion characteristics and knock 

development processes, which put constraints on engine performance and may cause 

engine failure.  

This chapter mainly introduces a design of variable compression ratio (VCR) piston, which 

could be used in an efficient way to improve engine efficiency while mitigating the knock 

hazards at high engine loads. Based on the structural design, a numerical model, including 

the piston kinetic model, mechanical model, oil flow hydraulic model, etc., are established 

to analyze the VCR piston performance. The piston height can change automatically at 

different engine loads, hence the compression ratio could be adjusted flexibly. The 

performance of a VCR engine and a normal engine under different engine loads are 

compared. 

7.1 Introduction 

In order to deal with the increasingly rigorous challenges arise from environment 

pollutions and global warming status quo, it becomes more and more imperative to 

develop competitive Internal Combustion Engine (ICE) technologies with higher fuel 

efficiency and less pollutions, and without sacrificing brake power and vehicle 

performance [1]. Among all the new technologies researched in recent years, the VCR 
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technology has been considered as a promising method to improve engine thermal 

efficiency and fuel economy while reducing the emissions [2].  

During engine operation, higher compression ratio leads to higher thermal efficiency 

especially under partial load, as is shown in Figure 7.1. However, as the previous chapters 

have discussed that when increasing the compression ratio, the abnormal combustion 

such as knock brought by high rise temperature may cause engine damage which should 

be avoided, and consequently, variable compression ratio is preferable for internal 

combustion engines at different operation conditions [2, 3]. 

 
Figure 7.1. Thermal efficiency as a function of compression ratio. 

Notably, developing reliable and applicable VCR technology on internal combustion 

engines has long been a research goal, with only a few prototypes and one engine that 

has been put into commercial production. In 1992, Ford company presented a variable 

compression ratio methodology with an auxiliary chamber in the cylinder head [4, 5]. In 
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2015, Saab introduced a Saab Variable Compression (SVC) engine, whose cylinder head 

could be tilted to achieve variable compression ratio. With regard to this design, the SVC 

engine was reported to be able to decrease fuel consumption by 30%, and HC emissions 

also were decreased significantly [6]. More recently, the Nissan company has launched 

the first production VCR engine, which adopts a multi-link connecting rod based on their 

previous patents [7, 8], and which can change its compression ratio continuously between 

8:1 and 14:1 flexibly. In particular, it is claimed that it can achieve 27 percent better fuel 

economy than a normal engine running at roughly the same power and torque. However, 

this kind of design still need to overcome massive oscillating force and rotating forces. In 

addition, many mechanisms have been proposed to change the eccentric pin of the 

crankshaft though it requires a significant adjustment of the engine structural design [9-

14]. Some VCR technologies with variable piston height had also been proposed before; 

for example, Honda put forward a dual-piston mechanism with compact structure and 

fast response time, and the fuel economy was claimed be increased about 6% using this 

design [3, 15, 16]. Similarly, a pressure reactive piston technology, with a Belleville spring 

pack installed between the piston crown and the inner piston, was proposed by Assanis 

et al. This mechanism effectively limited the peak cylinder pressures at high loads, while 

allowing the engine to operate at high compression ratios at low loads [17]. 

Generally, the VCR technology can be classified into the following groups [2]: 

(1) Moving the crankshaft axis; 

(2) Modification of the connecting rod geometry; 
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(3) Moving the cylinder head; 

(4) Variation of combustion chamber volume using a secondary piston or valve; 

(5) Variation of piston deck height; 

(6) Moving the crankpins. 

Among all these VCR technologies, the method of variation of the piston compression 

height stands out as an important option because it offers potentially the most attractive 

route to VCR engine production since it requires only relatively minor changes to engine 

configuration [18, 19]. As for the height adaptation piston, many efforts have been put 

on it before and some innovations have been presented, for example,  a two-piece, 

hydraulically actuated piston invented by the British Internal Combustion Engine 

Research Institute (BICERI) in 1959 [20]. Mercedes Benz, working with Mahle, modified 

the BICERI concept to make their own VCR piston for gasoline engines, which used ferrous 

material to reduce the weight penalty [21]. By the mid-1980s, two major research projects 

about BICERI piston were initiated by VW/Audi and Daimler Benz and the new design 

further reduced the piston compression height and weight [22]. However, all these 

innovative height adaptive VCR pistons have not been put into massive production and 

application because of manufacturing complexity, lubrication and sealing problems and 

some other reasons. Consequently, aiming at better understanding of operating 

performance and influence factors of a VCR piston (a BICERI-type design), a series of 

numerical models, for example, piston mechanical models, oil hydraulic models, engine 
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compression ratio model and so forth, are set up with Matlab in this chapter. These 

models are used for simulating the VCR engine properties and real-time response at 

different conditions, such as during different engine cycles (motoring/firing) and at 

different loads. Moreover, some parameters of the VCR engine e.g. stable compression 

ratio, cylinder peak pressure etc., are compared with those of a normal engine to evaluate 

the VCR effects in detail. 

7.2 Research object 

As illustrated in the previous chapters, engine knock constrains a SI engine applies high 

compression ratios to achieve high efficiency. Previous studies reported that some lean 

combustion concepts (e.g., pre-chamber combustion, PCC) with a higher specific heat 

ratio provided a potential solution for boosting engine efficiency. However, they may lead 

to high knock tendency when working with high compression ratio, especially at heavy 

loads. Towards these issues, the VCR piston discussed in this chapter is devised to 

alleviate the knock issues exist in the PCC studies in the authors’ lab, which were 

implemented in Volvo D13 Research Engine (Figs. 7.2-7.4). Consequently, the VCR piston 

is based on the prototypes of this research engine, which is an inline 13 liter diesel engine 

and it is built on a foundation of proven, developed architecture that leverages innovative 

hardware to maximize efficiency [23]. 
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Figure 7.2. Volvo D13 Research Engine. 

 
Figure 7.3. Piston in the Volvo D13 Engine. 

 
Figure 7.4. Connecting rod of the Volvo D13 Engine. 

The main parameters of Volvo D13 engine are listed in Table 7.1. 
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Table 7.1. Volvo D13 engine parameters 

Parameter Value 

Bore 131 mm 

Stroke 158 mm 

Cylinder number 6 

Displacement volume 12.8 L 

Compression ratio 17.8 

Rated power 375 kW 

Rated power speed 1800 rpm 

Crank radius 79 mm 

Connecting rod length 188.7 mm 

Big end bearing radius 103.84 mm 

Small end bearing radius 63.3 mm 

 

In addition, in order to obtain the oil pressure when it flows into the chambers of VCR 

piston, the pressure drop from the oil pump all through the lubrication system needs to 

be considered, and the configuration of lubrication system is shown in Fig. 7.5 [23]. 

 
Figure 7.5. Volvo D13 Research Engine lubrication system [24] 
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Based on the lubrication oil system of Volvo D13 Research Engine, a comprehensive force 

analysis, including lubrication oil pressure analysis, gas force and mass force analysis, has 

been implemented to evaluate the oil flow pressure drop from the lubrication oil pump 

to the oil chambers and the controlling strategy on the VCR piston during operation. 

7.3 Piston design 

The VCR piston described here (Figs. 7.6-7.7, Table 7.2) is a modification of a two-piece, 

hydraulically actuated piston invented by the British Internal Combustion Engine 

Research Institute (BICERI) in 1959. Mercedes Benz, working with Mahle, modified the 

BICERI concept to make their own VCR piston for gasoline engines. 

In this design, the compression height of the piston automatically changes in response to 

cylinder pressure. If the combustion pressure in the cylinder is very high then the 

compression height can decrease to lower the compression ratio to prevent knock; if the 

combustion pressure in the cylinder is very low then the compression height can increase 

to raise the compression ratio in order to improve the engine efficiency especially under 

part load. 



350 
 

 
 

 
Figure 7.6. Sectional view of the designed VCR piston (part numbers are named in 

Table 7.2). 

 
Figure 7.7. Inner part of the designed VCR piston (part numbers are named in Table 

7.2). 
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Table 7.2. Components of the designed VCR piston 

No. Component No. Component 

1 Outer piston 7 Connecting passage 

2 Upper oil chamber 8 Connecting rod 

3 Inner piston 9 Lower oil chamber 

4 Check valve 10 Lower chamber sealing 

5 Oil collector 11 Discharge valve 

6 Oil supply passage 12 Rivet 

 

As shown in Figure 7.6, the two main components of the VCR piston assembly are the 

inner piston and the outer piston. The outer piston (1) slides up or down on the inner 

piston (3) to change the piston height, and hence the compression ratio. Between them 

there are two oil chambers, an upper oil chamber (2) between inner piston and the outer 

piston crown, and a lower oil chamber (9) between inner piston and a bottom plate (10) 

which is attached to the outer piston by rivets. Figure 7.7 shows internal structure of VCR 

piston. Oil flows in the passages within the inner piston and s leaded by valves into oil 

chambers during the piston reciprocating motion. 

In this design, the upper and lower chambers are supplied with oil which comes via a 

passage (5) in the connecting rod (8) and is mainly powered by mass force derived from 

piston acceleration and the oil supply pressure of engine lubrication system. The total 

force should be higher enough to open the check valves (4) in the passage. Besides, oil 

can be transported from the lower chamber to the upper one via a passage in the inner 

piston when there exist a positive pressure difference. A check valve in this passage is 

used to prevent the back flow. Moreover, there is a discharge valve (11) in the inner piston 
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which discharges this oil from the upper chamber directly to the crankcase when the 

chamber pressure exceeds the preset valve opening pressure so as to avoid excessive 

cylinder pressure, as is shown in Fig. 7.8. 

 
Figure 7.8. Operating mode of VCR piston. 

During the piston reciprocating movement, when the total force acts upward, it tends to 

create a pressure in the passages and pump oil into chambers, meanwhile, there also exist 

pressure difference between chambers which may transfer oil from lower chamber to 

upper chamber, hence increasing the piston height and thus the compression ratio. 

Whenever the gas force far outweighs the mass force, sufficient oil pressure is built up in 

upper chamber to open the discharge valve and release some oil, allowing the outer 

piston to move downward relatively, thus decreasing the engine compression ratio [20]. 

Generally, it is oil transfer that accomplishes the variation in compression height and 

compression ratio. 
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7.4 Numerical model 

7.4.1 Piston kinetic model  

The engine crank mechanism comprises of piston, connecting rod and crank shaft, as 

illustrated in Figure 7.9. In this case, piston and connecting rod kinematics models [25] 

can be established according to the crank mechanism, as shown in Figure 7.10. 

 
Figure 7.9. Crank mechanism. 

 
Figure 7.10. Piston movement model. 
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With respect to the piston movement model depicted in Fig. 7.10, the mean piston 

velocity of the four stroke engine is given by: 

𝑆𝑝
̅̅ ̅ =

2𝐿𝑁

60
                                                                    (7.1) 

Where: 

 𝑆𝑝
̅̅ ̅-mean piston velocity, m/s; 

L-engine stroke (from TDC to BDC), m; 

N-engine speed, rpm. 

The piston location is given by 

𝑥 = 𝑙 + 𝑟 − (𝑙 ∗ 𝑐𝑜𝑠𝛽 + 𝑟 ∗ 𝑐𝑜𝑠𝛼)                                              (7.2) 

With the ratio of crank radius r and connecting rod length l 

𝜆 = 𝑟/𝑙                                                                        (7.3) 

Then the Eq. (7.2) can be rearranged to 

𝑥 = 𝑟(1 − 𝑐𝑜𝑠𝛼 +
1

𝜆
(1 − 𝑐𝑜𝑠𝛽))                                              (7.4) 

Since  

𝑠𝑖𝑛2𝛽 + 𝑐𝑜𝑠2𝛽 = 1                                                           (7.5) 

Which can be written 
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𝑐𝑜𝑠𝛽 = √1 − 𝑠𝑖𝑛2𝛽 = √1 − 𝜆2𝑠𝑖𝑛2𝛼                                         (7.6) 

Eq. (7.4) can be solved by using a mathematical series development method. With the 

series expansion the piston location is given by 

𝑥 = 𝑟(𝐴0 + 𝑐𝑜𝑠𝛼 +
1

4
𝐴2 cos(2𝛼) +

1

16
𝐴4 cos(4𝛼) + ⋯ 

+
1

36
𝐴6 cos(6𝛼) + ⋯ )                                                                               (7.7) 

With the coefficients A given by 

𝐴0 =
1

𝜆
−

1

4
𝜆 −

3

64
𝜆3 −

5

256
𝜆5 − ⋯                                             (7.8) 

𝐴2 = 𝜆 +
1

4
𝜆3 +

15

128
𝜆5 + ⋯                                                  (7.9) 

𝐴4 = −
1

4
𝜆3 −

3

16
𝜆5 − ⋯                                                  (7.10) 

𝐴6 =
9

128
𝜆5 + ⋯                                                        (7.11) 

This is the instantaneous position of piston from the piston pin center to TDC of the crank 

mechanism, and it is noted that the piston location is given by first, second, fourth, and 

sixth multiples of the crank angle α. 

If it is assumed that higher order components can be neglected i.e. only first and second 

order are used, Eq. (7.7) can be simplified to: 

𝑥 = 𝑟(1 − 𝑐𝑜𝑠𝛼 +
𝜆

2
𝑠𝑖𝑛2𝛼)                                                (7.12) 
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In the same way, after first order and second order derivation, the piston instantaneous 

velocity and acceleration can be simplified to: 

𝑣 = 𝑤𝑟(𝑠𝑖𝑛𝛼 +
𝜆

2
sin(2𝛼))                                                (7.13) 

𝑎 = 𝑤2𝑟(𝑐𝑜𝑠𝛼 + 𝜆cos(2𝛼))                                              (7.14) 

Especially, the variations of piston position, velocity and acceleration during one cycle are 

shown in Figures 7.11-7.13 respectively. 

 
Figure 7.11. Piston instantaneous position. 
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Figure 7.12. Piston instantaneous speed. 

 
Figure 7.13. Piston instantaneous acceleration. 

7.4.2 Piston mechanical model 

In order to obtain the oil pressure in the upper and lower chambers, it is necessary to 

conduct a stress analysis on the whole VCR piston, i.e., the outer and inner pistons 

respectively, to compute the force of each part, after which the oil pressure can be 

calculated, as shown in Figs. 7.14-7.16. 
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Figure 7.14. Force analysis of whole 
piston. 

Figure 7.15. Force analysis of outer 
piston. 

 
Figure 7.16. Force analysis of inner piston. 

Assuming there is no relative acceleration between the outer and inner pistons and that 

the friction can be neglected, based on the stress analysis depicted in Figs. 7.14-7.16, a 

force balance equation for each component of VCR piston is listed as follows:  

𝑃𝑔𝑎𝑠 ∙ 𝐴𝑜𝑢𝑡𝑒𝑟 + 𝐹𝑐𝑜𝑛𝑟𝑜𝑑 ∙ 𝑐𝑜𝑠𝛽 = 𝑚𝑜𝑠𝑐 ∙ 𝑎                                         (7.15) 

𝑚𝑜𝑠𝑐 = 𝑚𝑜𝑢𝑡𝑒𝑟 + 𝑚𝑖𝑛𝑛𝑒𝑟 + 𝑚𝑐𝑜𝑛,𝑜𝑠𝑐                                           (7.16) 

𝑚𝑜𝑢𝑡𝑒𝑟 ∙ 𝑎 = 𝑃𝑔𝑎𝑠 ∙ 𝐴𝑜𝑢𝑡𝑒𝑟 − 𝑃𝑢𝑝𝑝𝑒𝑟 ∙ 𝐴𝑢𝑝𝑝𝑒𝑟 + ⋯ 

                             +𝑃𝑙𝑜𝑤𝑒𝑟𝐴𝑙𝑜𝑤𝑒𝑟                                                                        (7.17) 
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𝑚𝑖𝑛𝑛𝑒𝑟 ∙ 𝑎 = 𝑃𝑢𝑝𝑝𝑒𝑟 ∙ 𝐴𝑢𝑝𝑝𝑒𝑟 + 𝐹𝑐𝑜𝑛𝑟𝑜𝑑 ∙ 𝑐𝑜𝑠𝛽 − ⋯ 

                           −𝑃𝑙𝑜𝑤𝑒𝑟 ∙ 𝐴𝑙𝑜𝑤𝑒𝑟                                                                      (7.18) 

Where: 

a – VCR piston acceleration, m/s^2; 

𝐴𝑜𝑢𝑡𝑒𝑟 – the crown area of outer piston, m^2; 

𝐴𝑢𝑝𝑝𝑒𝑟 – the upper oil chamber area, m^2; 

𝐴𝑙𝑜𝑤𝑒𝑟 – the lower oil chamber area, m^2; 

𝐹𝑐𝑜𝑛𝑟𝑜𝑑 – the connecting rod force, N; 

𝑚𝑜𝑠𝑐 – oscillating mass (kg), including outer piston (𝑚𝑜𝑢𝑡𝑒𝑟), inner piston (𝑚𝑖𝑛𝑛𝑒𝑟) and 

part of connecting rod (𝑚𝑐𝑜𝑛,𝑜𝑠𝑐, approximately 1/3 to 1/4 the total mass of connecting 

rod [26]); 

𝛽 – the angle between connecting rod and piston movement direction. 

The gas force is related with the fuel/air mixture pressure generated by combustion or 

compression and transferred from the expanding gas in cylinder to the crankshaft via the 

connecting rod [27], the gas pressure data during a motoring cycle and a firing cycle were 

obtained from Volvo D13 engine experimental results, which are shown in Figs. 7.17-7.18. 

Notably, in order to compare the VCR piston properties changes, and two or more cycles 

are generally taken into account in the analysis. 
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Figure 7.17. Gas pressure in motoring cycle. 

 
Figure 7.18. Gas pressure in firing cycle. 

7.4.3 Hydraulic model of oil flow 

Based on the flow network (see Figure 7.19), oil flow hydraulic models can be established 

to compute the oil pressure drops throughout the whole system [28].  
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Figure 7.19. Oil flow network in VCR engine. 

Generally, a pressure drop through oil loops can be divided into two types [29]:  

(1) Dispersed pressure drop—flow through straight tubes of constant cross-section;  

(2) Local pressure drop—elements where oil streaming line changes.  

The standard form of equations for pressure drop is [30]:  

∆𝑝 = 휀
𝜌𝑣2

2
                                                                 (7.19) 

휀 =
64

𝑅𝑒

𝐿

𝐷
                                                                    (7.20) 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
                                                                   (7.21) 

Where: 

휀 – pressure drop coefficient; 
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𝑅𝑒 - flow Reynolds number; 

𝐿 – tube length, m; 

𝐷 – tube diameter, m; 

𝜌 – oil density, kg/m^3; 

𝜇 – oil viscosity, m^2/s; 

𝑣 – oil velocity, m/s. 

The oil flow hydraulic model mainly consists of the following parts: 

7.4.3.1 Oil pressure from delivery pump [31] 

Engine oil pumps are generally G-rotor or gear types, which is connected to the crankshaft 

through some gearing system. A gear-type pump is shown in Fig. 7.20. 

 
Figure 7.20. Gear-type oil pump [31]. 

The flow from the oil pump is ideally proportional to the speed of the input shaft. At high 

engine speeds the pump delivers more oil than the engine requires, resulting in too high 
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a pressure. A pressure control valve is generally used to regulate the pressure. In 

simplification, the oil pump pressure and flow rate are assumed to be 3.5 bar and 3 l/min 

respectively [31]. 

7.4.3.2 Oil pressure drop model in pipes [32, 33] 

(1) Flow energy conservation 

The conservation of energy between any two points in a pipe can be represented by the 

Bernoulli equation [34, 35]: 

𝑃𝑎 +
𝜌𝑉𝑎

2

2
+ 𝜌𝑔𝑧𝑎 = 𝑃𝑏 +

𝜌𝑉𝑏
2

2
+ 𝜌𝑔𝑧𝑏 + ∆𝑃𝑙𝑜𝑠𝑠𝑒𝑠                                         (7.22) 

∆𝑃 =
𝜌(𝑉𝑏

2−𝑉𝑎
2)

2
+ 𝜌𝑔(𝑧𝑏 − 𝑧𝑎) + ∆𝑃𝑙𝑜𝑠𝑠𝑒𝑠                                                (7.23) 

Where: 

∆𝑃 – pressure drop between points a and b; 

∆𝑃𝑙𝑜𝑠𝑠𝑒𝑠 – pressure loss between points a and b; 

𝑃𝑎 , 𝑃𝑏 – oil pressure at points a and b; 

𝑉𝑎, 𝑉𝑏 – oil velocity at points a and b; 

𝑧𝑎, 𝑧𝑏 – oil elevation at points a and b. 

(2) Friction losses in pipe [29, 33, 35, 36] 

The pressure loss due to friction in pipe is given by the Darcy-Weisbach formula: 
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∆𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑓
𝐿

𝐷
𝜌

𝑉2

2
                                                        (7.24) 

Where: 

𝑓 – friction coefficient of fluid flow. 

7.4.3.3 Oil pressure drop through filter [29] 

The oil filter is usually treated as a fluid resistor, and the equation between oil pressure 

drop and flow rate through filter is [37]: 

∆𝑃

𝐿
=

224(1.07−𝜀)

𝑅𝑒∙Log10(105

𝑅𝑒
)

∙
1−𝜀

𝜀2

𝜌𝑉2

𝐷𝑓
                                               (7.25) 

Where: 

𝑅𝑒 =
𝐷𝑓𝑉𝜌

𝜀𝜇
                                                             (7.26) 

𝑉 =
𝑄

𝐴𝑓
                                                                (7.27) 

By substitution, Eq. (7.27) becomes: 

𝑃1 − 𝑃2 −
224𝐿𝜇(1.07−𝜀)(1−𝜀)

𝐷𝑓
2𝐴𝑓𝜀(Log10(

1×105𝜀𝐴𝑓𝜇

𝐷𝑓𝑄1,2𝜌
))

∙ 𝑄1,2 = 0                              (7.28) 

7.4.3.4 Oil pressure drop through main bearing [30] 

Bearings are the most important and the most complex elements in the lubrication 

system, and the main bearing of the research engine has a fully circumferential groove 

[26, 35, 38]. The oil flow rate through the main bearing is given by [39]: 
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∆𝑃 =
6𝜇(𝐿−𝑎)𝑄

𝜋𝑐3𝐷(2+3𝜀2)
                                                       (7.29) 

Where, 

∆𝑃 – pressure drop, 𝑃𝑎; 

Q – flow rate, L/min; 

휀 – the average eccentricity value during one cycle 

a – the width of the groove, m; 

𝜇 – the viscosity of the lubricant, 𝑃𝑎 ∙ 𝑠; 

L – the width of a bearing, m; 

D – the diameter of a bearing, m; 

c – the radial clearance, m; 

Moreover, the oil flow rate increases with engine speed, the same with pressure, and 

major consideration needs to be devoted to the bearings since the oil consumption at this 

point is very important.  

7.4.3.5 Oil pressure drop through the crank shaft 

In a modern engine, the crankshaft is a machined solid piece of forged steel. The main 

journal rotates in the main bearing, connecting the piece to the engine block. The con-

rod journal is where the connecting rod mounts.  
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The crankshaft used in the engine is with cross-drilled bearing arrangement, which has an 

inlet channel that is drilled in the main journal into the center, and from here oil goes into 

the con-rod journal. Figs. 7.21-7.22 show the cross section of crankshaft with oil channels 

in red [30].  

  
Figure 7.21. Crank shaft [31]. Figure 7.22. Oil passage in crank shaft [31]. 

The oil that enters the main journal is attempting to flow towards the center of rotation 

and so will encounter an acceleration field pushing against the flow. However from the 

center and to the con-rod journal, the acceleration will push the oil in its flow direction 

and increases its pressure. From Bernoulli we have that ∆P = ρ · a · ∆h when the 

gravitational field is constant. For a varying acceleration field we need to integrate over 

the length:  

𝑑𝑃 = 𝜌𝑎(𝑟)𝑑𝑟                                                                  (7.30) 

Integrating Eq. (26) from main journal surface (r=r1) to centerline (r=0) leads to:  

∆𝑃1 = ∫ 𝜌𝑎(𝑟)𝑑𝑟 =
0

𝑟1
∫ 𝜌𝑟𝜔2𝑑𝑟 = 𝜌𝜔20

𝑟1
[1

2
𝑟2]

𝑟1

0
= −1

2
𝜌𝜔2𝑟1

2                      (7.31) 
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The same procedure from centerline (r=0) to con-rod journal surface (r=R), the oil 

pressure drop is:  

∆𝑃2 = ∫ 𝜌𝑟𝜔2𝑑𝑟 = 𝜌𝜔2𝑅

0
[1

2
𝑟2]

0

𝑅
= 1

2
𝜌𝜔2𝑅2                                    (7.32) 

The oil pressure rise due to centrifugal rotation through the crankshaft should be:  

𝛥𝑃𝑐 = ∆𝑃1 + ∆𝑃2 = 1

2
𝜌𝜔2(𝑅2 − 𝑟1

2)                                             (7.33) 

Apart from the centrifugal pressure drop, there also exit some pressure drop resulting 

from friction and oil acceleration through the passage. Thus, the whole pressure drop 

within the crankshaft can be written as [29]: 

∆𝑃 = 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑜𝑠𝑠𝑒𝑠 + 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠𝑒𝑠 − 𝐶𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 𝐺𝑎𝑖𝑛             (7.34) 

By substitution, it gives rise to: 

∆𝑃 = [
128𝜇𝐿

𝜋𝐷4 𝑄1,2] + [
1

2
𝜌(𝜔𝑟)2] − [

1

2
𝜌𝜔2(𝑅2 − 𝑟2)]                                (7.35) 

7.4.3.6 Oil pressure drop through the connecting rod 

As is shown in Figs. 7.23-7.24, the connecting rod connects the crankshaft to the piston, 

and an oil channel is drilled between the two centers [30]. During the rapid reciprocating 

movement of crank-piston mechanism, the oil in the connecting rod passage is mainly 

powered by mass force because of the acceleration, and it will flow into the oil chambers 

in the VCR piston when the oil pressure is higher enough than the preset opening pressure 

of the check valve. 
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Figure 7.23. Connecting rod [31]. Figure 7.24. Oil channel in connecting rod [31]. 

Based on the crank mechanism illustrated in Figs. 7.9-7.10, the oil pressure drop through 

connecting rod consists of the following types [35]: 

(1) Gravity pressure drop 

∆𝑃𝑔,𝑟 = 𝜌𝑔ℎ = 𝜌𝑔𝐿𝑐𝑜𝑠𝜑                                          (7.36) 

𝐿𝑠𝑖𝑛𝜑 = 𝑅𝑠𝑖𝑛𝜃                                                 (7.37) 

(2)Frictional pressure drop 

Assuming the lubricant oil is incompressible, the frictional pressure drop ∆𝑃𝑝,𝑟  can be 

given by: 

∆𝑃𝑝,𝑟 = 𝑓
𝐿

𝐷
𝜌

𝑉2

2
                                                (7.38) 

Where L is center distance between the edges of the big end bearing and the small end 

bearing, D is the diameter of oil passage in connecting rod. 
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The frictional coefficient f is related to flow which can be determined by the Reynolds 

number: 

𝑅𝑒𝑝,𝑟 =
𝜌𝑉𝐷

𝜇
                                                     (7.39) 

Where 𝜌, 𝑉, 𝜇 are oil density, velocity and viscosity. 

(3) Acceleration pressure drop 

Based on the dynamic model of the crank mechanism, the oil velocities in the horizontal 

and vertical directions are given by: 

{
𝑉𝑥 = −𝜔𝑟𝑐𝑜𝑠𝜃
𝑉𝑦 = −𝜔𝑟𝑠𝑖𝑛𝜃                                                  (7.40) 

And then the corresponding accelerations are: 

{
𝑎𝑥 = 𝜔2𝑟𝑠𝑖𝑛𝜃

𝑎𝑦 = −𝜔2𝑟𝑐𝑜𝑠𝜃
                                             (7.41) 

As the horizontal acceleration force is offered by the oil passage wall, then the oil pressure 

drop along the connecting rod is: 

∆𝑃𝑎,𝑟 = −𝜌𝐿𝑎𝑦 = 𝜌𝜔2𝐿𝑟𝑐𝑜𝑠𝜃                                      (7.42) 

In total, the oil pressure drop through the connecting rod can be summed up as: 

∆𝑃 = ∆𝑃𝑔,𝑟 + ∆𝑃𝑝,𝑟 + ∆𝑃𝑎,𝑟                                               (7.43) 
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7.4.4 Oil flow rate model 

According to the oil flow hydraulic model, in every cycle the oil supply pressure and 

chamber pressures within the VCR piston can be calculated, and then the differential 

pressure between two chambers and the corresponding oil flow rates can be determined. 

The oil flow rate through check valve can be calculated by [40]: 

𝐼 = 𝐶𝑑𝐾𝑣𝐴√
29∙𝑔∙𝐻

𝜌
                                                                 (7.44) 

Where: 

 I – Liquid volumetric flow rate; 

𝐶𝑑 – Flow coefficient; 

𝐾𝑣 – Viscosity correction factor; 

A – Flow area of the check valve; 

H – Differential pressure; 

𝜌 – Density of flow fluid (oil). 

Likewise, the oil flow rate through relief valve is given by [41]: 

𝐼 =
𝐾∗𝑉

𝐿𝑜ℎ𝑚𝑠
√

𝐻

𝑆
                                                             (7.45) 

Where: 
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I – Liquid volumetric flow rate; 

K – A constant for units, here K=288 for bar and L/min [41]; 

V – Viscosity correction factor; 

H – Differential pressure; 

L – Lohms value; 

S – Specific gravity. 

7.4.5 Compression ratio model 

After the oil flow rate variation with crank angle is acquired, the clearance volume change 

∆V in each cycle can be calculated by integration, hence the corresponding compression 

ratio can be given by: 

CR =
𝑉𝑑+𝑉𝑐+∆V

𝑉𝑐+∆V
                                                          (7.46) 

Where 𝑉𝑑 and 𝑉𝑐 are engine displacement volume and clearance volume respectively. 

As is known, the original compression ratio of the research engine is: 

CR𝑜 =
(𝑉𝑑+𝑉𝑐)

𝑉𝑐
= 17.8                                                 (7.47) 

Hence Eq. (7.42) can be transferred to: 

CR =
∆V

𝑉𝑐
⁄ +17.8

∆V
𝑉𝑐

⁄ +1
                                                      (7.48) 
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7.5 Results and discussion 

7.5.1 Oil pressure and compression ratio variation in motoring cycle 

Figure 7.25 shows the oil pressure variations in the chambers and supply line during the 

first two motoring cycles, while Figure 7.26 shows the same kinds of pressure variation in 

the first 20 cycles, showing that the upper chamber peak pressure keeps increasing during 

the first several cycles then stays stable. 

Similarly, Figure 7.27 and Figure 7.28 demonstrate the chamber volume and piston height 

change during the motoring cycle and which are consistent with the oil pressure 

variations in the chambers and supply line; this is because oil would flow into the upper 

chamber when the pressure inside is lower than that of lower chamber and connecting 

rod, and consequently, the upper chamber volume as well as piston height would rise up. 

In comparison, not only the piston height but also the compression ratio would stay stable 

when the upper chamber pressure is higher than that of the lower chamber and oil supply 

during the motoring cycles because oil cannot flow out of the upper chamber unless it 

surpasses the relief valve opening pressure. Consequently, as shown in Figure 7.29 and 

Figure 7.30, the compression ratio keeps increasing in the first several cycles then 

stabilized when it reaches the highest designed value 𝐶𝑅𝑚𝑎𝑥 = 24. 



373 
 

 
 

 
Figure 7.25. Oil chamber pressures and oil supply pressure during two motoring 

cycles. 

 
Figure 7.26. Oil chamber pressures and oil supply pressure during 20 motoring cycles. 

 
Figure 7.27. Oil chamber volume change during two motoring cycles. 
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Figure 7.28. Piston height change during two motoring cycles. 

 
Figure 7.29. Compression ratio change during two motoring cycles. 

 
Figure 7.30. Compression ratio change during 20 motoring cycles. 

At the same time, when starting the engine, there is no oil in the chambers within the 

VCR piston, so both the piston height and compression ratio should be a minimum at first, 
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then with oil continuously flowing into the oil chambers which is powered by mass force, 

consequently, the compression ratio and cylinder pressure will increase to the highest 

value in the first few motoring cycles so as to improve the thermal efficiency and power 

output after injecting fuel, meanwhile, the upper chamber peak pressure goes up while 

the peak pressures of the oil supply and the lower chamber stay steady because these 

two are mostly determined by mass force. Moreover, with the oil temperature increase 

during engine warm-up, the oil viscosity will gradually decrease then the oil flow rates 

through valves would increase, so the chamber pressure and compression ratio increases 

become faster. 

7.5.2 Oil pressure and compression ratio variation in firing cycles 

During the firing cycles (N = 1200 rpm, IMEPg = 10 bar), the cylinder gas force is delivered 

to the inner piston through the outer piston crown and upper chamber, and therefore 

high pressure may be generated in this chamber especially during the compression and 

power strokes [20]. In this case, the relief valve of the upper chamber is set with a limiting 

value, and whenever the chamber pressure exceeds this limiting value then the relief 

valve will open and allow some oil out of the upper chamber, and consequently the piston 

height and compression ratio reduce to avoid knock. 

Figures 7.31 and 7.32 show that oil pressure and chamber volume changes in the first two 

firing cycle; here the relief valve opening pressure limit is set at 150 bar. During the 

compression and power strokes, the cylinder pressure may become very high and the gas 

force is transferred through the piston crown and leads to high pressure in upper 
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chamber. When the upper chamber pressure surpasses the relief valve opening limit, the 

oil flows out of the upper chamber, and at the same time, there is extra oil pumped from 

connecting rod to the lower chamber when the upper chamber is shrinking. During the 

intake and exhaust strokes, the lower chamber and oil supply pressures may be higher 

than that of upper chamber pressure, so in this interval, oil is pumped into the upper 

chamber which may cause the rebound of piston height and compression ratio. 

Moreover, the final piston height and compression ratio changes after each cycle depend 

on the summations of variations. As shown in Figure 7.33 and Figure 7.34, in the first two 

cycles, the downward movement surpasses the upward movement, hence both the 

piston height and compression ratio would decrease to alleviate the high engine load. 

 
Figure 7.31. Oil chamber pressures and oil supply pressure during two firing cycles. 
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Figure 7.32. Oil chamber volume change during two firing cycles. 

 
Figure 7.33. Piston height change during two firing cycles. 

 
Figure 7.34. Compression ratio change during two firing cycles. 
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Figures 7.35 and 7.36 describe the continuous variations of piston height and 

compression ratio during firing cycles; if the engine load is very high and results in the 

upper chamber pressure exceeding the limit value of the relief valve, the compression 

value would decrease rapidly and then fluctuates within a certain range. 

 
Figure 7.35. Piston height change during 20 firing cycles. 

 
Figure 7.36. Compression ratio change during 20 firing cycles. 

7.5.3 Engine speed effects on stable compression ratio and cylinder peak pressure 

The piston VCR function is driven by mass force and gas force simultaneously during 

reciprocating motion; the mass force depends on engine speed whereas the gas force 
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does not. Which one of the two dominates relies on the combustion peak pressure and 

the engine speed, and both the combustion peak pressure and compression ratio 

determine the cylinder peak pressure in operation. Selecting the Engine speed as 1200, 

1500, 1800, 2000 rpm respectively, and taking the peak combustion pressure at 120, 150, 

180 bar from experimental data at high load, the final stable compression ratio and peak 

cylinder pressure can be obtained. 

Figures 7.37-7.39 show the stable compression ratio and peak cylinder pressure variations 

at different engine speeds and with different peak combustion pressures. As can be seen 

from these graphs, the compression ratio stays relative stable while peak cylinder 

pressure increases when the engine speed increases, because the mass force increases 

with the engine speed. At a certain engine speed, the stable compression ratio is lower 

when the peak combustion pressure is higher. Furthermore, as can be seen from Fig. 7.38, 

the peak cylinder pressures at high combustion loads are close and this demonstrates that 

the VCR piston has a good depressurization effect at high load. 

 

Figure 7.37. Engine speed effect on compression ratio at different combustion 
pressures. 
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Figure 7.38. Engine speed effect on peak cylinder pressure at different combustion 

loads. 

 
Figure 7.39. Stable compression ratio of VCR piston at different engine speeds and 

different combustion peak pressures. 

7.5.4 VCR piston and normal piston performance at different engine loads 

Based on the above-mentioned parameters shown in Fig. 7.39, the stable compression 

ratio and in-cylinder pressure trace at different conditions (e.g., engine speed, 

combustion peak pressure) can be obtained. Therefore, the indicated mean effective 

pressure (IMEP) can be calculated according to the piston work output. Figures 7.40 and 

7.41 mainly depict the compression ratio and peak cylinder pressure response of the VCR 

piston when increasing engine load. As can be seen, when increasing IMEP continuously 
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from idle condition to high load, both the compression ratio and upper chamber height 

would at first decrease gradually then decline dynamically to the minimum value. One 

thing need to mention here is that Fig. 7.41 shows that there is a stable period of peak 

cylinder pressure when increasing the engine load, demonstrating that the VCR piston 

could help to avoid knock caused by high pressure in the cylinder, and so potentially 

improving the engine thermal efficiency. 

 
Figure 7.40. Stable compression ratio and oil chamber height at different engine 

loads.  

 
Figure 7.41. Stable compression ratio and peak cylinder pressure at different engine 

loads. 
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Figure 7.42 compares the peak cylinder pressure responses of the VCR engine and a 

normal engine with a constant compression ratio of 17.8. As is shown in this figure, at low 

load, both the thermal efficiency and peak cylinder pressure of the VCR engine are higher 

than those of the normal engine. In addition, the normal engine peak cylinder pressure 

goes very high at heavy load, while the VCR engine could keep the peak cylinder pressure 

stable so increasing the thermal efficiency. As is shown in Figure 7.43, at a certain relief 

valve opening pressure, the VCR piston has good adaptability with engine loads as the 

stable compression ratio reduces automatically when increasing the IMEP of engine. 

Beside this, the VCR piston with higher releasing pressure limit tends to have higher stable 

compression ratio, meanwhile, if the opening pressure of relief valve is below 80 bar then 

the compression ratio is always stable at a relatively low value because it is prone to 

discharge oil when increasing engine load. 

 
Figure 7.42. Peak cylinder pressure of VCR piston and normal piston at different 

engine loads. 
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Figure 7.43. Stable compression ratio at different engine loads and different relief 

valve opening pressures. 

7.5.5 Energy loss from VCR piston at different engine loads 

While the VCR piston could effectively improve the thermal efficiency of engine, there 

may exist a certain amount of energy loss caused by its vibration during high peak 

pressure firing cycles, as shown in Figs. 7.35 and 7.36.  

As can be seen from Figures 7.44 and 7.45, as the engine load increases, both the energy 

loss and the corresponding percentage in piston work output rises rapidly because of the 

increasing vibration and peak pressure. The growth rate of the energy loss percentage 

slows down between 10-24 bar, and decreases drastically after peaking around 24 bar, 

owing to the fact that the compression ratio quickly becomes stable so there is less 

vibration on account of the extremely high pressure at heavy load. In addition, the energy 

loss from VCR piston could reach 250 J/cycle when the IMEP is around 24.5 bar, and the 

energy loss percentage is well below 5% at different engine loads. 
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Figure 7.44. Energy loss from VCR piston at different engine loads. 

 
Figure 7.45. Energy loss percentage in output work at different engine loads. 

Figure 7.46 depicts the energy loss percentage in piston work output at different engine 

loads and different relief valve opening pressures. If the relief valve in the VCR piston is 

set with a high opening pressure, then the energy loss rate stays zero at low load because 

it would not release oil at relatively mild cylinder pressure so there is no vibration. 

Similarly, at low engine load, the energy loss rate is stable under different relief valve 

opening pressure, because the released oil is very limited at low cylinder pressures so 
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there is not much wasted energy resulting from vibration. Moreover, at different relief 

valve opening pressures, the energy loss percentages are all no more than 5%, and it is 

worth mentioning that the maximum value at low valve opening pressure is smaller than 

that at high opening pressure, because the cylinder pressure is higher when discharging 

oil if the VCR piston is installed with a relief valve with a larger pressure limit, and in this 

case, more energy is wasted caused by piston shrinkage during the expansion stroke. Last 

but not least, this part of the energy loss is not negligible and deserves to be investigated 

further in order to be reduced in the future. 

 
Figure 7.46. Energy loss percentage at different engine loads and different relief valve 

opening pressure. 

7.6 Conclusion 

In this chapter, a VCR piston was designed based on the BICERI piston strategy according 

to the Volvo D13 engine dimensions, and numerical models were established to study the 

piston performance during motoring cycles and firing cycles. Some influencing factors are 
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investigated to investigate the VCR properties, such as stable compression ratio and peak 

cylinder pressure. In addition, the response of a VCR engine and a normal engine under 

different engine loads were compared. Moreover, the magnitude of the waste energy of 

the VCR piston and its relative percentage at different engine loads was also explored. 

1) After starting the engine, the VCR piston height and compression ratio would increase 

to their maximum values in the first several motoring cycles, so as to achieve relatively 

high thermal efficiency after injecting fuel. 

2) During firing cycles, if the engine load is very high, which may lead to some oil 

discharged from the upper chamber via the relief valve, the compression value would 

decrease rapidly to a certain value in case of abnormally high pressure in cylinder. 

3) During engine operation, a higher combustion pressure may result in a lower 

compression ratio so as to avoid knock or other potential risks brought to the engine. In 

addition, the engine speed has limited effects on the piston stable compression ratio 

while the peak cylinder pressure may rise with increasing engine speed. 

4) At low engine loads, the VCR piston could offer higher compression ratios to increase 

the thermal efficiency compared with a normal engine, while at high engine load, the VCR 

piston could reach a low compression ratio to keep peak cylinder pressure within 

acceptable limits. Thus it may contribute to help the engine to achieve higher loads while 

keeping lower cylinder pressures to avoid potential knock. 



387 
 

 
 

5) The VCR piston has good adaptability with engine loads at a certain relief valve opening 

pressure, and the stable compression ratio tends to be higher if a relief valve with higher 

pressure threshold is selected. 

6) The VCR piston may lead to a certain amount of energy loss when vibrating in 

reciprocating motion, and both the energy loss and related percentage in piston work 

output rises with increasing engine load. The growth rate of energy loss percentage slows 

down between 10 bar and 24 bar. After peaking around 24 bar, it decreases drastically in 

heavy load range. In addition, the energy loss from the VCR piston could reach 250 J/cycle 

when the IMEP is around 24 bar. 

7) At low engine load, the energy loss rate is stable under different relief valve opening 

pressures, and the energy loss rate stabilizes at zero if the relief valve in the VCR piston is 

set with a high opening pressure. Moreover, at different relief valve opening pressure, 

the energy loss percentages are no more than 5%. 

In the next chapter, the main work presented in the previous chapters will be concluded, 

and some future work warrant to study will be listed. 
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Chapter 8: Summary and future work 

In this chapter, section 8.1 presents the main conclusions of this work, and section 8.2 

gives some recommendations for the future work. 

8.1 Summary 

Engine knock is an abnormal combustion phenomenon, which has long been one of the 

major constraints to improve the thermal efficiency and durability of SI engines. An in-

depth understanding of the engine knock mechanism and characteristics is vital for 

controlling knocking combustion. Furthermore, experimental investigation of knock 

events is challenging given their stochastic nature. 

This present study aims to understand the knock initiation mechanism, explore the knock 

evolution process, and investigate knocking combustion characteristics and knock 

responses under different conditions. For the experiments, we refitted a single-cylinder 

compression ignition research engine was adapted to operate at SI mode with port fuel 

injection. A customized liner equipped with four equi-spaced spark plugs in the periphery 

of the cylinder was used to generate various flame propagation processes, in turn to 

initiate the auto-ignition from different positions, and achieve more controlled knock 

events. Up to six pressure transducers were mounted to collect the local pressure signals 

from different locations in the cylinder. Various spark strategies (e.g., spark timing, spark 

number, spark location) were applied to investigate the knock characteristics of the 

different spark ignition strategies. 
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In the 4th chapter, a band-pass filter was applied to obtain the pressure oscillations with 

respect to different spark strategies. The relationships between in-cylinder pressure, 

knock intensity, pressure fluctuation, heat release and measurement location were 

analyzed to gain a better understanding on knock mechanism, influence factors and 

measurement methods. The results showed that the pressure sensors installed around 

the liner exhibited different pressure fluctuations, indicating the directionality of pressure 

wave transmission in cylinder during the knock process. Additionally, Fast Fourier 

transform and wavelet analysis were performed to evaluate the frequency of pressure 

oscillations. For the various spark strategies, triggering two or three spark plugs 

simultaneously resulted in very concentrated directionalities of in-cylinder pressure 

oscillations among all the knocking cycles, indicating the distributed nature of hot spots 

in these cases. With the activated spark plug number ranging from one to three, the 

acoustic resonance focused on the (1, 0) mode, while four activated spark plugs led to the 

higher (0, 1) mode, indicating that auto-ignition initiated close to the chamber center. 

Compared with the side sensors, the top sensor could recognize more resonance modes. 

Higher frequency signals decayed faster than lower during the knocking vibrations. As 

expected, it was found that auto-ignition started earlier when advancing the spark timing, 

and thereby more energy was released by knock; this explained the knock amplitude 

growth with earlier spark timing.  

In order to investigate the knock induced fluctuations and heat release, multiple 

correlations were used to evaluate the sensitivity of the maximum amplitude of pressure 
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oscillation (MAPO) with respect to different influencing factors, and a multiple linear 

regression (MLR) model for MAPO prediction was built and validated against the 

experimental results. Wiebe function and curve-fitting techniques were applied to 

estimate the energy released by auto-ignition in each individual cycle, and assess its 

relation with knock intensity. The pressure oscillation regarding the 1st resonance mode 

was extracted from the high-pass filtered signal, representing the main pressure 

oscillating process in cylinder. Advancing the CA50, the heat release fraction produced by 

knock increased at first then reduced due to thermodynamic conditions and flame 

propagation. Activating two or three spark plugs, the heat release rise rate went up 

noticeably but the knock induced heat release fraction decreased. Moreover, the primary 

acoustic resonance mode (1, 0) gave more regular knock vibrations than the mixed forms 

(including mode (1, 0), (0, 1), (2, 0), etc.),  and the average travelling distance of the 

acoustic wave in the time period between receiving two sequential signals, implying that 

the knock event was very close to the cylinder bore. The results gave insights into the 

knock pressure wave propagation process, as well as the relationship between knock 

conditions, pressure oscillations and heat release. 

Chapter 5 investigated the knock strength under different spark strategies, and explored 

the effects of compression ratio and fuel octane number. The results showed that knock 

intensity first increased as the number of active spark plugs varied from one to three and 

decreased significantly with four spark ignition, and even below the double spark ignition 

in some cases. This was due to the trade-off between the end-gas mass fraction and the 
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end-gas temperature: near 90% of the fuel energy was consumed at knock onset in the 

four spark ignition cases, and only a small proportion of energy was left for auto-ignition, 

thus limiting the knock intensity. Compared with the single spark case, multiple spark 

ignition generated higher power output and lower cycle-to-cycle variations. It was found 

that the potential knock suppressing effect of the four spark ignition strategy could be 

enhanced by higher fuel octane number and lower compression ratio. Therefore, this 

study provided a possible way to generate controllable knock and gave insights into the 

different knock mechanisms under multiple spark ignition conditions. 

The 6th chapter investigated the knocking combustion processes with synchronized high-

speed imaging and in-cylinder pressure analysis. The results indicated that using multiple 

spark-ignition points could promote knock intensity, advance the start of auto-ignition 

and introduce more acoustic resonance modes. The center pressure sensor was more 

sensitive to the first circumferential resonant mode (0, 1) of the engine knock pressure 

oscillation, while the side sensors were more sensitive to the first and second radial 

resonant modes (1, 0) and (2, 0). The knock onset judged by natural flame photography 

was normally earlier than that by pressure analysis because auto-ignition happened at 

first then induced the subsequent pressure fluctuations. Natural flame luminosity analysis 

demonstrated that the initial auto-ignited flame kernel caused weak pressure oscillations, 

and the instantaneous combustion of the remaining end-gas increased the heat release 

rate significantly and gave rise to more violent knock vibrations. Statistically, the MAPO 

followed an exponential relationship with the peak mean flame luminosity. According to 
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the high-speed images, the end-gas spread widely in the flame gaps generated by 

different spark strategies while the first auto-ignition sites were not evenly scattered in 

the end-gas zone. This fact gave insights into the local temperature non-uniformity of the 

end gas zone that affected the spatial distributions of auto-ignition sites in the cylinder. 

Moreover, the in-cylinder pressure oscillation was of great importance to investigate the 

knock development process.  Instead of installing multiple pressure sensors to detect the 

local pressure fluctuating signals, in chapter 6 a new method to set a series of virtual flame 

monitors to catch the local luminosity fluctuations was proposed, representing the knock 

vibrations precisely. Based on the analysis of knock cycles, the near isochoric combustion 

of end-gas contributed to dramatic escalations of pressure oscillation amplitude and 

flame intensity. In comparison, the vibrations of local flame luminosity were prior to those 

of the pressure signals by about 0.5 CAD, and its amplitude was lower. After applying a 

time offset and normalization of magnitude, the 2D contours of flame intensities given by 

the monitors were found to be practically identical to those given by the pressure signals, 

and their frequencies were very similar. Consequently, virtual flame monitors have been 

found to provide a convenient and reliable way to study knock-induced pressure 

oscillations. Additionally, the flame monitor size affected the accuracy of detecting 

results, and a range between 5 and 8 mm was found to be suitable for the monitor radius. 

Overall, more flame detectors presented more knock vibration details, while a matrix of 

around 50 monitors was found to be acceptable to improve the precision of detecting 

results while keeping an appropriate computational load. 
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In order to achieve optimum engine efficiency while avoiding potential risks of engine 

knock, Chapter 7 presented a design of a hydraulically actuated piston based on the VCR 

piston originally proposed by the British Internal Combustion Engine Research Institute 

(BICERI). VCR technology has long been recognized as a method for improving spark-

ignition engine performance, efficiency, and fuel economy with reduced emissions. In the 

proposed design, the compression height of the piston automatically changes in response 

to engine cylinder pressure by means of controlling the lubrication oil flow via valves in 

the piston. In addition, numerical models including a piston kinetic model, oil hydraulic 

model, compression ratio model etc., have been established to evaluate the piston 

properties. The oil flow characteristics between the two chambers in the VCR piston have 

been investigated and the response behaviors of a VCR engine and a normal engine, such 

as compression pressure and peak cylinder pressure, were compared at different engine 

loads. Moreover, the energy losses because of VCR piston vibration at high engine loads 

during firing cycles have been calculated. According to the analysis results, both energy 

loss and related percentage in piston work output rise with engine load and peak at 24 

bar, then they decrease significantly in heavy load range. In addition, the energy loss from 

the VCR piston could reach 250 J/cycle when the IMEP is around 24 bar. At low engine 

load, the energy loss rate is stable under different relief valve opening pressures, and the 

energy loss rate stabilizes at zero if the relief valve in the VCR piston is set with a high 

opening pressure. Moreover, at different relief valve opening pressures, the energy loss 

percentage is well below 5% at different engine loads. 
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8.2 Findings considered to be contributions to knowledge 

This dissertation presents the experimental work on knocking combustion and clarifies 

the pressure oscillation processes in different knock events. Some innovative analytical 

and methodological approaches are put forward to analyze the knock evolution processes 

and knock-induced pressure oscillations; a design of VCR piston has been proposed to 

suppress knock while improving the engine efficiency. The following subsections outline 

the potential contributions to knowledge made by this work: 

1. A multiple spark ignition system was designed and manufactured to trigger controllable 

knock events. Compared with the conventional methods through advancing the spark 

timing, inlet boost, etc., the customized system could trigger more favorable knock events 

for statistical study, and the knock starting time and locations can be adjusted. 

2. Compared with previous studies, this present work provides more details about the 

knock-induced pressure oscillations. Due to the complexities of knock oscillations, it was 

difficult to determine how the acoustic waves generated by knock travel in the cylinder. 

This work extracts the primary oscillation mode from the signal to make the oscillation 

process more regular. Based on the real-time speed of sound, the acoustic wave 

movement route during knock is analyzed. 

3. Some influential factors that contribute to violent knock oscillations are assessed, and 

a multiple regression system is established to predict the MAPO based on the dominant 

factors with high accuracy; 
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4. The varying slope of knock intensity with increasing the number of spark-ignition points 

is reported for the first time. The effects of engine compression ratio and fuel octane 

number on the knock responses are evaluated. The offsets between the mass fraction of 

unburned fuel and end-gas temperature behind the phenomena are analyzed. 

5. A potential knock suppression method with multiple spark ignition is proposed, which 

can contribute to higher engine efficiency, extended lean limit, low knock intensity, low 

COV, and low UHC and CO emissions. 

6. This work proposes a new method for pressure oscillation measurement by evaluating 

the oscillation of the flame chemiluminescence intensity when engine knock and 

detonation take place. Compared with the traditional point-measurement with pressure 

sensors, the current new method can achieve high-resolution, two-dimensional, 

qualitative measurement of the pressure oscillations during knocking combustion. 

7. This study presents a design of hydraulically actuated piston to achieve variable 

compression ratio, which is capable of alleviating knock risks, and improving the engine 

efficiency especially at low loads. In this design, the piston height can automatically 

change in response to in-cylinder pressure under different engine operating conditions. 

According to the simulations, the VCR piston could offer higher compression ratio to 

increase the thermal efficiency compared with normal engine; while at high engine load, 

the VCR piston could reach a low compression ratio to reduce cylinder pressure to avoid 

potential knock risks. 
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8.3 Future work 

In the present work, all the experiments were implemented on a refitted optical engine, 

and hence the engine load and knock intensity were kept at relatively low levels to avoid 

engine failure. Therefore, the research scope was limited to normal engine knock. From 

the insights derived in this work, it would be more interesting if we could expand the 

knock extent to the “developing detonation” zone, and more details could be extracted 

from the “deflagration to detonation” process. To implement this part of research, the 

research engine would need to be reinforced to withstand high knock intensity. 

Moreover, in order to undertake optical study for heavy knock or even super knock cases, 

new designs of the optical piston need to be established, and the engine control system 

would need to be adjusted to ensure facility reliability at heavy knock conditions. 

As this PhD project was more focused on knock mechanism study, there were very few 

practices on different approaches to suppress knock. Future work is suggested to perform 

more knock controlling strategies, such as air/fuel mixture enrichment, cooled EGR or 

lean burn, and water injection to mitigate the knock risks. Based on the results of the 

present study, more knock suppression methods could be proposed according to the 

influential factors on knock and its evolution mechanisms. 

Moreover, the research scope could also be expanded to other combustion modes based 

on the results and conclusions presented in this study, such as HCCI and SACI. Both of 

these combustion modes make use of controlled air/fuel mixture auto-ignition, and they 

are advantageous in improving engine efficiency and reducing exhaust emissions. 



399 
 

 
 

However, their operation ranges are limited to certain engine loads and consequently 

they have not been put into mass production. Therefore, future research could be 

directed toward the transitions between HCCI through SACI to SI with regards to different 

loads, and the characteristics of knock under these combustion modes will be studied. 

Last but not least, CFD research on engine knock is an important part of this project, and 

hence more future work should be executed on knock simulation with the CONVERGE 

CFD software used here. At first, the simulation would repeat the same cases in this study, 

in order to validate the experimental results. Additionally, CFD simulation could help to 

expand this study to more knock cases, including conditions that are hard to perform in 

the current facility. The results will then be promising to help to obtain more in-depth 

understanding of the mechanism of knocking combustion. 
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APPENDICES 

A. The properties of the PRFs used in this work 

Table A.1. Properties of PRF100, PRF91, PRF80 

Description Specification 

Fuel PRF100 PRF91 PRF80 

Research octane number (RON) 100 
86.6 

0.7485 
 
 

30.5 
8.2 
5.0 

1.776 
0.015 

 
 

42.4 
 

2.88 
65.78 

91 80 

Motor octane number (MON) 100 91 80 
Sensitivity 0 0 0 

Density (kg/m3) 687.8 687.1 686.1 
Lower heating value (MJ/kg) 47.8 47.8 47.9 

Energy density (MJ/L) 69.5 69.6 69.8 
H/C ratio 2.250 2.253 2.256 
O/C ratio 0 0 0 

Stoichiometric air-fuel ratio 15.1 15.1 15.1 
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B. vibration signals under mixed and primary resonance modes 

  

a) mixed resonance mode b) resonance mode (1,0) 

Figure B.1. Pressure oscillation peaks (top sensor, sparking plug 1, ST= -27 CAD aTDC, 
CA50: 9 CAD aTDC). 

 

  

a) mixed resonance mode b) resonance mode (1,0) 

Figure B.2. Pressure oscillation peaks (side1 sensor, sparking plug 1, ST= -27 CAD 
aTDC, CA50: 9 CAD aTDC). 

 



402 
 

 
 

  

a) mixed resonance mode b) resonance mode (1,0) 

Figure B.3. Pressure oscillation peaks (side3 sensor, sparking plug 1, ST= -27 CAD 
aTDC, CA50: 9 CAD aTDC). 

 

  

a) mixed resonance mode b) resonance mode (1,0) 

Figure B.4. Pressure oscillation peaks (side4 sensor, sparking plug 1, ST= -27 CAD 
aTDC, CA50: 9 CAD aTDC). 
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C. Comparisons of pressure oscillations and luminous fluctuations before 

and after using time offset at different positions 

  

  

(a) Without offset (b) With offset 

Figure C.1. The comparisons of oscillation amplitudes detected by pressure sensor and 
flame monitor respectively at the top position before using offset (a) and after using 

offset (b). (correlation = 0.8311) 
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(a) Without offset (b) With offset 

Figure C.2. The comparisons of oscillation amplitudes detected by pressure sensor and 
flame monitor respectively at the center position before using offset (a) and after 

using offset (b). (correlation = 0.4299) 
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(a) Without offset (b) With offset 

Figure C.3. The comparisons of oscillation amplitudes detected by pressure sensor and 
flame monitor respectively at the side2 position before using offset (a) and after using 

offset (b). (correlation = 0.8287) 
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(a) Without offset (b) With offset 

Figure C.4. The comparisons of oscillation amplitudes detected by pressure sensor and 
flame monitor respectively at the side3 position before using offset (a) and after using 

offset (b). (correlation = 0.7429) 
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(a) Without offset (b) With offset 

Figure C.5. The comparisons of oscillation amplitudes detected by pressure sensor and 
flame monitor respectively at the side4 position before using offset (a) and after using 

offset (b). (correlation = 0.8501) 
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D. Comparisons of pressure oscillating frequencies and luminous vibrating 

frequencies at different positions 

  

(a) Top (b) Center 
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(c) Side2 (d) Side3 

 

(e) Side3 

Figure D.1. The comparisons of oscillation frequencies between pressure and flame 
intensity detecting at the top position (a), center position (b), side2 position (c), side3 

position (d), and side4 position (e). 
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E. Amplitudes of knock vibrating frequencies detected by pressure sensor 

and flame luminosity at different positions with different sizes of flame 

monitors 

 
Figure E.1. Amplitudes of knock vibrating frequencies detected by pressure sensor and 

flame luminosity at the top position (R = 1, 3, 5, 8, 20, 30, 40 mm). 
 

 
Figure E.2. Amplitudes of knock vibrating frequencies detected by pressure sensor and 

flame luminosity at the center position (R = 1, 3, 5, 8, 20, 30, 40 mm). 
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Figure E.3. Amplitudes of knock vibrating frequencies detected by pressure sensor and 

flame luminosity at the side2 position (R = 1, 3, 5, 8, 20, 30, 40 mm). 

 

 
Figure E.4. Amplitudes of knock vibrating frequencies detected by pressure sensor and 

flame luminosity at the side3 position (R = 1, 3, 5, 8, 20, 30, 40 mm). 
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Figure E.5. Amplitudes of knock vibrating frequencies detected by pressure sensor and 

flame luminosity at the side4 position (R = 1, 3, 5, 8, 20, 30, 40 mm). 

 


