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Abstract 

 

Low-Speed Pre-Ignition (LSPI) is a form of abnormal combustion that can occur in direct-injection 

gasoline engines when the air-fuel mixture auto-ignites before the spark timing. A sudden and 

extreme pressure rise, along with high amplitude pressure oscillations, can result in immediate 

and catastrophic mechanical damage to the engine. The exact mechanisms behind this abnormal 

combustion are not yet fully understood, however, due to the conditions under which it occurs, 

it is now seen as one of the key limiting factors to further downsizing, in the next generation of 

high efficiency engines. Although termed ‘low-speed’, this phenomenon has been observed to 

occur across a wide engine speed range.   

A review of an extensive set of engine testing data was conducted in order to study LSPI 

phenomena observed in turbo-charged, direct injection gasoline engines. A wide range of turbo-

charged DI gasoline engine makes and sizes were tested, capturing several thousand LSPI events. 

The challenges faced when trying to accurately and consistently measure this phenomenon are 

outlined, resulting in the development of new methods to identify LSPI along with means of 

filtering false positive events. New methods for provoking LSPI have been successfully trialled 

helping lead to shorter test times during durability testing as well as a better understanding of 

the mechanisms behind LSPI.  

A parametric study was carried out, investigating the influence of several factors on LSPI, which 

were quantified and compared against the wider literature. These factors included piston 

cooling jets, injection timing and Exhaust Gas Recirculation. A new phenomenon has been 

identified whereby an LSPI event in one cylinder is a direct cause of further LSPI events in other 

cylinders, and a hypothesis developed regarding its underlying mechanism based upon 

mechanical vibration.  

Analysis of the test results, further in-house experiments and inferences drawn from the wider 

literature, were used to develop an extensive new test methodology for LSPI characterisation. 

The novel methodology describes a strategy for engine and vehicle testing, from initial engine 

development investigations through to final validation and production in a vehicle concluding 

with recommendations for suitable control responses to LSPI events encountered in a vehicle 

application.  



 
 

A summary of LSPI and abnormal combustion phenomena is proposed based upon the findings 

of this study for pre-ignition cases at low and high-speed (LSPI, HSPI), end gas auto-ignition and 

single cylinder and multi-cylinder events. This summary, along with the novel test procedures 

developed for calibration, validation, detection and mitigation strategies, can be readily 

employed by automotive combustion engineers in further research and development 

programmes. 
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SPR Sampling frequency 

SV Swept volume 

T Temperature 

Tc  Coolant temperature 

ua  Localized autoignition velocity 

𝑉𝐶𝑦𝑙   Cylinder volume 

𝑥 Constant for first circumferential knock mode (Draper, 1934) 

�̅�  Mean 

𝑥𝑚𝑖𝑛  Minimum sample value 

 

 

Greek Symbols 

𝜏𝑒   Duration in which most of the chemical energy is released (excitation 

time) 

λ  Excess air factor (lambda) – the ratio of AFR to Stoichiometry 

σ  Standard deviation 

ξ Ratio of speed of sound in unburnt mixture to local autoignition velocity 

ε Number of excitation times (𝜏𝑒) that can occur within the hot spot 

residence time 

𝜋 Ratio of experimental pressure to maximum theoretical pressure from 

isochoric combustion 
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Chapter 1  

Introduction 

 Background and Context of the Study 

Tightening emission regulations are forcing major OEMs to take ever increasing actions 

towards a more environmentally efficient engine. Emission regulations including Euro 

6d in the EU and Beijing V in China define the legally acceptable emissions from newly 

manufactured vehicles. Additional pressure is applied from CO2 tax bands, resulting in 

customers choosing less CO2 producing vehicles and putting pressure on OEMs to 

respond.  

Engine downsizing and subsequent down-speeding has been identified as one of the 

most cost effective overall method for both simultaneously reducing emissions and fuel 

consumption (Weber, Friedfelt and Wirth, 2013; Turner et al., 2013). Retaining the same 

specific power output while reducing the engine size is achieved by increasing the air 

intake pressure using either super- or turbo-charging. This reduction in size helps reduce 

fuel consumption by decreasing friction and the inertia of engine components while 

reducing the pumping losses from the throttle by letting the engine operate at a more 

efficient and higher load at reduced speeds. The Automotive Council Roadmap has 

identified heavy downsizing as a method for meeting emissions targets for 2025 

(Automotive Council UK and Advanced Propulsion Centre, 2017) 

More so than Diesel engines, the air-fuel homogenisation in petrol engines is of critical 

importance to optimal combustion as the combustion process is very sensitive to 

changes in air-fuel ratio (AFR). Gasoline Direct injection (GDI) engines have become 

increasingly more common in the consumer market over the past 15 years as it provides 

a cleaner more efficient combustion than previously achieved with port fuel injection 

(PFI). By injecting directly into the cylinder the quantity of fuel and therefore the AFR 

can be more precisely controlled, combined with the subsequent temperature decrease 
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from fuel delivery allows the use of a higher compression ratio and up to a 10 % power 

increase (Sellnau et al., 2012; Turner et al., 2014). The precise control of fuel entering 

the cylinder allows the ECU to immediately implement additional preventative 

measures against abnormal combustion, maintaining lower emissions. 

The optimum engine operating range for road cars based on the New European Driving 

Cycle (NEDC) is approximately 1500-2500 rpm (Turner et al., 2013), as it correlates with 

the lowest brake specific fuel consumption (BSFC) and vehicle driveability. It is in this 

low speed region while operating at a high load that an abnormal combustion event has 

been found to occur whereby the fuel auto-ignites before the spark, resulting in a 

sudden and extreme pressure rise. Commonly referred to as low-speed pre-ignition 

(LSPI), this phenomenon has only started to appear within the past two decades due to 

the introduction of GDI engines and the emphasis upon turbocharging and downsizing 

technologies. The occurrence of this stochastic high-pressure event has been noted to 

occur across the full engine speed range, making the term ‘low-speed’ a slight 

misnomer. Several competing nomenclature have been used within research such as 

Stochastic Pre-Ignition (SPI), Super knock, and Mega knock to describe this 

phenomenon. Due to the operating conditions where LSPI occurs, it is now seen as one 

the main limiting factors for the further downsizing of the next generation of engines 

(Dogra, 2013). In response several OEMs are now using methods to supress LSPI while 

in this critical zone, with one example being an enrichment of the AFR (Amann, Mehta 

and Alger, 2011). This, however, is no longer compatible with Euro 6d emissions 

standards and the introduction of the Real Driving Emissions (RDE) and Worldwide 

Harmonised Light Vehicle Test Procedure (WLTP) test cycles. The new Euro 6d emissions 

limits are provided in Table 1. 

Table 1 - Euro 6d emissions standards 

CO 
g/km 

THC 
g/km 

VOC 
g/km 

NOx 

g/km 

PM 
g/km 

PN 
#/km 

1.0 0.1 0.068 0.06 0.0045 6 x 1011 
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During LSPI events, peak in-cylinder pressures in excess of 300 bar have been measured, 

exceeding the upper design limits on the engines in excess of 4 times or more (Kratzsch 

and Gunther, 2013). The scientific community still has not come to an agreement as to 

why this event is occurring, with several potential hypotheses trying to explain this 

phenomenon with various levels of support. There are three main hypotheses put 

forward as to the initiation of an LSPI event: that a vapour cloud of oil and gasoline is 

self-igniting from high in-cylinder pressures; that an oil droplet is released into the 

chamber and ignites by compression effects; and that a glowing deposit peels from a 

chamber surface, acting as a source of ignition. 

Current vehicles detect abnormal combustion through the use of piezoelectric ‘knock’ 

sensors. These convert the vibration measured during a knocking event into an electrical 

signal that the ECU can use to measure the intensity of knock, and the cylinder in which 

it occurs, so that the ignition timing can be adapted to prevent further knocking. Altering 

the ignition timing has been found to have no effect on preventing further LSPI events, 

and so a means to detect this phenomenon, differentiate it from normal knock and then 

respond in a way to prevent events is required (Wang et al., 2014). With this achieved, 

further downsizing can continue with the aim of reducing emissions and fuel 

consumption in line with future emissions targets.  

 

 Aims, Objectives and Approach 

The overall goal of the work described in this thesis was to investigate LSPI phenomenon 

in realistic engine and vehicle hardware, across a wide band of development stages.  

This research aimed to provide further evidence towards the following queries: 

- What are the underlying causes of LSPI in GTDI engines? 

- How can the detection of LSPI on an engine testbed be improved? 

- How can LSPI be quantified on an engine and in-vehicle? 

- How can LSPI detection and mitigation strategies be validated during a 

development programme? 
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The work undertaken by the author has formed part of six commercial studies of LSPI 

and engine testing carried out at Ricardo UK Ltd. These studies include: 

- Benchmarking of a production 2.0L 4-Cyl. GTDI engine, with in-cylinder 

temperature measurements, over several steady state test-points. 

- Benchmarking of a production 1.5L 3-Cyl. GTDI engine, to monitor ECU response 

to an LSPI event. 

- Evaluation of a range of gasoline injector spray patterns on a Ricardo ‘Hydra’ 

single-cylinder engine. 

- Durability study of a 2.0L 4-Cyl. GTDI engine, aimed to provoke 3,000 pre-ignition 

events. 

- Parametric LSPI study conducted on a 3.0L V6 GTDI engine, as part of a turn-key 

engine development programme. 

- Calibration and validation of LSPI detection and response on a 1.2L 3-Cyl. GTDI 

engine, conducted on test-bench and in-vehicle, as part of a turn-key engine 

development and calibration programme. 

 Thesis Outline  

This thesis comprises of 8 chapters: 

Chapter 2 summarises the literature review on the latest research into the LSPI 

phenomenon. Focus has been drawn towards understanding similar abnormal 

combustion events, assessing the characteristics of a ‘typical’ LSPI event, understanding 

the believed cause of these events, and how research to date has been used to identify 

LSPI. The nomenclature used for the remainder of the thesis is stated, to address the 

inconsistency of terms used within current literature.  

Chapter 3 outlines the engine test cell layout, including details of the engine 

controls and instrumentation used for engine testing. Hardware and techniques utilised 

in analysing the high-speed in-cylinder pressure data are discussed. Finally, the list of 

engines used throughout the thesis and key details are presented.   



CHAPTER 1. Introduction  5 

 
 

Chapter 4 provides the detection criteria used for capturing LSPI events. The test 

sequences that have been used and the new procedures developed are provided. 

Methods for triggering high-speed recordings for capturing LSPI events during transient 

testing in both engine and in vehicle are presented. 

Chapter 5 presents engine test results of a parametric study carried out on a 3.0 L 

V6 engine. The results are discussed, and inferences drawn from comparison with the 

literature review.  

Chapter 6 presents engine test results including a durability study and large-scale 

data analysis on a 2.0 L L4 engine. Findings from an in-cylinder temperature 

measurement study are presented along with injector spray pattern testing and the 

results of injecting oil into the intake manifold.  

Chapter 7 provides a method for calibrating and validating an LSPI detection 

system utilising a knock sensor. Test sequences developed in Chapter 4 are applied on 

both the testbed and in vehicle and the results presented. A novel test process is 

proposed for conducting this testing.    

Chapter 8 contains a discussion on the various LSPI events from all of the testing to date, 

including those that fall outside the pattern indicative of a typical LSPI event. The range 

of different types of LSPI event are presented and theories behind their occurrence are 

put forward. Finally, the conclusions of the thesis and recommendations for future work 

are presented.  
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Chapter 2  

Literature Review  

 Abnormal Combustion Events  

LSPI is an abnormal combustion event whereby the fuel stochastically auto-ignites 

before the introduction of a suitable ignition source, such as a spark in an SI engine, 

resulting in heavy engine knocking. This abnormal event has been referred to by several 

different names, namely: low-speed pre-ignition, pre-ignition, super knock, mega knock, 

and more recently stochastic pre-ignition. A typical example of the in-cylinder pressure 

trace resulting from LSPI with super knock is shown in Figure 1. 

 
Figure 1 - Pressure v crank angle degree (CAD) trace of an LSPI event from a 2.0 L GDI engine 

Figure 2 shows the most common and well-known abnormal combustion event, engine 

knock. Note the vast difference in cylinder pressure and knock amplitude in comparison 

to the LSPI event in Figure 1.  Engine knock is where auto-ignition occurs in the unburned 

mixture ahead of the propagating flame front, after the onset of spark-induced regular 

combustion. As the end gas flame front and the combustion flame front meet, a strong 
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pressure wave is sent through the cylinder, oscillating, and resulting in the pressure 

spike and subsequent vibrations. Knock is one of the most extensively researched 

abnormal gasoline combustion phenomena with literature dating back to Sir Harry 

Ricardo’s early work on IC engines in the 1920s (Ricardo, 1922). The oscillations can be 

detected using a piezoelectric element that creates an electrical charge when physically 

deformed. Known as a knock sensor, this can be mounted on the engine block, and will 

detect any vibrations travelling through the block. By windowing the knock sensor to 

only look at the voltage during the combustion stroke, elevated levels of vibration from 

knock can be detected.  

 

Figure 2 - Pressure v CAD trace of a knock event from a 2.0 L GDI engine 

Surface ignition is defined as the ignition of the air fuel mixture due to a spot around the 

periphery of the combustion chamber that is hotter than the ignition temperature of 

the fuel. Common hot spots include the spark plug, exhaust valves and any sharp edges 

which are prone to overheating. A hot spot is normally created due to the pressure wave 

from engine knock destroying the thermal boundary layer between the flame and the 

chamber walls, vastly increasing the heat transfer onto the surface. As an earlier pre-

ignition results in greater knock owing to the earlier combustion timing, surface ignition 

is often self-preserving and self-amplifying, until engine destruction or fuel cut-off 
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(Stone, 2012). Figure 3 shows this self-amplifying mechanism in effect over a series of 

engine cycles.  

 

Figure 3 - Pressure v CAD of consecutive surface ignition events showing self-amplification (Dahnz and Spicher, 2010) 

It can be seen from this that LSPI shares a similar pressure trace to surface ignition, 

however, the key difference to note between LSPI and surface ignition is that LSPI is 

stochastic and neither self-amplifying or self-sustaining and disappears again in only a 

small number of cycles. It is this key difference that shows the underlying mechanisms 

are very different and so should be treated as a separate phenomenon. 

These different abnormal combustion events occur over different ranges of engine loads 

and speeds; Knock, Low-Speed Pre-Ignition (LSPI), and hot spot Pre-Ignition (PI). Figure 

4 shows the typical areas where these abnormal events occur, based on work by 

(Alewijnse, 2012) and (Dobes et al., 2013). 
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Figure 4 - Locations of abnormal combustion on the load/speed plot 

 Abnormal Combustion Nomenclature 

One of the main issues found throughout the research literature is that as LSPI is a 

relatively new phenomenon with many unknown factors and new discoveries each year, 

several competing nomenclatures have been circulated. For the remainder of this thesis 

the following nomenclature will be used: 

Low-Speed Pre-Ignition (LSPI) – Consists of one single engine cycle, containing the four 

following components: 

1 pre-ignition event 

2 deflagration  

3 detonation  

4 super knock  

The pre-ignition event must be stochastic and will not be self-amplifying or self-

sustaining. A traditional hot-spot pre-ignition that builds up over several cycles is not 

classified as an LSPI event, however, LSPI can lead to hot-spot pre-ignition occurring.  
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Figure 5 - The different components of an LSPI event 

Super knock – also commonly referred to as ‘Mega-Knock’ or ‘Extreme knock’. The 

intense peak in pressure and large amplitude oscillations caused by and following a 

developing detonation. Can also refer to the high pressure oscillations sometimes 

encountered at high engine speeds >4,000 rpm which results in rapid increases in knock 

amplitude from very little spark advance (Spicher and Palaveev, 2010).  

Pre-Ignition (PI) – auto-ignition of the air/fuel mixture before the intended ignition 

source through any initiation mechanism. Pre-ignition can be caused by a wide variety 

of mechanisms, most commonly hot-spot/surface pre-ignition.  

Knock – Traditional end-gas auto-ignition resulting in a reactive wave front and a 

pressure wave front that travel independent of one another. Also commonly referred to 

as pinking, ping and debatably “detonation”.  

Detonation – referred to as ‘developing detonation’ and ‘deflagration to detonation 

transition’ (DDT). The coupling of the reactive and pressure fronts resulting in a 

combined wave through the chamber that is both self-amplifying and self-sustaining. 

Pre-Ignition 

Deflagration 

Detonation 

Super-Knock 
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The fundamental mechanism behind super-knock. Not to be confused with the 

misnomer for end-gas auto-ignition.  

LSPI Cycle/Event – a single cycle that contains an LSPI occurrence  

 

LSPI Set – a group of one or more LSPI events whereby there is no more than 10 engine 

cycles between two consecutive LSPI events. A set of LSPI typically manifests as LSPI 

events in an alternating pattern but can also occur over consecutive cycles.  

 

 Initiation Source Theories 

The mechanism behind LSPI events is widely debated and three main groups of theories 

are proposed – auto-ignition within the gaseous phase, an interaction between the 

liquid and gaseous phases, and an interaction between the solid and gaseous phases 

(Zaccardi and Escudié, 2015). Evidence exists to support each of these theories, and it is 

probable that they all can result in LSPI, however, it is believed that for a given engine 

architecture and operating conditions, one scenario will be the more dominant 

mechanism. The occurrence of LSPI depends upon gas temperature, pressure, the 

mixture composition, and the prevalence of surface hot spots. In all three theories, it is 

Single Event 

Multiple Events / One Set 
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noted that the interaction between the fuel and oil is a key underlying influence. Figure 

6 shows the overview of current hypotheses of LSPI mechanisms as presented by 

(Zaccardi and Escudié, 2015) and the different engine variables that influence each 

hypothesis. 

 

Figure 6 - Identifying mechanisms that may cause LSPI (Zaccardi and Escudié, 2015) 

 

2.3.1 Gaseous phase interactions   

The third hypothesis is that a hot spot creates a localised elevation of temperature, 

surpassing the auto-ignition temperature of the surrounding air/fuel mixture causing a 

pre-ignition of the charge (Zaccardi and Escudié, 2015). In the chamber, oil evaporates, 

combining with the air/fuel mixture and reducing the auto-ignition temperature and 

ignition delay time of the mixture. As the pressure and cylinder temperature increase 

near top dead centre (TDC) the vapour cloud ignites, acting as an ignition source for the 

air/fuel mixture. As shown in Figure 7, hot spots would typically be around exhaust 

valves or the spark plug, where the elevated temperatures normally would not be a 

problem but due to the reduced ignition delay from the oil vapour, it becomes an issue. 
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High temperature residuals are also an issue, and can promote localized hot spots within 

the chamber, so adequate scavenging is important. (Smallbone and Bhave, 2012) 

pointed to local regions of chemically active exhaust gas residuals as well as entrainment 

of local hot gases from the previous cycle as potential sources of pre-ignition, but 

concluded oil promoted ignition was more likely through the use of a stochastic reactor 

model (SRM). (Iwatsuka et al., 2017) highlighted the crevice within the spark plug as a 

potential source of LSPI due to the high thermal conditions.  

 

 
 

Figure 7 - Pre-ignition caused by localised hot-spot near exhaust valve 

 

2.3.2 Interaction between liquid and gaseous phase  

The most popular hypothesis for LSPI occurrence is that the pre-ignition source is an oil 

droplet released within the combustion chamber (Dahnz et al., 2010; Yasueda, 2011; 

Dahnz and Spicher, 2010; Zahdeh et al., 2011). With a greatly reduced auto-ignition 

delay of oil relative to gasoline, the elevated temperatures and pressures of a modern 

DI engine are enough for auto-ignition to occur. The sources of the oil droplets are 

typically from either the intake manifold, carried over from the crankcase breather 

system, or else released from the piston crevice, as shown in Figure 8. Fuel impingement 

against the piston and cylinder walls results in an oil and fuel mixture accumulating in 

the piston crevice. The fuel acts to lower the oils viscosity, aiding the droplets in being 

ejected from the crevice due to the high piston accelerations. As the cylinder approaches 

TDC increasing in-cylinder temperatures and pressures, the oil droplet reaches its auto-

ignition point, acting as an ignition source for the remaining air fuel mixture. Significant 

research has been carried out correlating the properties and additives of oil and fuel and 
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their effects on LSPI frequency (Morikawa et al., 2015b; Onodera et al., 2015; Gupta et 

al., 2016; Moriyoshi et al., 2015). 

 

 
Figure 8 - LSPI caused by fuel/oil droplet released from piston crevice or oil droplet via the intake manifold 

 

2.3.3 Interaction between solid and gaseous phase  

The second hypothesis is that a solid glowing particle provides the ignition source for 

pre-ignition (Döhler and Pritze, 2013). Deposits are formed on the cylinder wall and 

piston top where the fuel spray impacts, potentially resulting in pool fires and deposit 

generation in a relatively short period of time, as shown in Figure 9. Deposits are formed 

at the low engine operation loads and accumulate at many locations within the chamber 

over a period of time. A common problem and side effect encountered in DI engines is 

inlet manifold fouling, which is another mechanism for deposits to enter the combustion 

chamber. Deposits from the crankcase breather and EGR build up in the manifold 

exacerbated by the lack of valve cleaning which used to be provided by port fuel 

injection.  

As a deposit is released into the chamber, it is heated up during the combustion phase. 

It is proposed that the deposit could remain inside the chamber during the exhaust 

phase. Larger deposits, which are more likely to act as an ignition source due to higher 

heat capacity and size have been observed to be more likely to remain within the 

chamber during the exhaust stroke compared to smaller deposits due to the particles’ 

increased inertia (Heiss and Lauer, 2014).  If the particle remains within the chamber 

during the exhaust stroke, there is no longer oxygen remaining in the chamber and the 

oxidizing reaction on the surface of the particle is quenched. During the inlet phase, 

Fuel mixes with oil 

in piston crevice 

Fuel impingement 

from DI injector 
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oxygen is reintroduced into the chamber and the oxidizing reaction on the particle 

surface resumes. During the compression stage, the particle heats up further, acting as 

an ignition source leading to pre-ignition (Döhler and Pritze, 2013).  

 

 

 
 

Figure 9 - LSPI caused by peeling deposits formed at areas of fuel impingement, and on the intake valve 

 

This was further expanded on by (Miyasaka et al., 2014; Hayakawa et al., 2014; Welling 

et al., 2014) who suggested it was metal minerals within the oil that helped form the 

deposits responsible for LSPI. By injecting several minerals into the combustion chamber 

it was found that they had a strong impact and increased LSPI frequency (Tamura et al., 

2014). Figure 10, from Okada et al, shows in further detail what happens to the deposit 

over the course of two engine cycles leading up to the LSPI event.  

 

Figure 10 - Schematic of proposed LSPI mechanism (Okada et al., 2014) 

Deposits peel off 

chamber surfaces, 

piston top and back 

of inlet valve 
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Contradictory to the theory that built up deposits are the sole cause of LSPI, (Haenel et 

al., 2011) conducted tests with clean engines to remove any effect of fouling on LSPI. 

They found that, even though fouling promoted LSPI occurrence, LSPI still occurred 

within clean engines with little to no deposit build-up. This suggests that in this instance 

the fuel/oil droplets acting as the ignition source are the dominant mechanism.  

 Detonation Theory 

(Wang et al., 2014) provided a potential scale for ranking the degree of knock based 

upon the maximum pressure rise at the start of knock (SOK), as shown in Table 2. In 

Figure 11, it was determined that during cycle “d” (deto-knock) the extreme pressure 

rise was caused by a supersonic detonation, known as developing detonation (Bates et 

al., 2016) (Wang et al., 2014). An investigation by (Amann, Mehta and Alger, 2011) 

demonstrated a pre-ignition, with a flame front that engulfs the whole combustion 

chamber in half the time of normal combustion. 
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Table 2 - Event characterisation based on knock amplitude (Wang et al., 2014) 

Notation ΔPmax (bar) 

Non-knock 0 

Slight-knock 0 - 5 

Heavy Knock 5 – 50 

Super Knock 50 – 190 

Deto-knock 190 + 

 

 

Figure 11 - Pressure cycles showing various classifications of knock (Wang et al., 2014) 

The extremely high pressure amplitudes encountered during an LSPI event have been 

linked to a phenomenon called developing detonation. During a developing detonation, 

the temperature gradient is sufficient for the reactive front from an auto-ignition site to 

travel at approximately the acoustic speed. This results in a coupling of the pressure 

wave and reactive wave, which reinforce each other as shown in Figure 12. (Wang et al., 

2015a) has shown that during the developing detonation, the pressure wave increases 

the temperature enough to cause an auto-ignition just behind the leading wave. This 

auto-ignition further releases a pressure and reactive wave strengthening the pressure 

wave, resulting in the pressure wave and flame front that travel together, amplifying 

each other.  
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Figure 12 - Pressure and temperature propagation from a point source over time (Wang et al., 2015a) 

Initial investigation into detonation by Zel’dovitch (Zel'dovich Ya, 1980) and further built 

upon by Gu et al. (Gu, Emerson and Bradley, 2003) determined that there were five 

propagation modes from an auto-ignition site.  

1. Thermal Explosion ξ=0 

2. Rapid (supersonic) autoignitive deflagration 0 < ξ < ξl 

3. Developing and developed detonation ξl ≤ ξ < ξu 

4. Slow (subsonic) autoignitive deflagration ξu < ξ ≤ aul
-1 

5. Conventional laminar burning deflagration ξ > aul
-1 

Bradley (Bradley, Lawes and Mansour, 2012) proposed two dimensionless parameters, 

ξ and ε, to better differentiate the propagation modes. 

 ξ =
𝑎

𝑢𝑎
 [1] 

 

𝑎 = Acoustic speed 

ua = Localized autoignition velocity 

and: 

 ε =
𝑟

𝑎𝜏𝑒
 [2] 

 

 𝑟  = Hot spot radius 

𝜏𝑒  = Short excitation time in which most of the chemical energy is released 
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Plotting ξ against ε shows the region in which super-knock is likely to occur, as shown in 

Figure 13. The contour plot of Ē (𝜕𝑙𝑛𝑇/𝜕𝑟) was added by Bates et al. to help differentiate 

between the different auto-ignition propagation modes (Bates et al., 2016). 

 

Figure 13 - ε-ξ plot with added contour plot of Ē based on experimental results (Bates et al., 2016) 

(Rudloff et al., 2013), expanding on auto-ignition propagation theory from (Gu, Emerson 

and Bradley, 2003), determined that super knock can be predicted by the remaining fuel 

at the start of knock, creating a non-dimensional ratio π based on the cylinder pressure 

and mass of fuel remaining to state if detonation has occurred. (Wang et al., 2015a) 

provided further support for this theory, showing a correlation between the mass of fuel 

remaining, pressure and temperature to the knock intensity.  

 
𝜋 =

∆𝑃𝑒𝑥𝑝

∆𝑃𝑖𝑠𝑜𝑐
=

(𝑃max _𝑒𝑥𝑝 − 𝑃𝐴𝐼)

(𝑃max _𝑖𝑠𝑜𝑐 − 𝑃𝐴𝐼)
 [3] 

Pmax_exp = Maximum experimental pressure 

PAI = Pressure at moment of auto-ignition 

Pmax_isoc = Maximum pressure achievable from a theoretical isochoric combustion 

Where  

 
∆𝑃𝑖𝑠𝑜𝑐 =

(𝑛 − 1) ∗ 𝑄

𝑉𝐶𝑦𝑙
 [4] 

n = Polytropic index 

𝑉𝐶𝑦𝑙 = Cylinder volume 

Q = Energy left in end-gas 
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And  
 𝑄 = 𝐿𝐻𝑉 ∗ 𝑚𝑓 ∗ (1 − 𝑀𝐹𝐵) [5] 

LHV = Lower Heating Value of the fuel 

𝑚𝑓 ∗ (1 − 𝑀𝐹𝐵) = Mass of fuel at the moment of auto-ignition 

The temperature gradient within the chamber as the auto-ignition occurs is key. With a 

very small gradient, a thermal explosion occurs (homogeneous charge compression 

ignition, HCCI), with a high temperature gradient, a subsonic deflagration occurs (knock), 

whereas at a moderate temperature gradient a developing detonation occurs. (Bates et 

al., 2016) added an additional parameter Ē to take into account the influences of hot 

spot temperature gradient and fuel characteristics.  

 Characteristics of Typical LSPI  

During a single LSPI event there are three distinct stages, shown clearly in Figure 14. 

These stages are; initiation (pre-ignition), flame propagation and finally the auto-ignition 

and subsequent super knock. During the initiation, the fuel mixture will auto-ignite 

sporadically before the spark. The pre-ignition is then followed by a flame propagation 

from the initial source, which aside from the earlier timing, is comparable to a flame 

propagation from normal combustion. Finally, an auto-ignition occurs whereby a critical 

condition is reached, resulting in the rapid auto-ignition of the remaining fuel.  

 

Figure 14 - Rate of Heat Release (ROHR) vs Crank Angle degrees (CAD) during an LSPI event (Zaccardi, Duval and 
Pagot, 2009) 

LSPI has been found to occur primarily in the region of 1,500 -2,500 rpm and at BMEP of 

greater than 15 bar, although this has been seen in the range of 1,000-5,000rpm and as 



CHAPTER 2. Literature Review 21 
 

 
 

low as 7.5 bar by (Okada et al., 2014). Figure 15 taken from the testing carried out by 

Okada et al. shows the region where LSPI has been experienced, however, this range 

appears to be very dependent on engine architecture and operating conditions, 

resulting in a different range for each engine. It is believed LSPI occurs at a lower speed 

due to the slow piston speed giving longer time for the pre-ignition to occur (Morikawa 

et al., 2015a). 

 

Figure 15 - LSPI occurrence region (Okada et al., 2014) 

One of the most peculiar aspects of LSPI is the spontaneity with which it occurs, suddenly 

appearing with no known prior warning and never remaining for more than only a few 

events. It is commonly seen during LSPI occurrences that alternating engine cycles 

exhibit super knock as seen in Figure 16. (Dahnz, Han and Magar, 2010) found that these 

cycles typically consists of 2-7 events and theorise that this is due to the faster heat 

exchange rates disturbing the exhaust and gas exchange dynamics resulting in 

unfavourable in-cylinder conditions for LSPI to occur in the following cycle. (Dahnz et al., 

2010) proposed that the source of pre-ignition is still present, and will result in an LSPI 

event following the normal cycle until this source is consumed or removed from the 

cylinder. (Döhler and Pritze, 2013) provided evidence that suggested that after the initial 

LSPI event, deposits were removed from the combustion walls and piston, acting as 

ignition sources in the subsequent engine cycles. They suggested that the alternating 

nature resulted from the need to heat up the particles sufficiently during a combustion 

cycle before they can become an ignition source.  
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Figure 16 - Cyclic LSPI events (Dahnz, Han and Magar, 2010) 

(Dahnz et al., 2010) found using optical imaging that the source of LSPI occurred 

seemingly at random throughout the combustion chamber, with the test results shown 

in Figure 17. This provides good evidence to show that LSPI was not initiated through 

surface ignition as they would show the source occurring in a repeatable position within 

the combustion chamber.  

 

Figure 17 - LSPI source locations within the combustion chamber (Dahnz et al., 2010) 

Further research by (Zahdeh et al., 2011), utilising a high speed camera and borescope, 

observed that the source of LSPI was statistically more likely to occur at the hotter 

sections of the combustion chamber, namely around the spark plug and exhaust valves 

but as found previously by Dahnz et al., could still occur in any part of the chamber.  
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 Summary of Factors that Influence LSPI Events  

An engine running on both port fuel injection (PFI) and direct injection was tested by 

(Amann et al., 2012). The results from this found that PFI caused a significant increase 

in LSPI events in comparison to DI as shown in Figure 18. PFI resulting in a higher LSPI 

frequency has been confirmed by several researchers (Attard et al., 2010). This is 

somewhat at odds to the discovery of LSPI, as heavily turbocharged PFI engines have 

been used prominently within industry and especially motorsports since the 1980s and 

have appeared to remain unaffected by LSPI. A possible explanation for this 

inconsistency is that the test engines used are designed specifically for DI and would 

have a higher compression ratio than would be suitable for a PFI engine to effectively 

run. 

 

Figure 18 - Relationship between PFI, DI and LSPI (Amann et al., 2012) 

The results of tests, including (Zahdeh et al., 2011), have determined that the MON and 

RON ratings are not correlated with the propensity for LSPI and further research is 

required to create a new rating specifically aimed at LSPI. Oil companies are currently 

testing fuels and lubricants extensively to determine this effect (Insight, 2015). 

In a recent study it was discovered that the intake air temperature effects on LSPI 

frequency was dependent upon the octane rating (PRF 100 and PRF 85 were used in this 

study) (Dingle et al., 2014). This can be seen to correlate with research by Zaccardi et al. 
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in which for high octane ratings (PRF100) pre-ignition probability would increase with 

decreasing intake temperatures, while with lower octane ratings (PRF85) an increase in 

inlet temperature would result in an increased probability of pre-ignition.  

(Zahdeh et al., 2011) carried out a comprehensive study on the factors that affect LSPI. 

These have been summarised in Figure 19. Of note were experiments carried out by 

(Inoue, Inoue and Ishikawa, 2012) on a 1.4L G-TDI engine to determine what variables 

would affect the occurrence of LSPI. These results have been mostly corroborated by 

several separate researchers in particular (Dahnz and Spicher, 2010; Zaccardi et al., 

2009b; Amann, Mehta and Alger, 2011; Inoue, Inoue and Ishikawa, 2012), however, 

some contrasting results have been found. This may potentially be due to researchers 

testing under variable conditions in custom engines with different architectures.  

Factors with direct 
negative effect on LSPI 

Factors with indirect 
negative effect on LSPI 

Factors with positive effect on 
LSPI 

Higher wall wetting due to: 

• Injector targeting 
cylinder walls 

• Use of low volatility fuel 

• Low volatility fuel 
additives 

• Reduced cylinder liner 
temperatures 

Higher end of compression 

temperatures due to: 

• Increased compression ratio 

• Leaner exhaust lambda 

• Higher charge density 

• Retarded combustion 
phasing 

• Port Fuel Injection 

• Reduced liner wall wetting: 
- Injector targeting, high mixture 

motion 

• Reduce end of compression 
temperature 

- Enrichment, split injection 

• Reduce oil intrusion 
- Higher oil ring tension, low 

volatility oil, improved oil 
separation/containment 

• Reduced spark plug temperature 
- Optimised orientation, copper 

core ground electrode 

Factors with no effect on LSPI 

• Timing of spark discharge (skipped ignition tests) 

• Location of piston ring gaps 

 
Figure 19 - Engine variables and their effects on LSPI (Zahdeh et al., 2011) 

Further significant tests were carried out by (Amann et al., 2012) whereby the piston 

crevice was modified to see the effect that this had on LSPI occurrence, with interesting 

results. As can be seen in Figure 20, by increasing the size of the piston crevice thereby 

allowing the flame to propagate fully into the crevice the occurrence of LSPI reduced 

significantly. Additionally, it was found during this experiment that the air fuel ratio 

(AFR) had a significant impact on LSPI, specifically that LSPI favoured a leaner mixture, 

which has been confirmed by several papers (Dahnz and Spicher, 2010; Zaccardi et al., 
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2009a; Okada et al., 2014; Kalghatgi and Bradley, 2012). Contradicting results from 

several of these experiments shows that there are unclear interactions between several 

variables, highlighting the need for further research into the variables’ effects on LSPI in 

a wider range of engines. 

  

Figure 20 - Crevice volume and AFR impact on LSPI frequency adapted from (Amann et al., 2012)  

One of the benefits of EGR has been found to be a method of reducing and in some cases 

preventing entirely LSPI (Hoyer et al., 2013; Galloni, Fontana and Palmaccio, 2013; 

Amann and Ouwenga, 2014; PhysOrg.com, 2010). The reduction in LSPI is suggested to 

be due to the EGR increasing the ignition delay time of the fuel, resulting in a shorter 

available period for LSPI to occur (Zaccardi and Escudié, 2015). (Alger, 2010) claimed 

that by using greater than 15 % EGR, LSPI was eradicated entirely, however, this was 

tested on a very small range of engines and would need further testing on a broad range 

of different engines under various conditions to hold true. Figure 21 shows the effects 

of EGR on LSPI occurrence as presented by (Amann, Alger and Mehta, 2011). It can be 

seen that the baseline tests following EGR show a clear increase in LSPI frequency, 

suggesting that a mechanism exists whereby soot particles from the EGR would build up 

on the combustion chamber walls leading to an increase in LSPI. Amann et al. admits 

that further research is required in this area to fully understand this effect. Further 

research carried out by Wang et al. gave evidence to suggest that the accumulation 

Increasing Crevice Size from right to left 
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method was a result of soot build-up from pool fires on the piston crown and showed 

clear links between soot within the cylinder and LSPI frequency (Wang et al., 2015b).  

 

 

Figure 21 - EGR effects on LSPI occurrence (Amann, Alger and Mehta, 2011) 

Oil formulation is seen as one of the dominant factors in LSPI frequency. In particular 

calcium additives have been widely noted to greatly increase LSPI frequency (Moriyoshi 

et al., 2015). A study conducted by (Morikawa et al., 2015b) found that by moving from 

an oil containing calcium additives to one without, prevented further LSPI. Additional 

focus has been placed on the metallic additives zinc (ZDDP) and molybdenum (MoDTC), 

with research by (Takeuchi et al., 2012) demonstrating a beneficial effect of both 

additives. This has been somewhat contradicted by (Tamura et al., 2014) who found that 

ZDDP reduced the auto-ignition delay resulting in more events, while MoDTC had no 

notable impact. Research by Gupta and Devlin found that while removal of calcium as a 

detergent in the oil has a significant impact on reducing LSPI, this comes at a trade-off 

to fuel economy using the alternative magnesium-based detergents (Gupta and Devlin, 

2020). Rather than removing calcium entirely, producing higher fuel consumption across 

all vehicles to protect a tiny proportion of engines from LSPI, they propose limiting LSPI 
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as much as feasible through the inclusion of Titanium and other additives while 

maintaining calcium detergent levels.  

 Methods of Identifying LSPI 

A current debate amongst industry and researchers is at what point knock becomes an 

LSPI event, due to the varying degrees of peak knock amplitude following a pre-ignition 

event. (Zaccardi, Duval and Pagot, 2009) created a methodology for identifying LSPI 

based on the 10 % mass fuel burn (MFB) crank angle. Zaccardi et al. suggest that all 

abnormal combustion in this instance is LSPI, whereas most commonly, LSPI is 

determined through abnormal peak pressures (Siano and Bozza, 2013; Corti and Moro, 

2007; Chaudhary et al., 2011; Pan, Shu and Wei, 2014). Within academia, the Mass 

Fraction Burned value and the Peak Pressure values have been almost solely used to 

determine LSPI with an undefined sigma multiplier of standard deviation from mean 

used as the cut-off point. Within industry a sigma value between 3 and 5 is typically used 

(Boese, Ritchie and Young, 2016). 

 

Figure 22 - Pre-ignition limit using robust statistics (Zaccardi, Duval and Pagot, 2009) 

In their patent (Amann and Terrence, 2014) claim that LSPI can be identified using a 

lambda sensor in the exhaust. Research by (Amann, Mehta and Alger, 2011) has 

observed that there is a steep rise in hydrocarbon emissions after a heavy knock event 

and so it is possible for a lambda sensor to detect abnormal combustion, however, it is 
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not clear in the patent how LSPI is differentiated from the other abnormal combustion 

events, or how the source cylinder is determined.  

One recent breakthrough was made by (Vidal-Naquet and Leroy, 2015)  whereby a 

method was tested which would determine an LSPI cycle in real-time, within only 1 °CA 

from abnormal combustion initiation, using a piezoelectric pressure transducer and a 

rapid filtering algorithm. By modelling the pressure trace of the upcoming cycle, a pre-

ignition event could be quickly determined when the measured pressure began to drift 

from the predicted pressure.  

It has been seen in previous tests that super knock has the potential of reaching peak 

cylinder pressures greater than 300 bar resulting in a substantial risk of causing serious 

engine damage in only a few engine cycles (Hülser et al., 2013; Alewijnse, 2012). Optical 

diagnostics, although initially deemed too delicate to survive LSPI, have been 

successfully carried out during a number of tests. Optical spark plugs have been seen to 

be a promising method of identifying pre-ignition allowing identification through light 

intensity levels within the combustion chamber (Hülser et al., 2013; Merola et al., 2009a; 

Merola et al., 2009b; Merola et al., 2015; Kowada et al., 2015). A comparison between 

LSPI events identified by robust statistics and optical imaging would provide a great 

insight into identifying LSPI with the potential to further the understanding of what 

constitutes an LSPI event. This has still raised the problem that as LSPI may be caused by 

a droplet of oil or deposit from cylinder wall, accurately tracing this potential source 

before and after ignition is extremely difficult. After a knock event, several particles are 

deposited into the combustion chamber from the cylinder wall making the task of 

tracing a single particle increasingly difficult.  

There have been several improvements in optical diagnostic for LSPI in recent years. 

(Sarikoc et al., 2010) using an optical spark probe, found that the location of the pre-

ignition event could be determined by considering the arrival times of the flame 

radiation at three of the separate optical lobes. (Dingle et al., 2014) tested for LSPI in an 

engine with an optical roof and horizontal side valves. To keep the cylinder pressures 
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within the optics limits (150 bar) the engine was run at an IMEP of only 5-7 bar, with an 

air intake pressure and temperature of 0.97 bar and 63°C respectively while injecting oil 

every 4th cycle. Running on RON97 fuel, Dingle et al. found that pre-ignition was likely, 

however the in-cylinder pressure and temperature was insufficient to cause engine 

knock. To correct this a blend of 70 % gasoline and 30 % n-heptane was used with a 

resulting RON68 fuel, which allowed for a super knock up to a peak pressure of 120 bar 

and knock amplitude of 90 bar, which was still within engine tolerance.  

 An alternative means of identifying pre-ignition is utilising an ion-current sensing spark 

plug. Research by Tong et al. found that the early combustion was identifiable in the 

current sensing, allowing a real-time response to an on-going LSPI event (Tong et al, 

2015). Further work utilised further fuel injection after detecting early combustion to 

help reduce the follow-on super-knock. Wang et al. identified a trade-off in injection 

quantity during an event; injecting too little and it will have no effect and injecting too 

much will result in high carbon deposits provoking further events (Wang et al, 2020).  

 Test Cycles Used Within Literature 

Several test processes have been created within the literature to try and create a 

standardised process for investigating LSPI. Repeatability is one of the most difficult 

aspects to guarantee, due to the infrequent stochastic nature of LSPI, without having to 

test for an unreasonable duration.  

The principal test processes to date are predominantly composed of various steady-

state conditions. An issue with this is that it does not represent real life driving 

conditions. At the time of writing the author was unaware of any comparison that has 

been carried out to date between steady state testing and real fleet data.  

Some of the key challenges to address include: 

- Repeatable means of quantifying LSPI frequency no matter what type of engine 

- A test process that will cover all scenarios faced by any engine in terms of LSPI 

- Correlating engine test data against real world fleet data 
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- Correlation between a brand new engine and an aged engine approaching the 

end of its design life 

- Determining how much LSPI is present at an early development stage 
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Chapter 3  

Engine Testing and Data Analysis 

This chapter is concerned with testing at the typical testbed layout used at Ricardo, 

including the key combustion analysis tools and calculations used throughout the thesis. 

The engine data presented in this thesis was gathered at the engine test facilities in 

Ricardo Shoreham Technical Centre and Ricardo Detroit Technology Center. The vehicle 

data was gathered at Millbrook Proving Grounds, UK, and at Applus+ IDIADA and Sierra 

Nevada, Spain. An overview of engines that were studied in this thesis is presented 

alongside the techniques used in the research. Important variations from the general 

testbed layout are noted along with the vehicle instrumentation.  

 Summary of Engine Test Cell 

This section gives an overview of the general testbed set-up at Ricardo along with the 

key features of the testbed and measurement equipment. A schematic showing a typical 

testbed set-up for an engine is shown in Figure 23. (Appendix A provides further details 

of the type of equipment and sensors used). The test cell is comprised of sensors and 

actuators used to control the engine, along with instrumentation for measuring the 

engine performance characteristics, which will be outlined in the next two sections. 

Images of an engine test cell are shown in Figure 24. 

 



CHAPTER 3. Engine Testing and Data Analysis 32 
 

 
 

 

 

Figure 23 - Typical Testbed layout of a 4-Cylinder engine 
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Figure 24 - Images of engine test cell 

3.1.1 Engine control 

Table 3 outlines the key variables, used for controlling the engine, along with the 

actuators and feedback sensors used. These control apparatus and methods are 

standardised and consistently applied across all of the engine testbeds used in this 

study.  

Table 3 - Summary of engine control variables and associated actuators and sensors 

Control variable Actuator Feedback sensor 

Engine Speed Dynamometer Flywheel Encoder 

Engine Load Engine Throttle Measured Torque 

Coolant Temperature Three-Way Thermostatic Valve 

Water Immersion Heater 

Thermocouple  

Oil Temperature Three-Way Thermostatic Valve Thermocouple 

Intake Manifold Temperature Charge air Cooler (CAC) Thermocouple  

Combustion Air Temperature Heater/chiller unit Thermocouple 

 

Drive shaft 

Dynamometer 

Clutch actuator 

Engine 
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Engine speed 

A dynamometer brake, commonly referred to as a ‘Dyno’, controls the speed of the 

engine by absorbing the load generated by the engine, while measuring both the torque 

and speed. Two types of dynamometer are available for engine testing; Absorption and 

Electric motor/generator. The absorption dyno, most commonly of the Eddy Current or 

Water Brake variety, is able to absorb the load from the engine, but is unable to rotate 

the engine under its own power. The Electric motor/generator is able to both absorb 

the load and drive the engine itself, allowing the engine to operate at any speed 

condition irrespective of engine load.  This is useful for testing at low loads where a 

standard engine on an absorption dyno would be too unstable, as well as providing more 

flexibility regarding the tests carried out, particularly for transient and lift off 

manoeuvres where a vehicle’s rolling inertia can be simulated.  

The engine is connected to the dyno with a fixed drive shaft, attached to the engines 

output shaft. This may also include the vehicle clutch, allowing the engine to start de-

clutched using its own starter-motor thus eliminating the extra inertia from 

dynamometer. The clutch can then be engaged resulting in a direct coupling between 

the engine crankshaft and dynamometer. On engines without a clutch, a motoring dyno 

setup can be used to spin both the dyno and engine up to speed before the engine is 

fired.  

Engine load 

In a vehicle, the engine throttle is traditionally controlled using a wire cable that directly 

connects the foot pedal to the throttle valve on the engine. For modern vehicles this 

system has been predominantly replaced by a drive-by-wire system, in which sensors 

are used to determine foot pedal position, and an electric stepper motor is used to then 

move the throttle valve on the engine.  

On a testbed there are several ways this signal can be recreated. For a traditional cable, 

a controllable electric stepper motor is connected to the cable where the foot pedal 

would have been, which then actuates the throttle valve. For a development/calibration 
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engine a signal can be fed into the ECU mimicking the foot pedal. For production vehicles 

where this signal cannot always be determined, the foot pedal with sensors still attached 

can be mechanically actuated. 

Coolant and oil temperatures 

On a testbed both the engine coolant and oil temperatures can be controlled 

independently using a coolant-water heat exchanger and an oil-water heat exchanger 

respectively. The water passing through the heat exchanger is controlled using an 

electronic three-way thermostatic valve and utilises thermocouples in the oil and 

coolant stream to maintain the desired operating temperatures. For light load 

conditions or idle testing where the engine cannot provide enough thermal energy to 

maintain the desired coolant temperature, a water immersion heater installed in the 

coolant circuit is used to provide additional heat.  

Combustion air temperature 

Air is supplied to the engines air intake directly from outside the test cell. The duct 

includes an air conditioning unit, providing an air supply at a user defined temperature 

and humidity throughout testing. Combustion air temperatures can be supplied in the 

range of 10 – 45 °CA, at the engine intake. For higher temperatures a separate heater 

has been used to achieve air intake temperatures of up to 60 °C. A humidity probe is 

installed in the combustion air duct, allowing post processing of the engine data to 

ensure equivalent conditions between all engines tested if the ambient humidity range 

varies.   

Intake manifold temperature and pressure 

In a charged ‘boosted’ engine with higher than ambient pressures at the intake 

manifold, the air needs to be cooled down before entering the combustion chamber due 

to the high temperatures resulting from compressing the air. This is achieved through 

either a water-air heat exchanger or an air-air heat exchanger referred to as a water 

charge air cooler (WCAC) and charge air cooler (CAC) respectively. In a WCAC, 

temperatures are maintained using a three-way thermostatic valve to control the water 
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flow, and for a CAC a fan and shroud are used in combination with a chilled external air 

supply similar to the combustion air.  

Horiba STARS testbed control system  

A Horiba STARS engine testbed control system is used, as both a high level testbed 

control system and low frequency data recorder. Communicating with the engine ECU, 

dynamometer, and control actuators, the Horiba STARS system processes the feedback 

signals and uses PID controllers to individually control each actuator. Temperature and 

pressure sensors are fed into STARS via the use of I/O modules which convert the signal 

from each type of sensor into a usable 0-5/10 V and record it at a user defined frequency, 

typically 1 Hz. 

Automated test sequences can be built within STARS allowing the engine to run a pre-

defined test process with minimal user input, allowing overnight running. User defined 

shutdown alarms can be created to ensure the engine is operating in a safe manner 

preventing component overheating, damage detection and unstable running and 

thereby reducing the risk of permanent engine damage.  

STARS has two methods of recording data, time-averaged and snapshots. In the first 

approach, continuous measurements from all sensors are captured over a specified 

period of time and an averaged value and standard deviation are calculated. Snapshot 

mode will record the instantaneous value from each sensor without any processing of 

the signal. For fuel, emissions and combustion analysis systems measurements, the 

processing of data is handled by each piece of individual hardware and is then passed to 

STARS which will record the data without filtering.   

3.1.2 Engine instrumentation 

A schematic for a typical Performance & Emissions (P&E) testbed instrumentation set-

up for an engine is shown in Figure 25. Further details about the temperature and 

pressure sensors installed on a typical engine can be found in Appendix A. 
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Figure 25 - Testbed instrumentation set-up of the 3.0 L V6 engine (P&E Spec Instrumentation) 

 

Table 4 - Testbed parameters and sensors 

Engine Parameter Sensor 

Engine Speed Flywheel encoder – Hall-effect sensor 

Dynamometer Speed Tachometer 

Engine Load Torque Flange 

Fuel Stoichiometry Universal Exhaust-Gas Oxygen (UEGO) 

“wideband” Lambda sensor  

Fuel Consumption AVL 733 Gravimetric Meter 

Temperature Measurements K-Type or PRT Thermocouples 

Pressure Measurements Druck Pressure Transducers 

In-Cylinder Pressure Piezoelectric Pressure Transducers 

Injection and Ignition Current clamp 

Crankshaft position Optical encoder  

Camshaft position Hall-effect sensor  
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Fuel consumption 

The engine fuel consumption is measured using an AVL 733 Fuel Balance gravimetric 

meter. The 733 uses a calibrated bucket on a load cell to accurately weigh the amount 

of fuel entering the engine, with a measurement uncertainty of <0.12 % of the full scale. 

When a recording is triggered, the feed into the bucket will be shut off and the engine 

will be fed directly from the fuel in the bucket. At the end of the test-point (30 – 45 s) 

the amount of fuel left in the bucket will be weighed and the weight change noted. This 

process is repeated three times and the average measurement recorded to improve 

accuracy. The fuel is passed through a chiller loop to ensure the supply to the engine is 

maintained at a fixed 15 °C. Fuel is supplied to the AVL 733 from an external source 

either from a barrel of bespoke blended fuel or piped directly from a larger tank of 

reference fuel.     

In-cylinder gas pressure using piezoelectric pressure transducers 

A piezoelectric transducer uses a small crystal with piezoelectric properties, typically 

quartz, flush mounted in a chamber to accurately measure the in-cylinder pressure at a 

high sampling frequency. As the crystal is compressed, the piezoelectric effect creates 

an electric charge directly proportional to the pressure applied. This small electric 

charge is then fed to a charge amplifier which converts it into a 0-5 V signal which can 

be recorded by the testbed instrumentation. To avoid damage and high thermal stress, 

the crystal is shrouded by a protective cover, and in some cases, a water supply is used 

to maintain a more consistent temperature. As the electric charge created by the piezo 

material is affected by temperature, a water-cooled transducer has the added benefit 

of minimising this thermal offset during the high temperature combustion phase.  

Three types of piezoelectric pressure transducers from Kistler were utilised throughout 

the thesis; a non-cooled direct mount transducer 6125C, spark plug transducer 6115B/C 

and M8 water-cooled transducer 6041B. These were mated to a Kistler 5165A charge 

amplifier converting the small pC output from the piezoelectric transducer into a 0-10 V 

signal which was fed into the combustion analysis system. The transducers are rated at 

a maximum pressure of 300 bar, however, to improve resolution at lower pressures, the 
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range is typically reduced. For durability and parametric testing, the range has been set 

for 0 – 300 bar, while for all other testing, were LSPI was not the immediate priority, the 

range has been set for 0 – 210 bar.  

Ignition and injection timing signals 

Current clamps are used to measure the timing of the ‘firing’ signals triggered by the 

ECU to both the injectors and ignition coil. The current clamp consists simply of a coil 

that is wrapped around the signal wire. This coil, through magnetic induction, provides 

a voltage directly related to the current passing through the signal wire. Due to the high 

sampling frequency required to accurately capture the ignition and injection reference 

signals, the signal from the current clamps are fed into the combustion analysis system.  

All engines tested within the thesis utilise a coil-on-plug design, in which each individual 

cylinder has its own ignition coil located directly on top of the spark plug. As such to 

measure the ignition firing angle, a current clamp is placed on the signal wires leading 

to the coil pack. This captures the signal current going to the coil pack which will charge 

gradually and then suddenly discharge when the plug fires. This sudden discharge results 

in a measured drop in signal to 0 A, giving an accurate ignition angle based on this falling 

edge.  

For the injection timing, a similar process is used, in that the signal current to the injector 

pack is captured. From this both the rise and fall angles are utilised to indicate start of 

injection (SOI), injection duration and end of injection (EOI). As these engines all utilise 

multi-injection strategies, three or more injections of fuel can take place throughout a 

single engine cycle, so the start and duration for each individual injection is recorded. 

Camshaft Position  

For high frequency in-cylinder data acquisition a high resolution signal is required for 

the crank angle. This is achieved by the use of an optical encoder, which provides an 

output pulse, typically in the range of 360 pulses per revolution (ppr) and upwards of 

7200 ppr as well as a reference pulse every engine revolution. As a small offset on the 

crank angle can have a significant impact on the combustion analysis results, achieving 
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an accurate crank angle reference is of critical importance. To achieve this, a contact 

probe is used, whereby the spark plug is removed, and the contact probe is inserted. 

The contact probe is spring loaded and follows the piston motion as the engine is slowly 

motored, providing an accurate mechanical reference angle measurement for when the 

piston is at top dead centre.  

3.1.3 High speed data acquisition 

Several high-speed data recorders have been used over the course of the study. Each 

combustion analysis system operates in a fundamentally similar fashion, namely 

pressure data is recorded from pressure transducers against crank angle measured by 

the encoder. This pressure trace is then post-processed in real-time to give key 

combustion metrics. However, the data post-processing equations used can vary 

between the different systems.  

Due to the high measurement speed and accuracy required for analysing knock, in the 

tens of kHz, an encoder is used with a suitably high resolution to meet Nyquist’s theorem 

and avoid aliasing. For knock and pre-ignition analysis, the encoders used are typically 

of the optical variety with a minimum of 720 pulses per revolution signal, resulting in a 

pulse output every 0.5 °CA. A higher resolution is achieved by the analysis system used, 

as they are able to interpolate between measured pulses. For all work contained within 

this thesis, a sampling frequency of 0.1 °CA has been used. An exception to this was the 

Dewesoft DEWE-43 data logger, which utilised a fixed sampling frequency independent 

of engine speed and calculates the relevant crank angle from the encoder measurement 

in post-processing.  

The high-speed data acquisition and combustion analysis systems used throughout the 

thesis are detailed in Table 5. A&D Phoenix is predominantly used for testbed work, 

whilst the Kistler KiBox has been used for all vehicle testing. Dewesoft DEWE-43A and 

AVL IndiSet were used in Chapters 3.3.1 and 3.3.1 respectively. For the DEWE-43A, the 

time-based frequency was set to ensure a sampling frequency of at least 0.2 °CA was 

achieved at each engine speed. As the combustion process was the critical part of the 



CHAPTER 3. Engine Testing and Data Analysis 41 
 

 
 

analysis, AVL IndiSet was set-up to capture the compression and expansion strokes at 

0.1 °CA and the intake and exhaust strokes at 1 °CA helping to minimise the amount of 

data required to be stored and processed.  

Table 5 - Summary of high-speed data acquisition hardware and combustion analysis software 

Acquisition Hardware Combustion Analysis  
Software 

Data Resolution 

A&D Phoenix AM/RT Phoenix CAS 0.1 °CA 

Kistler KiBox KiBox Cockpit 0.1 °CA 

Dewesoft DEWE-43A DEWESoft X   Time based – variable  

AVL IndiSet  AVL IndiCom Variable 0.1 – 1 °CA 

 

 Data Acquisition and Combustion Indicating Analysis 

For this thesis, the in-cylinder pressure trace was critical for analysing LSPI events. The 

following calculated terms based on the signal generated by the pressure transducer 

and recorded against the crank angle were used extensively throughout the thesis.   

3.2.1 Mean Effective Pressures [bar] 

The mean effective pressures are a measurement from the pressure trace across an 

engine cycle, which allows a comparison between engines of the available work 

capacity, independent of the engine volume.  

BMEP (Brake Mean Effective Pressure) is the engine work output independent of engine 

displacement measured directly from the produced engine torque.  

PMEP (Pumping Mean Effective Pressure), is the in-cylinder measured pressure over the 

exhaust and intake loop, providing the work required to pump air into and out of the 

engine. This value can be positive on charged engines under load, as the intake air comes 

into the combustion chamber at higher than ambient conditions.  

GIMEP (Gross Indicated Mean Effective Pressure), is the in-cylinder measured pressure 

over the compression and expansion loop and is the work output from the combustion 

cycle. GIMEP and PMEP are shown in Figure 26.  
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NIMEP (Net Indicated Mean Effective Pressure) is the relative work output over the 

entire four-stroke cycle, taking into account GIMEP and PMEP.  

 

 

Figure 26 - GIMEP and PMEP in a PV diagram of a 4-stroke engine cycle 

 
 𝐺𝐼𝑀𝐸𝑃 =  

1

𝑆𝑉
∫ 𝑃 ∗ 𝑑𝑉 during power loop [6] 

 𝑃𝑀𝐸𝑃 =  
1

𝑆𝑉
∫ 𝑃 ∗ 𝑑𝑉 during pumping loop [7] 

 𝑁𝐼𝑀𝐸𝑃 =  
1

𝑆𝑉
∫ 𝑃 ∗ 𝑑𝑉 across full 720 ° of engine cycle [8] 

 NIMEP = GIMEP + PMEP [9] 

𝑆𝑉  = Swept Volume [mm2]  

𝑃 = Pressure [bar] 

𝑑𝑉 = rate of volume change of the cylinder 
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3.2.2 Peak Cylinder Pressure [bar], Angle of Peak Pressure [°CA], Rate of Pressure Rise 

[bar/°CA], and Angle of Peak Rate of Pressure Rise [°CA] 

The peak cylinder pressure Pmax is calculated as the maximum value measured across a 

complete engine cycle. The angle that this occurs at APmax is also captured and 

frequently used within the analysis, as shown in Figure 27.  

 

Figure 27 - Peak pressure and angle of peak pressure 

Calculated each crank angle, the rate of pressure rise ΔP is calculated as the difference 

in pressure from one sample point to the next. This is then averaged to find the rate of 

pressure rise in bar/°CA. 

 ∆𝑃 = 𝑃2 − 𝑃1 [10] 

 

The angle of peak rate of pressure rise is then calculated as the crank angle with the 

largest ∆𝑃.  

Peak Pressure 

Angle of peak pressure 
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3.2.3 Mass Fraction Burned [°CA]  

Fundamentally with a change in crank angle, the resulting change in pressure will 

predominantly come from two sources; the pressure due to the change in volume ΔPV, 

and the pressure increase due to combustion ΔPC. Rassweiler and Withrow found that 

the cumulative percentage rise due to ΔPC was approximately equivalent to the 

percentage of charge combusted by mass (Rassweiler and Withrow, 1938). Their 

resultant calculation is known as the Mass Fraction Burned (MFB).    

 
𝑀𝐹𝐵 =  

𝑚𝑏(𝑖)

𝑚𝑏(𝑡𝑜𝑡𝑎𝑙)
=  

Σ0
𝑖 ΔPc

Σ0
𝑁ΔPc

 [11] 

mb = Mass of fuel burned 

Pc = Pressure rise from combustion 

Where:  

 
ΔPc =  𝑃𝑖+1 −  𝑃𝑖 = 𝑃𝑖 [(

𝑉𝑖+1

𝑉𝑖
)

𝑛

− 1] [12] 

n = Polytropic Index 

The Heat Release (Qi) from combustion is directly related to the pressure rise and so can 

be calculated as: 

 
𝑄𝑖 =

1

𝑛 − 1
[𝑛𝑃𝑖(𝑉𝑖 − 𝑉𝑖−1) + 𝑉𝑖 (𝑃𝑖 − 𝑃𝑖−1)] [13] 

 

Note that smoothing is applied to this calculation, with 10 samples between i and i+1 

(equating to 1 °CA). The total heat release is therefore the sum of Qi from the start of 

combustion, across the combustion stroke. While useful in its own right, the Heat 

Release during LSPI events, particularly large events, is largely unreliable due to the 

saturation of the pressure transducer at peak pressures. A generic mass fraction burn 

curve is shown in Figure 28. Of key interest to this research are the angles at 5 % MFB, 

10 % MFB and the burn duration angles between 10 – 50 %, 50 – 90 % and 10 – 90 % 

MFB. Start of combustion and 2 % MFB are used at times within research, however, 

these were deemed too inaccurate due to the very small pressure changes required to 
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reach their threshold. 5 % and 10 % MFB have been predominantly used as they have 

inherently a lower measurement uncertainty.  

 

Figure 28 - Mass Fraction Burned curve  

3.2.4 Polytropic Compression Index [-] 

In-cylinder processes can be considered as polytropic, i.e. the compression stroke is 

assumed to have no energy loss and is therefore reversible. The polytropic index value 

(n) can be calculated. Due to heat loss, the polytropic index value will be different 

between compression and expansion, and so is typically calculated separately. While 

occasionally used by combustion analysis systems to calculate MFB, the use for this 

study was to validate the pressure trace to ensure high peak pressures were due to 

abnormal combustion and not due to the mechanical failure of the pressure transducers.  

Angle of 
10 % MFB 

50 % MFB 

90 % MFB 
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Figure 29 - logarithmic PV diagram highlighting polytropic compression 

 𝑃1𝑉1
𝑛 = 𝑃2𝑉2

𝑛 [14] 

 

 

𝑛 =
𝑙𝑜𝑔 [

𝑃1

𝑃2
]

𝑙𝑜𝑔 [
𝑉2

𝑉1
]
 [15] 

𝑛 ≈ 1.35 for gasoline engines  

Adjusting the crank angle where P2 and V2 are measured ensures that even with a pre-

ignition event, the calculated Polytropic Compression n is accurate (‘slope’). Note that 

in some cases, even with an extremely early datum point, a pre-ignition can still impact 

the calculated n term. For most analysis systems this will result in an invalid 

measurement and therefore no MFB data will be produced. In this event, post-

processing was carried out manually using the Rassweiller-Withrow equation with a 

fixed n term.  

𝑃1 

𝑃2 

𝑉2 𝑉1 

Polytropic  
             Compression 
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3.2.5 Knock Amplitude and Intensity [bar] 

The knock variables are calculated by applying a low pass filter to the pressure signal 

data. The low pass frequency is dynamically calculated using the engine speed and bore 

diameter, based on the estimated time taken for a pressure wave to reach from one end 

of the chamber and back again. This can be handled differently by OEMs who will 

perform engine testing to correlate a more precise Band Pass Frequency for the engine 

they are developing. The following equation was used throughout this study, unless 

otherwise specified, to calculate the filter length as implemented by the data logger 

manufacturer. This equation originates from the work carried out by Draper and 

corresponds to the primary frequency of the first circumferential knock mode (Draper, 

1934).  

 𝑐 =  √𝛾 ∗ 𝑅∗ ∗ 𝑇 ≈  √1.4 ∗ 296 ∗ 2300 ≈ 976 𝑚/𝑠 [16] 

𝑐 = Acoustic velocity [m/s] 

𝛾 = Gamma 

𝑅∗ = Specific gas constant [J/(kg*K)] 

𝑇 = Temperature [K] 

 

 
𝑓𝑘 =  

𝑐 ∗ 𝑥

𝜋 ∗ 𝐵
=

976 ∗ 1.841

𝜋 ∗ 𝐵
=  

0.572

𝐵
 [17] 

𝑓𝑘 = Knock Frequency [kHz] 

 𝑥 = Constant for first circumferential knock mode (Draper, 1934) 

B = Bore [m] 

 

 
𝐹𝑖𝑙𝑡𝑒𝑟 𝐿𝑒𝑛𝑔𝑡ℎ (𝑠𝑎𝑚𝑝𝑙𝑒𝑠) =  

𝑁 ∗ 𝑆𝑃𝑅

𝑓𝑘 ∗ 60000
 [18] 

N = Engine Speed [rpm] 

SPR = Sampling Frequency of Acquisition System [Samples per revolution]  

 

The filter length is then applied as the length of a moving average window on the 

measured pressure trace. This will result in a smooth pressure trace with the high 

frequency fluctuations caused by knocking combustion removed. The new smoothed 

trace is then subtracted from the measured pressure trace with the resulting knock data 

analysed to capture the Knock Peak–Peak, Knock Amplitude and Knock Intensity as 

shown in Figure 30.  
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Figure 30 - Knock variables calculated from in-cylinder pressure trace 

The formulae for calculating knock peak-peak, knock amplitude and knock intensity 

values are as follows: 

 If (i > MAX)  

MAX = i 

If (i<MIN)  

MIN = i 

Knock Peak-Peak = MAX - MIN 

Knock amplitude = MAX(ABS(MAX), ABS(MIN)) 

Knock intensity = Knock intensity + ABS(i)  

[19] 

i = current sample  
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3.2.6 Coefficient of Variation and Lowest Normalised Value 

The coefficient of variation (COV) is the ratio of the standard deviation and the mean. It 

is useful for identifying combustion stability, particularly when considering GIMEP. The 

formula for COV is as follows: 

 𝐶𝑂𝑉 =  
𝜎

�̅�
 [20] 

COV = coefficient of variation 

σ = Standard deviation 

�̅� = Mean  

Similarly useful for categorising combustion stability, the Lowest Normalised Value 

(LNV) is the smallest value as a fraction of the mean, normalised to 1. A typical 

application for the LNV is to apply it to the GIMEP for identifying misfire, or partial 

combustion, events as a value below 1 indicates a potential incomplete burn, and a value 

of 0 indicates a complete misfire event. The formula for LNV is as follows: 

 𝐿𝑁𝑉 =  
𝑥𝑚𝑖𝑛

�̅�
 [21] 

𝑥𝑚𝑖𝑛 = minimum sample value 

�̅� = Mean  

 Test Engine Configurations 

A significant amount of engine testing was parasitic to ongoing projects at Ricardo. Over 

10 engines were tested during the course of the study in at least six different engine 

configurations. As such this section outlines the key engines details which all testing 

within this thesis has been performed on, along with the methodology applied to each 

engine. All engines share similar key features in that each one of them was a gasoline 

turbo-charged direct-injection (GTDI) engine.  

 

 

 

 



CHAPTER 3. Engine Testing and Data Analysis 50 
 

 
 

The engines tested and test process can be summarised as follows: 

Table 6 - Summary of engines and their test processes 

Engine Test process 

22.3* bar 3.0 L V6 LSPI parametric testing 

25 bar 2.0 L L4 LSPI durability testing 

22 bar 2.0 L L4 LSPI and spark plug temperature 

25 bar Ricardo Hydra 

Single Cylinder Injector research 

18.4 bar 1.5 L L3 OEM EMS response with oil injection 

25.1 bar 1.2 L L3 OEM EMS calibration and validation 

25.1 bar 1.2 L L3 LSPI Vehicle field tests 

* maximum BMEP of engine on test 

Further details of the engine characteristics and monitoring hardware is provided in 

Table 7 and Appendix C. 

3.3.1 3.0 L V6 – LSPI OEM Parametric – class 3L 

A parametric LSPI study was carried out on a 3.0 L V6 engine to further understand the 

impact modifying key engine operating conditions would have on LSPI. A test cycle 

consisting of 6 stages was conducted, based on (Kocsis, Briggs and Anderson, 2017), 

consisting of 60,000 engine cycles at 2,000 rpm WOT and 30,000 engine cycles at 1500 

rpm WOT. This test was run twice for each test parameter, resulting in a total of 180,000 

engine cycles per test parameter, in line with the recommended number of 170,000 

engine cycles to ensure repeatability by (Mounce, 2018). To further improve test 

repeatability, a 30-minute steady state run at 4,000 rpm, 18 bar was conducted before 

each test in order to clean the combustion chamber of deposits.  

Cylinders 1, 3 and 5 are located on the right bank, and cylinder 2, 4 and 6 are located on 

the left bank as shown previously in Figure 25. AVL IndiSet captured the high-speed data 

for the entirety of engine running, allowing a more in-depth pressure trace analysis than 

previously possible. The single Intake and four Exhaust pressures were recorded on a 

0.1 °CA and 1 °CA raster respectively.  
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3.3.2 25 bar 2.0 L L4 – LSPI OEM Durability – clean/dirty – Class 2 L 

As part of an engine durability study for a client, investigating the impact of LSPI on 

engine components, a test-cycle incorporating both a clean and a dirty engine 

conditioning stage was repeated with the intention of capturing a set number of LSPI 

events. To increase the frequency of LSPI in order to minimise test time, several methods 

were incorporated based on literature, and further discussed in Chapter 6. LSPI events 

were characterised based on the measured peak knock amplitude with any amplitude 

>25 bar considered an abnormal combustion event.  

340 hours of testing were carried out, with 2339 captured events, before extensive 

damage to the in-cylinder pressure transducers prevented the continuation of any 

further testing. Due to a high frequency of false detections resulting from damage to the 

Kistler pressure transducers, a method of filtering false events was developed, based on 

MFB angles, calculated Polytropic Compression and NIMEP. Out of the 2339 events that 

were captured, 1788 were deemed as genuine events after filtering.  

Due to the data limitations in capturing high-speed data for a prolonged period of time, 

a recording trigger was set up in Phoenix AM/RT, which would take a recording when 

the peak knock amplitude in any cylinder exceeded 25 bar. A rolling buffer was used to 

capture the 20 engine cycles leading up to the event and 30 cycles after. 

3.3.3 22 bar 2.0 L L4 – LSPI and Plug Temp 

Testing was conducted on a 22 bar 2.0 L L4 GTDI engine, aimed at better understanding 

the in-cylinder conditions leading up to, during and immediately after an LSPI event. To 

this end the engine was fitted with four spark plugs with thermocouples soldered on to 

the spark plugs ground electrode (colloquially known as the J-strap) as shown in Figure 

31. A range of speeds at full load were tested for a steady-state period of 30 minutes 

each. A spark plug, one grade hotter than specified by the OEM, was used to increase 

in-cylinder temperatures surrounding the spark plug to aid in provoking pre-ignition.  
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Figure 31 - Thermocouple instrumented spark plug 

Due to the transient nature, particularly the Engine Management System (EMS) 

response to an LSPI event, using a mean plus standard deviation criteria of the entire 

test data as a whole was found to be unsuitable as changing operating conditions 

resulted in false positive events. As such, a rolling average and standard deviation of 50 

engine cycles was implemented for determining LSPI conditions. This was selected based 

upon a balance of preventing false detections during heavy transients, while still being 

able to capture moderate LSPI events.   

Data analysis was carried out in the analysis software DEWESoft X, and combined with 

the STARS testbed data and CANalyzer within Microsoft Excel. Due to a Software issue, 

MFB calculations, utilising the Rassweiler-Withrow method outlined in section 3.2.3, 

were carried out in post-processing within MATLAB from the high-speed pressure data 

captured in DEWESoft X.  

3.3.4 Ricardo Hydra Single Cylinder – LSPI Single-Cyl Research  

While testing a range of injectors in a Hydra single cylinder research engine, for a Direct 

Injector development project, a number of suspected LSPI events were detected when 

operating at 20 and 25 bar BMEP and engine speeds of 2,000 rpm. Parametric steady 

state testing was carried out at four separate key-points, varying fuel pressure, load and 
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speeds on four separate injectors. Recorded CAS data at each test-point was analysed 

to determine the number of detected events across each injector and test-point.  

CAS Phoenix was set up to capture 300 engine cycles at each test point, it did not capture 

all engine cycles while operating at these conditions. As such, limited conclusions can be 

drawn from this particular set of data, however, the general trend can still be identified.  

3.3.5 1.5 L L3 – LSPI OEM Production ECU response/oil injection  

Testing on this engine was conducted to better understand how a modern day OEM 

production vehicle responds to LSPI events. To provoke a pre-ignition event, a one grade 

hotter spark plug was fitted, the gap between the ground and centre electrode widened 

to 1 mm to degrade spark performance and testing was conducted with a high fuel-in-

oil dilution ratio of 12 %. After unsuccessfully triggering an LSPI event, a syringe driver 

was installed on Cylinder 1’s intake runner which injected engine oil at 2.5 cm3/min, as 

shown in Figure 32, successfully provoking three LSPI events within 3,000 engine cycles. 

The ECU response was measured via the on-board diagnostics (OBD) port using 

CANalyzer to determine the method utilised to detect the pre-ignition event.  

 

 

  

Figure 32 - Images of syringe driver installed in Cylinder 1 intake manifold  

Oil syringe driver 

Oil injected through 3 
mm thermocouple fitting 
into cylinder 1 port 
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Combustion post-processing was carried out in real-time in A&D Phoenix CAS, and 

synchronised with CANalayzer and STARS testbed data within Excel. 

3.3.6 1.2 L L3 – LSPI OEM EMS Calibration and Validation 

As part of a turnkey calibration project for an OEM, the LSPI detection and EMS response 

was required to be both calibrated and validated. A list of test procedures was created 

based on the work conducted on the previous engines as well as inferred from the 

literature, to allow repeatable testing to be conducted on any engine. Testing was 

carried out on a variety of the same engine over the space of three years. While minor 

hardware changes occurred throughout the engine development, these were deemed 

to have a negligible impact to LSPI, relative to the extensive calibration changes 

conducted throughout the project.  

3.3.7 1.2 L L3 Vehicles – LSPI Vehicle Field tests class 1.2 L  

Three vehicles containing the 1.2 L L3 engine detailed in 3.3.6 were fitted with a Kistler 

KiBox combustion for LSPI testing. While the vehicles are each a different make and 

model, they all share the same chassis, engine and drivetrain, and so for the purpose of 

the thesis they can be treated the same. Vehicle testing was aimed at ensuring LSPI 

occurrence was suitably controlled at extreme operating conditions and to investigate 

possible impacts from highly transient situations involving the entire drivetrain. To this 

end testing was conducted in high ambient temperatures, at both sea level and at 2,000 

m elevation, while operating on a range of 87 - 97 RON reference fuel as well as low 

quality oil.  
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Table 7 - Engine characteristics of all engines tested in the thesis 

 

 

 

 

Engine Name Configuration 
Displacement 

[L] 

Compression 

Ratio 

BMEP  

[bar] 

Power 

[kW] 
Valvetrain 

Fuel 

System 
Induction 

3.0 L V6 
V 6-Cyl (60°) 

pent-roof 
3.0 9.8:1 

22.3 from 

1600 rpm 
280 

4-Valve / cylinder 

Dual VVT 
Central DI 

Twin 

turbocharger 

25 bar 2.0 L L4 
Inline 4-Cyl 

pent-roof 
2.0 9.5:1 

25.1 from 

1500 rpm 
220 

4-Valve / cylinder 

Dual VVT, VVL 
Central DI 

 Single  

twin-scroll 

turbocharger 

Ricardo Hydra 

single cylinder 
1-Cyl pent-roof 0.5 10.2:1 25 - 

4-Valve / cylinder 

Dual VVT 
Central DI 

Supplied boost 

air 

1.5 L L3 
Inline 3-Cyl 

pent-roof 
1.5 11:1 

18.4 from 

1250 rpm 
100 

4-Valve / cylinder 

Dual VVT, VVL 
Central DI 

Single 

turbocharger 

1.2 L L3 
Inline 3-Cyl 

pent-roof 
1.2 9.4-9.8:1 

25.1 from 

1250 rpm 
115 

4-Valve / cylinder 

Dual VVT 
Central DI 

Single 

turbocharger 
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Chapter 4  

Testing Methodologies for LSPI 

Detection, Identification and 

Classification  

This chapter is concerned with test procedures and methods used in capturing LSPI 

events. The methods of post processing the data leading to a proposed definition of an 

LSPI event are provided. 

 LSPI Detection Criteria 

As highlighted in Section 2.7 a significant amount of research has focussed on the criteria 

used to identify LSPI. Due to the broad range in testing carried out in this study, a variety 

of methods were utilised that can be broadly split into the following categories: 

- Steady-state testing without EMS response 

- Steady-state testing with EMS response 

- Transient and in-vehicle testing 

The key difference with EMS response (feedback control) is that the engine is liable to 

change its key operating conditions, mainly spark timing and boost pressure. These will 

impact both the MFB angles as well as the resultant peak pressure but is typically 

contained within a small range. For transient testing however, the spark timing and 

resultant peak pressure can vary significantly and therefore having a criteria based on 

these two values is no longer suitable.  

4.1.1 LSPI Classification 

LSPI events have been classified based on both their knock amplitude and on the peak 

in-cylinder pressure during the event. Values based on knock amplitude have been taken 



CHAPTER 4. Testing Methodologies for LSPI Detection, Identification and Classification 
 57 
 

 
 

from (Wang et al., 2014), with the differentiation of Medium LSPI as events with knock 

amplitude greater than 20 bar due to the damage potential. Less than 130 bar peak 

pressure is considered light LSPI, as this is within the design range of most modern GDI 

engines to withstand events of this pressure, and so the likelihood of engine damage is 

minimal. A heavy LSPI event is classified as peak pressures greater than 180 bar and 

knock amplitudes in excess of 50 bar, as these values are significantly beyond the design 

limits of most engines for one off events. A single heavy LSPI event risks irreversible 

damage to the engine. Engines can typically tolerate a large number of medium LSPI 

events over their lifetime, however, several of these events in a short period of time 

have the potential for engine damage. The LSPI classifications based on peak pressure 

and knock amplitude are presented in Table 8.  

Table 8 - LSPI classifications based on pressure and knock amplitude 

Peak Pressure 

[bar] 
LSPI Classification 

< 130 Light LSPI  

130 – 180 Medium LSPI 

≥ 180 Heavy LSPI 

 

Knock 

Amplitude [bar] 
LSPI Honorific (/w) 

< 10 Light Knock  

10 – 50  Heavy knock 

> 50 Super Knock 

 

For example: 

- 120 bar with 25 bar knock amplitude = Light LSPI w/ heavy knock 

- 150 bar with 5 bar amplitude = Medium LSPI w/ light knock 

- 200 bar with 60 bar amplitude = Heavy LSPI w/ super knock 
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4.1.2 Steady-state testing without EMS response 

For steady-state testing without EMS response, most closed loop controls are switched 

off. This means that spark timing and boost pressures would remain fixed, and the 

resultant peak pressure and MFB angles kept within a relatively small range. For this 

testing the following criteria have been utilised, based upon the work conducted at 

Southwest Research Institute (Kocsis, Briggs and Anderson, 2017): 

 𝑃𝑀𝑎𝑥  𝐿𝑆𝑃𝐼 𝐸𝑣𝑒𝑛𝑡 > �̅�𝑃𝑀𝑎𝑥
+ 4.7 ∗ 𝜎𝑃𝑀𝑎𝑥

 [22] 

 5 % 𝑀𝐹𝐵 𝐿𝑆𝑃𝐼 𝐸𝑣𝑒𝑛𝑡 < �̅�5 % 𝑀𝐹𝐵 − 4.7 ∗ 𝜎5 % 𝑀𝐹𝐵 [23] 

The iterative process from Zaccardi was then applied to the captured events, whereby 

any event matching the above criteria was removed from the log, and the formula re-

run until no further events were identified (Zaccardi and Pagot, 2010). This removes the 

potentially significant impact a single LSPI event can have on both the mean and 

standard deviation for smaller log sizes. 

One limitation of this method is the influence of cycle-to-cycle variation (CCV) upon the 

standard deviation of average peak pressures. Most notably work carried out on the 3.0 

L V6 engine found that at the two full load points, for speeds of 1500 rpm and 2,000 

rpm, the average peak pressures were similar, however, the CCV at 2,000 rpm was much 

higher. This resulted at times in a peak pressure based LSPI detection threshold over 20 

bar higher at 2,000 rpm than at 1,500 rpm.  

4.1.3 Steady-state testing with EMS response 

In the initial steady-state testing phase of the 22 bar 2.0 L L4 engine with a production 

closed ECU, it was found that, any large knock or LSPI events resulted in an EMS 

response. This included varying the spark timing, valve timing, boost pressure and 

suppression of the fuel injection for several cycles. It can be seen in Figure 33 that during 

a period of very high pre-ignition activity, highlighted by the red brackets, that the EMS 

response can be quite severe. Applying a fixed detection criterion on the entire sample 

resulted in several false detections where the spark is advanced and the boost is high, 
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and also several missed detections, at lower boost pressures and retarded spark. A 

stepped load change near the end of this sample significantly impacted the overall 10 % 

MFB. To rectify this, a rolling average and standard deviation was utilised.  

 

 

Figure 33 - PMax and 10 % MFB results at 1600 rpm full load on 22 bar 2.0 L L4 engine 

For this particular log, a rolling average of 75 cycles and rolling standard deviation of 150 

cycles was found to be the best trade-off between capturing abnormal pre-ignition 

events, without false detection at the regions of excessive EMS response. Reducing the 

cycle count further resulted in several LSPI events being missed, while increasing 

resulted in an increase in false detection. Due to the relatively small number of events, 

each LSPI cycle was analysed manually to determine if pre-ignition had indeed occurred. 
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A notable exception to the rolling average is during the onset of run-away pre-ignition. 

This is highlighted in Figure 34 which shows that due to the run-away pre-ignition being 

a gradual process over the course of 80 engine cycles, a rolling average is unable to 

detect these pre-ignition events. This requires either a manual investigation to detect 

this phenomenon, fixed limits based on the cylinder’s peak pressure, or else a 3rd criteria 

utilising another metric. In this instance a manual investigation was carried out with the 

results presented in Chapter 6.2.1.    

 

Figure 34 - Onset of run-away pre-ignition (taken from Figure 33) 

An additional limitation is during the occurrence of a large set of LSPI events. The 

iterative method works for single one-off events, however, in a sequence of 3 or more 

LSPI events the standard deviation can be strongly affected. Utilising robust statistics 

which are less affected by extreme outliers, for example Mean Absolute Deviation, can 

decrease the amount of offset caused by a sequence of LSPI events. In Figure 35, an 

example is provided containing a set of three LSPI cycles, and the impact they have when 

using the mean and standard deviations (red dotted line). Due to the number of events 

between 22800 – 22900 engine cycles, the mean and standard deviation are significantly 

impacted resulting in missed detection events. It can be seen that using a statistical 
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method more robust to outliers, in this case the Mean Absolute Deviation (blue dotted 

line), these events can be suitably captured.   

 
Figure 35 - Comparison of outlier detection methods on 10 % MFB results at 4000 rpm full load on 22 bar 2.0L L4 

The equation for the Mean Absolute Deviation is as follows: 

 
𝑀𝑒𝑎𝑛 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =

1

𝑛
∑|𝑥𝑖 − �̅�|

𝑛

𝑖=1

 [24] 

�̅� = Mean  

𝑥𝑖 = Data values 

n = Number of values 

This can further be improved by removing any captured LSPI events from the dataset 

and re-running the criteria equation.   

4.1.4 Transient and in-vehicle testing 

For highly transient data, as shown in the previous section, it is entirely unsuitable to 

apply fixed criteria based on pressure and MFB, and in many cases even a rolling average 

is unsuitable. This is particularly so for vehicle testing, where the influence of injector 

cut-offs (whereby the fuel injection is stopped for one or more cycles to provoke an 

instantaneous reduction in torque) at several operating conditions e.g. gear changes and 

engine speed limiter, is severe. To achieve a sufficient accuracy in detected LSPI events, 

the knock amplitude metric has been investigated. It has been seen that during an LSPI 

event, the early onset of combustion results in a large proportion of unburnt mass when 

end-gas auto-ignition occurs. This results in knock amplitudes (see 3.2.4 for formal 
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definition) significantly higher than during traditional end-gas knocking. A knock limit 

can therefore be used to differentiate LSPI events from (ab)normal combustion. Wang 

et al. for example, considered a knock amplitude in excess of 20 bar as Heavy Knock, 50 

bar as super knock and > 190 bar as deto knock (Wang et al., 2014). At Ricardo an 

empirical rule, derived from extensive historical testing experience and considering NVH 

and engine durability, is used for defining knock limits as follows; with an upper limit of 

6 bar above 6000 rpm and a lower limit of 1 bar below 1000 rpm:  

 
𝐾𝑛𝑜𝑐𝑘 𝑙𝑖𝑚𝑖𝑡 [𝑏𝑎𝑟] =

𝐸𝑛𝑔𝑖𝑛𝑒 𝑆𝑝𝑒𝑒𝑑 [𝑟𝑝𝑚]

1000
 [25] 

 

For an LSPI event, a knock amplitude of 2x the upper Knock Limit is used to initially 

identify an event, before the combustion data is assessed in further detail, comparing 

the ignition timing against the 5 % MFB data.  

In some rare circumstances an LSPI event can have little to no end-gas auto-ignition. The 

exact mechanism for this particular event is unclear, but it has been reported both in 

the literature (Wang et al., 2014), and also found during testing as shown the example 

in Figure 36. To this end an upper limit on peak pressure is used, of which any cycle 

above the peak pressure threshold is analysed as an LSPI event. This upper peak pressure 

limit is engine specific and is based upon the durability design limits of that engine, 

particularly around the connecting rod operating pressures.  
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Figure 36 - LSPI event with low end-gas auto-ignition at 1000 rpm full load on 25 bar 2.0 L L4 

The ignition delay can be broadly used, as if the delay angle has a negative value i.e. start 

of combustion occurs before the ignition, then a definite pre-ignition has occurred. It 

has been found, however, that LSPI events occur with a 5 % MFB after the ignition timing 

as detailed further in Chapter 6.   

4.1.5 Data Recording Knock Detection Criteria 

For engine testing, the quantity of data provides a significant issue and it is therefore 

important to establish robust triggering criteria for high frequency data acquisition. 

Depending on the Combustion Analysis System used, it is not always feasible or in many 

cases possible to capture the high-speed data for the entire duration of a test. For this 

reason, a number of recording triggers based on peak pressure and knock amplitude 

were utilised to capture events leading up to and following on from a potential LSPI 

event.  

The purpose of the test process itself generally dictated the type of recording trigger 

which should be used. For example, for engine knock sensor calibration, any events 

considered to be abnormally heavy knock can provide crucial information, in contrast to 
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durability testing whereby only very high pressure and knock amplitude events are 

considered based on their potential for causing damage. The recording triggers used 

during testing are presented in Table 9. All recording triggers are of the ‘OR’ variety so 

if either threshold is reached a recording will be triggered. This was considered as the 

first pass filtering stage for knocking combustion (and abnormal combustion 

derivatives). The Peak Pressure values used for the triggers are based upon the upper 

design limits of each specific engine.  

Table 9 - Recording triggers used on each engine 

Test process Engine Recording Trigger  

Durability testing 25 bar 2.0 L L4 PMax > 120 bar 

Knock Amplitude > 25 bar 

Engine calibration 1.2 L L3 PMax > 125 bar 

Knock Amplitude > 12 bar 

Manual trigger where applicable 

Vehicle Testing 1.2 L L3 PMax > 125 bar 

Knock Amplitude > 8 bar 

Manual trigger where applicable 

Injector testing Ricardo Hydra 

Single Cylinder 

At each test point after engine 

stabilisation 

Parametric testing 3.0 L V6 All high-speed data recorded 

EMS response testing 1.5 L L3 All high-speed data recorded 

Thermocouple testing 22 bar 2.0 L L4 All high-speed data recorded 

 

It should be noted that the knock amplitude thresholds for both engine calibration and 

vehicle testing are greatly reduced compared to the LSPI criteria within the literature. 

The reasoning behind this is to ensure that all abnormal combustion events are captured 

to allow the LSPI criteria to be applied to them in the second pass filtering stage. The 

knock amplitude of 12 bar is based on 2x the upper allowable knock limit, while the 8 

bar knock amplitude limits within the Vehicle testing are as a result of a 0.7 multiplier 

on identified knock from the utilisation of spark plug transducers rather than flush-

mounted transducers. Further details of the correlation between spark plug and flush 
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mounted transducers is given in Chapter 7.4.1. Manual recording triggers were utilised 

to capture an extended logging duration during the engine calibration and vehicle 

testing when conducting manoeuvres where the expected likelihood of LSPI events was 

high. 

 Data Filtering  

The infrequency of LSPI events and the large range of engines and cycles tested has 

required large amounts of data to be gathered and sorted. An effective way of filtering 

the data is of paramount importance. Generally, the maximum pressure, mass fraction 

burns and knock amplitudes were sufficient to identify LSPI events within a large data 

set. However, a recurring problem was found where pressure transducers damaged by 

LSPI would provide corrupted data as well as false positives. Several methods have been 

used to filter out any false or compromised readings caused by faulty equipment, to 

maintain reliability when statistically analysing LSPI events. Two forms of false detection 

from failing pressure transducers were observed; a permanently damaged transducer 

which would produce false readings indefinitely, or a temporarily damaged transducer 

which would fail mid-cycle but would return to normal use after a period of time. 

4.2.1 Filtering on Peak pressure and Knock amplitude triggers  

The following filtering has been applied to the durability testing carried out on the 25 

bar 2.0 L L4 engine. The objective was to capture 3,000 LSPI events meaning a very large 

set of data required post-processing, where manual overseeing was not feasible. Using 

the high pressure and knock amplitude criteria, failure of the in-cylinder pressure 

transducers resulted in a significant number of false detection events. 150 engine cycles 

of data were captured at each triggered event, based on a peak pressure > 120 bar or a 

knock amplitude of > 25 bar.  

Polytropic compression ratio 

The polytropic compression index (n), as measured from the initial compression stroke, 

is relatively unaffected by pre-ignition events and can be used as a basis for initial 
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filtering – exceptions include extremely early pre-ignition events. Filtering out events 

whereby n lies outside of the typical expected range, helps remove the majority of 

events caused by a sensor that has completely failed. This filter can be applied to the 

average of a dataset to remove data whereby equipment has completely failed or 

applied to cycles individually to remove data where the transducer has temporarily 

failed. For gasoline engines the average n value is in the region of 1.35 – 1.4, and so a 

filter threshold of 1.25 – 1.45 was utilised.  

NIMEP   

There still exists occasions when the equipment will fail mid-event or exhibits 

intermittent faults. Setting a suitable range on the NIMEP helps to filter these events. 

NIMEP is utilised in this instance, rather than GIMEP, as it is provided in real-time as 

standard by the data acquisition system. It can be seen in the example shown in Figure 

37a, b that the pressure transducer has failed mid cycle, resulting in a ‘standard’ 

compression stroke, and a significantly compromised expansion stroke, resulting in 

either the minimum (Figure 37a) or maximum (Figure 37b) sensor output. In Figure 37b 

this large offset is corrected by pegging the in cylinder pressure value to the Intake 

manifold pressure, however, the peak measurable pressure of subsequent cycles may 

be heavily clipped as a result.   
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Figure 37 - Pressure transducer failure showing (a) large negative pressure step, (b) large positive pressure step 

For the data analysis carried out in Chapter 6, a NIMEP of between 5 and 30 bar was 

selected as appropriate criteria. This removed values with a partial transducer failure 

and a large step in pressure reading from the data analysis.  

MFB 

In some very rare instances, a failed pressure transducer can still result in a polytropic 

compression index and NIMEP value within the expected range, as shown in 7 below. In 

these cases, the expansion stroke contains signal noise and the combustion analysis 

system is unable to calculate the mass fraction burned, outputting either a blank value 

or a default error value. For this example dataset, utilising the A&D Phoenix CAS, a 

default value of -359 °CA is output, allowing a way of easily removing these false positive 

events.   

– Raw pressure trace 

– Corrected pressure trace 
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Figure 38 - Transducer failure over 720 °CA resulting in n=1.44 and NIMEP=10.83 

Filter summary 

Once the correct filtering had been developed, these techniques were applied to the 

captured events on the 25 bar 2.0 L L4 engine, with the results shown in Table 10. After 

applying these filter techniques to the original 2339 events, the final number of events 

was 1788. A total of 24 % of the captured events were omitted as false detections. 

Table 10 - Results from applying data filters to 25 bar 2.0 L L4 durability testing data 

Filters Applied Number of Events Filter Details 

Peak Pressure, OR 

Knock Amplitude 
2339 

>120 bar 

>25 bar 

POLYC 1891 1.25 – 1.45 

NIMEP 2058 5 – 30 bar 

10 % MFB 2222 ≠ -359 

POLYC, NIMEP and 10 % MFB 1788 - 

 

A deeper analysis of these 1788 captured events is provided in Chapter 6.  
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4.2.2 Filtering on PMax and MFB average and standard deviation 

For the longer duration, parametric testing carried out on the 3.0 L V6 engine, a slightly 

modified approach was implemented. As the steady-state data is captured over 30,000 

cycles at a time without any EMS response, the mean and standard deviation criteria 

outlined in Section 4.1.1 can be applied to the full data set on an individual cylinder 

basis. Damage occurred to the pressure transducers over the duration of the testing and 

so filtering of the dataset was still required. Both the peak pressure and MFB outliers 

from damaged transducers required removal due to the strong influence they have on 

skewing the data over a prolonged period of time.  

To remove the peak pressure outliers, a lower cut-off threshold based on the average 

in-cylinder pressure minus 4.7 standard deviations was used. This removed any low-

pressure outliers. A minimum angle on 5 % MFB has also been used due to the 

combustion analysis system giving a default value of -359 °CA when the MFB calculation 

cannot be applied due to faulty data. An example of this applied to the 3.0 L V6 engine 

data is shown in  Figure 39 where cycles above the detection threshold (green) are 

counted as LSPI events, and cycles that were below the lower cut-off threshold (red) 

were removed from the dataset.  
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Figure 39 - LSPI detection and cut-off thresholds applied to 0 % EGR Test 1 Segment 1 on 3.0 L V6 engine 

 Test Procedures  

The following test procedures were used to generate the results summarised in Chapter 

5. These tests were based on findings in the literature, with some aspects changed based 

upon the torque characteristics of the engine tested.  

4.3.1 Parametric Testing  

The following test process was used based upon the work by (Kocsis, Briggs and 

Anderson, 2017) designed specifically for repeatable back to back comparisons which is 

ideal for parametric testing.  

The engine was warmed up for 10 mins at a low speed and load condition, followed by 

30 minutes at 4000 rpm and 18 bar BMEP for combustion chamber cleaning. The test 

cycle shown in Figure 40 was then performed twice for each parameter to be tested. 

This results in approximately four hours of engine testing consisting of varying step-

changes engine conditions. In total 120000 combustion cycles at 2000 rpm and 22.3 bar 

BMEP and 60000 combustion cycles at 1500 rpm and 20 bar BMEP were logged across 

Captured LSPI events Cycles removed due to 

transducer damage 
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the two tests in each cylinder. Finally, the oil was drained and replaced with clean oil 

and clean oil filters. An oil sample was collected from the drained oil to examine fuel 

dilution at the end of the test. Due to client confidentiality only qualitative comments 

on oil dilution are presented.  

 

Figure 40 - LSPI test cycle, adapted from (Kocsis, Briggs and Anderson, 2017) for the 3.0 L V6 engine  

4.3.2 Durability testing 

The durability cycle, further discussed in Chapter 6, consisted of the following stages: 

Stage 1. 55-minute chamber cleaning cycle 

Stage 2. 80-minute test cycle consisting of 8 segments containing 1000 and 1400 

rpm full load, and a 2½ minute rest at 2000 rpm  

Stage 3. 55-minute test cycle aimed at building chamber deposits 

Stage 4. Repeat of stage 2  

Stage 5. 10-minute looped transient cycle between 1000 and 1400 rpm 

At the beginning of testing, only stages 1-4 were run, with Stage 2 consisting of 80-

minutes steady state consisting of four segments at 1300 rpm with 2½ minutes rest 

period at 2000 rpm. It was found early in the process that a large number of events were 

occurring at 1,300 rpm. As a result, Stage 2 and 4 were expanded to include a 1000 rpm 
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section additional to the existing 1300 rpm stage, later increased to 1400 rpm to cover 

a broader range of speeds. Stage 5 was added shortly afterwards when it was found that 

a high frequency of events was occurring during the transition between these two set-

points. The final test-process is presented in Figure 41. 

 

 

Figure 41 - Durability study test process with close-up of Stage 5 

To promote the number of LSPI events and thereby reduce the overall test duration, the 

following changes were proposed to the test routine based upon findings from the 

literature and preliminary test experience:  

- Auto-ignition: Diesel doping of 9 % by volume in order to decrease the auto-

ignition resistance of gasoline 

2000 rpm 2 bar stages 2000 rpm 2 bar stages 

End of Stage 4 Stage 5 
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- Oil Contamination/Carry Over: Increased crankcase pressure – 25 kPa air 

pressure supplied at the engine dipstick to increase oil carryover from around 

the piston rings and through the crankcase breather 

- Elevated Intake Air Temperature: Increased intake manifold temperature to 60-

70 °C at full load. During Stage 3 manifold temperature was increased to 80°C to 

further encourage deposit build-up 

- Elevated Coolant Temperature: Engine coolant temperature was increased to 

110 °C for the duration of testing to increase end-gas temperatures and decrease 

auto-ignition delay  

- Elevated Oil Temperature: Engine oil temperature increased to 115 °C for the 

duration of testing to decrease oil viscosity, further promoting oil carryover  

Diesel was added into the 95 RON gasoline fuel to reduce the resistance to auto-ignition. 

The Diesel volume was gradually increased throughout the first week of testing until 9 % 

doping by volume was achieved. A side-effect of these methods of promoting LSPI was 

a reduction in the maximum torque output of the engine from the initial 25 bar BMEP 

to only 20 bar BMEP, particularly due to the spark retard from the Diesel doping. By the 

end of the test, the maximum BMEP had dropped further to 17.5 bar due to engine 

wear. A stoichiometric air fuel ratio of lambda 1 was maintained throughout testing. The 

test process was repeated continuously for a total test time of 341 hours. Oil and filter 

changes were carried out based on the OEM’s testbed service schedule, with the same 

set of spark plugs used throughout entirety of testing.   

4.3.3 Steady-state testing 

For the thermocouple test procedure outlined in Section 3.3.1 and later discussed in 

Chapter 6.2, the steady-state test-points outlined in Table 11 were used. The maximum 

torque at minimum speed for this engine was 1600 rpm and so this speed and speeds of 

400 rpm less (1200 rpm) and more (2000 rpm) were selected as the first key points. 

Engine speeds of 4000, 4800 and 5500 rpm (rated power) were also selected as they are 

in the speed range in which an engine is most at risk of encountering a hot-spot pre-
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ignition, which was exacerbated by the use of a hotter grade spark plug. As the minimum 

speed for maximum torque was expected to be close to the worst-case conditions for 

LSPI, 1600 rpm was repeated with an engine coolant temperature of 60 °C to further 

provoke LSPI. 30-minute steady state running was selected as a balance between 

potential repeatability and the requirement to minimise time on the testbed. For future 

testing, a run time of 170,000 engine cycles as recommended by (Mounce, 2018) would 

be utilised in order to improve the repeatability of results.  

Table 11 - Steady state test conditions for the 22 bar 2.0 L L4 engine 

Running Time Engine Speed Coolant Temp 
min rev/min °C 
30 1200 90 
30 1600 90 
30 2000 90 
30 2400 90 
30 4000 90 
30 4800 90 

30 (10)* 5500 (rated power) 90 
30 1600 60 (80)* 

* The numbers in brackets indicate what was achieved during final testing  

At rated power it was found that the exhaust cooling was not sufficient, resulting in the 

exhaust overheating and the test being prematurely abandoned for component 

protection. When trying to run at 1600 rpm full load with 60 °C coolant, the engine 

activated an OBD fault code causing a de-rate event. This is believed to be for emissions 

regulations, avoiding excessive running with high emissions and particulates from the 

colder combustion chamber. 80 °C was the lowest temperature the engine would 

consistently run at without triggering a de-rating event.     
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Chapter 5  

Parametric LSPI Testing 

In this Chapter the results of a parametric study carried out on the 3.0 L V6 engine, as 

outlined in Section 4.3.1, are presented. The results are summarised, and inferences 

drawn from comparison with the literature review. LSPI criteria based on peak pressure 

and angle of 5 % MFB, as outlined in Section 4.1.2 and re-presented below, have been 

utilised for analysing the data. 

 𝑃𝑀𝑎𝑥  𝐿𝑆𝑃𝐼 𝐸𝑣𝑒𝑛𝑡 > �̅�𝑃𝑀𝑎𝑥
+ 4.7 ∗ 𝜎𝑃𝑀𝑎𝑥

 [26] 

 5 % 𝑀𝐹𝐵 𝐿𝑆𝑃𝐼 𝐸𝑣𝑒𝑛𝑡 < �̅�5 % 𝑀𝐹𝐵 − 4.7 ∗ 𝜎5 % 𝑀𝐹𝐵 [27] 

The variables examined are listed in Table 12. 

Table 12 - Variables examined during parametric testing 

Variable Notes 

Piston Cooling Jet (PCJ) On and Off 

Positive Crankcase Ventilation Connected and Disconnected 

Injection Timing  +30 °CA and -30 °CA 

Injection Single and Triple Injection 

Coolant and oil temperatures ‘nominal’ 90 °C and ‘hot’ 100°C 

EGR 5/10 %, 5 %, and 0 % 

Oil age New and ‘50 hrs used oil’ 

 

 Testing and Results 

A parametric study of engine operation and LSPI was carried out as part of a wider 

turnkey project. The 3.0 L V6 engine was run over a test-cycle consisting of 60,000 

engine cycles at 2000 rpm WOT and 30,000 engine cycles at 1500 rpm WOT, split into 

six segments as outlined in Chapter 4.3.1. This test was run twice, resulting in a total of 

180,000 engine cycles per test parameter. The full results are provided in Appendix D.  
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5.1.1 Baseline calibration 

A baseline test was carried out at the start of the project to get a reference level for 

occurrence frequency of LSPI events for comparison with further results. The variables 

presented in Table 13 are the base calibration operating variables, targeting 

optimisation of both fuel economy and emissions. Single fuel injection and 90 °C coolant 

and oil temperature were utilised throughout the testing unless otherwise stated. In 

addition, for all testing, the positive crankcase ventilation (PCV) valve was blocked off to 

assess the impact this may have on LSPI frequency (unless otherwise stated).  

Table 13 - Baseline engine operating conditions 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Intake Cam °CA 463 455 

Exhaust Cam °CA 288 256 

Ignition °ATDC 4.50 -2.25 

Cooled EGR % 5 10 

Injection Pressure Bar 300 300 

Injection Timing °BTDC 300 310 

EA CA50 °ATDC 26 24 

Piston Cooling Jet (PCJ) - ON ON 

Dual Mode Coolant Pump 
(DMCP)* 

- Mech Mech 

Oil Pump - HP Mode HP Mode 

*DMCP is operated in mechanical mode only for all testing 

 

Results and discussion 

At baseline conditions, 21 events were detected across both tests, 18 of which occurred 

during Segment 3 + 4. These were optimised conditions for temperatures, spray 

duration and timing that produced minimum emissions and best fuel economy. A link 

between generated deposits and LSPI frequency has been suggested, so it would be 

expected that an engine test-point with optimal emissions and combustion stability 

would be the condition at which the frequency of LSPI is lowest.  
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Table 14 - LSPI event count with baseline operating conditions 

 

It was observed that the occurrence of LSPI events is considerably higher at 1500 rpm, 

compared to 2000 rpm. The coefficient of variation (COV) in peak pressure, at 1500 rpm 

was 8.3 % whereas at 2000 rpm the COV was 10.7 %. Additionally, the standard 

deviation in peak pressure averaged between 8.5 – 10 bar at 2000 rpm, but only 5 – 6.5 

bar at 1500 rpm. This high standard deviation resulted in an LSPI pressure threshold in 

the region of 120 – 130 bar at 2000 rpm, but only 100 – 110 bar at 1500 rpm, while the 

average peak pressures were 85 bar and 80 bar for 2000 and 1500 rpm respectively. The 

COV in IMEP was 3 % at both 1500 and 2000 rpm, within normal tolerances for engine 

stability.  

Only two ‘heavy’ LSPI events were encountered at 1500 rpm, both being captured by 

the 5 % MFB criteria, with the rest falling into the ‘light’ LSPI criteria.  

 

5.1.2 Piston cooling jet sensitivity 

A piston cooling jet (PCJ) provides a stream of engine oil to the underside of a piston 

during engine running. This acts to draw heat away from the piston itself aimed to 

reduce in-chamber temperatures in the periphery of the piston crown. By switching the 

piston cooling jet off, the expected in-cylinder temperatures will increase. In the 

literature, the piston temperature can have contradictory effects on the occurrence of 

LSPI. On one hand, the in-cylinder temperatures are increased resulting in a decrease of 

the auto-ignition delay of the gasoline mixture, while on the other hand, the higher 

piston temperatures will aid in evaporating liquid fuel that has reached the piston 

1 + 2 0 0 0

3 + 4 1 8 8

5 + 6 0 0 0
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3 + 4 1 10 10

5 + 6 0 3 3
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surface, acting to decrease fuel-in-oil dilution and preventing deposit build-up from pool 

fires.  

The engine variables for this testing procedure are provided in Table 15. Due to the 

increased piston temperature and higher propensity for knock, the ignition timing was 

retarded by 1-1.5 °CA to reduce knock levels back to the acceptable knocking limit, 

known as the detonation borderline limit (DBL). 

Table 15 - Changes to engine operating conditions with the Piston Cooling Jet switched off 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Ignition °ATDC 6 -1.5 

EA CA50 °ATDC 27.5 26 

Piston Cooling Jet (PCJ) - OFF OFF 

 

Results and discussion 

The results in Table 16 show that switching off the piston cooling jet significantly 

increased the number of LSPI events. Of particular note is a two-fold increase in events 

when comparing results between Test 1 and Test 2.  

Table 16 - LSPI event count with Piston Cooling Jet switched off 

 

It is important to note that this testing was during warm engine running conditions and 

at full load. As such, the increase in events appear to be due to the increased 

temperature of the piston crown. For intermediate temperatures, there will be a trade-

off between the evaporative benefit of a higher piston temperature and the potential 

for increased in-cylinder hot spots.  

1 + 2 0 1 1

3 + 4 4 16 16

5 + 6 0 4 4

1 + 2 0 3 3

3 + 4 2 36 36 31 sets of LSPI

5 + 6 0 1 1

Total 6 61 61

1

2

NotesTest # Segment
Total Events 

MFB or PMax

LSPI events 

meeting 5 % MFB 
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During Test 2 while moving between section 3 and 4, at engine cycle 15,000, an increase 

in intake manifold pressure from 2 to 2.15 bar was observed, as shown in Figure 42. As 

a result of this increase in pressure, and without closed loop control on ignition timing, 

the observed knock amplitude increased further with frequent amplitudes in excess of 

10 bar. This highlighted one of the potential issues with running a test with an open ECU 

with fixed spark, injection, throttle and speed conditions. Once elevated knock occurs, 

a feedforward loop is formed that results in higher in-cylinder temperatures and 

consequently impacts the engine performance. An argument can thus be made for 

running with some closed-loop functionality during LSPI testing to mitigate this effect, 

however, the impact on test repeatability has to be correctly assessed.  

 

Figure 42 - Intake manifold air pressure during Segment 3 + 4 of PCJ off Test 1 
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Figure 43 - Knock Amplitude during PCJ Off Test 1 Segment 3 + 4 

5.1.3 Positive crankcase ventilation 

Positive crankcase ventilation (PCV) is used to draw the blow-by gas that pass the piston 

rings out from the crankcase, as if left in the crankcase the gas will condense forming 

undesirable deposits and diluting the oil with unburnt fuel. Due to the harmful emissions 

present in the blow-by gas, it is vented back into the intake manifold, via a filter to 

remove oil droplets from the gas. If the oil droplets are not successfully filtered and 

enter the combustion chamber, they may play an important role in one of the 

mechanisms leading to an LSPI event. For this test, the engine was operated at baseline 

conditions, with the PCV pipe re-connected.     

Results and discussion 

It can be seen in Table 17, that there was no observable increase in LSPI events 

compared to the baseline conditions. The minor impact of the PCV breather was 

unexpected based on the literature which suggests that this is a variable that may 

potentially have one of the largest impacts on LSPI frequency as it is a key mechanism 

for oil droplets to enter the engine.  
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Table 17 - LSPI event count with Positive Crankcase Ventilation switched on 

 

For this engine, it appears to be the case that the PCV filter is sufficient in removing 

enough oil to avoid any impact to LSPI events. At 1500 rpm, there were six heavy LSPI 

events, with only one medium LSPI event at 2000 rpm. All heavy LSPI events were 

captured by both MFB and peak pressure criteria. It is interesting to note that even 

though the number of LSPI events was similar to baseline conditions, more of the events 

are categorised as heavy events. During the heavy events, the pre-ignition was occurring 

at an earlier crank angle.   

During a heavy pre-ignition at 1500 rpm, a 5 % MFB of –48 °CA ATDC was observed, 

resulting in a knock amplitude of 67.6 bar and a peak pressure of only 109 bar.  

5.1.4 Injection timing +/- 30 °CA Step  

The injection timing was swung by 30 °CA in both the positive and negative direction. 

Advancing the injection timing results in a greater impingement on the piston crown, 

and potentially the intake and hot exhaust valves, cylinder wall and chamber roof. This 

will result in greater piston wetting and deposit build-up through pool fires as well as 

fuel-in-oil dilution and build-up on the cylinder walls and piston crevices. Contrary to 

this, retarding the injection results in decreased mixture homogeneity and localised 

areas of rich and lean mixtures. This mixture inhomogeneity has been found to increase 

the likelihood of LSPI events.  

Injection advanced by 30 °  

Changes to baseline conditions are outlined in Table 18. It can be seen that by having 

the injection begin 30 ° earlier, the piston is almost at TDC. This will result in injecting 

1 + 2 0 3 3

3 + 4 3 4 4

5 + 6 0 0 0

1 + 2 0 0 0

3 + 4 4 9 9

5 + 6 0 1 1

Total 7 17 17

1

2

Test # Segment
Total Events 

MFB or PMax

LSPI events 

meeting 5 % MFB 

criteria

LSPI events 

meeting peak 

pressure criteria



CHAPTER 5. Parametric LSPI Testing 82 

 
 

directly into the piston, liquid fuel impingement will be high and fuel will splash onto the 

cylinder walls and hot exhaust valves.  

Table 18 - Engine operating conditions with 30 °CA advanced injection 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Injection Timing °BTDC 330 340 

 

Injection retarded by 30 ° 

Changes to baseline conditions are outlined in Table 19. All other engine conditions 

remain unchanged.  

Table 19 - Engine operating conditions with 30 °CA retarded injection 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Injection Timing °BTDC 270 280 

 

Results and discussion 

Table 20 shows that with a 30 °CA advanced injection there is a mild increase in LSPI 

events, compared to baseline conditions, however, when removing events as a direct 

result of preceding events, i.e. sets of LSPI, the total event count is only 21, in line with 

baseline results. One of the proposed mechanisms for events occurring within sets of 

alternating cycles, is due to the oscillating pressure waves from a pre-ignition event 

peeling deposits from the piston and walls, releasing them into the chamber where they 

go on to cause auto-ignition in following engine cycles. It is therefore interesting to note 

that with the 30° advanced injection, expected to result in the most deposit build-up 

from fuel impingement on the piston top, the highest number of sets of LSPI were 

encountered.  
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Table 20 - LSPI event count with 30 °CA advanced injection 

 

 

Compared to the baseline conditions, retarding the injection by 30 °CA resulted in a 

relative decrease in LSPI events. While expectations were that the LSPI frequency would 

increase due to a decreased mixture homogeneity and increase of wall impingement, 

the reduction in piston impingement appears to be the dominant factor.  

There is a chance that the mechanism for LSPI is changing with injection timing, with 

early injection favouring a build-up and release of deposits, and a later injection 

increasing oil and fuel mixing and release from the crevice. 

Table 21 - LSPI event count with 30 °CA retarded injection  

 

5.1.5 Split injection sensitivity 

The test cycle was repeated with baseline engine calibration and 33/33/33 % duration 

triple injection with 0.5 msec delay between the injection pulses. Triple injection has 

been observed as a good way of helping to prevent LSPI due to the additional cooling 

effects, improved mixture homogeneity and reduced wall wetting. Due to this, it can be 

used as a potential response to an LSPI event, in order to minimise the chances of a 

1 + 2 0 1 1

3 + 4 8 8 9 4 sets of LSPI

5 + 6 0 0 0

1 + 2 0 1 1

3 + 4 3 11 11

5 + 6 3 4 5 4 sets of LSPI

Total 14 25 27

1

2

NotesTest # Segment
Total Events 

MFB or PMax

LSPI events 

meeting 5 % MFB 

criteria

LSPI events 

meeting peak 

pressure criteria

1 + 2 1 1 1

3 + 4 6 6 9

5 + 6 0 0 0

1 + 2 0 0 0

3 + 4 1 5 5

5 + 6 0 1 1

Total 8 13 16

1
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Test # Segment
Total Events 

MFB or PMax

LSPI events 
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follow-on event. Additionally, it can be used as an active deterrent to LSPI allowing the 

engine to operate on triple injection while in the LSPI danger zone.  

Results and discussion 

Test 1 showed the lowest number of PI events compared to all other tests, however, 

Test 2 showed a greatly increased number at 1500 rpm. It was noted that knock intensity 

was significantly higher during the second test, with a large number of very mild pre-

ignition events as shown in Figure 44. Additionally, manifold pressure was increased in 

Test 2 in relation to Test 1 from 1.85 bar to 2 bar. The reason for higher achieved engine 

load is unknown as all engine variables have remained constant including spark timing.  

Table 22 - LSPI event count with split injection strategy 

 

It was noted at the end of testing that the fuel-in-oil dilution was high. Due to this it 

would appear that the utilisation of triple injection should be optimised, as it has the 

potential to cause high fuel-in-oil dilution, resulting in durability issues and a potential 

increase in LSPI occurrence in the long term, negating any beneficial effects.  

  

1 + 2 0 0 0

3 + 4 1 2 2

5 + 6 1 2 2

1 + 2 1 7 7

3 + 4 0 23 23 22 sets of LSPI

5 + 6 0 1 1

Total 3 35 35

1

2

NotesTest # Segment
Total Events 

MFB or PMax

LSPI events 

meeting 5 % MFB 

criteria

LSPI events 

meeting peak 

pressure criteria
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Figure 44 - Knock amplitude of Segments 3 + 4 for Split Injection Test 1 + 2  

During Test 2, a large number of ‘mild’ pre-ignitions resulted in frequent heavy knock 

events. The largest event during Test 2, captured in cylinder 4, is shown in Figure 45. 

With a peak pressure of ‘only’ 120 bar, well within the engines design tolerances, there 

is a low potential for engine damage, namely connecting rod buckling. At this operating 

condition damage due to the prolonged frequent heavy knock is of more concern.  
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Figure 45 - Largest pre-ignition event (N) during Split Injection Test 2 (Cycle 2200 in Cyl 4 from Figure 44 Test 2). The 
engine cycle before (N-1) and after (N+1) the event are provided for reference 

 

5.1.6 Elevated coolant and oil temperatures 

Both the coolant and oil temperatures were increased from their standard 90 °C 

operation to 100 °C, measured as the coolant exited the engine. An increase in LSPI 

events at these higher temperatures has been reported in the literature. The higher 

coolant temperature results in an increased end-gas temperature, thereby reducing the 

auto-ignition delay and increasing knock and the likelihood of LSPI. An increase in oil 

temperature, reduces the oil viscosity resulting in an increased likelihood of oil carry-

over into the chamber through the engine breather, as well as release from the piston 

crevice. In addition, the higher temperature oil will have a reduced cooling effect from 

the PCJ, potentially resulting in marginally higher in-cylinder temperatures at higher 

loads.  It can be seen in Table 23, that the ignition timing had to be retarded due to the 

increased knock activity due to the elevated coolant and oil temperatures. 
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Table 23 - Engine operating conditions with 100 °C engine coolant and oil temperatures 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Ignition °ATDC 5.25 -0.75 

EA CA50 °ATDC 27 27 

 

Results and discussion 

The results from the elevated oil and coolant temperature running are provided in Table 

24. A marked increase in LSPI events was noted.  

Table 24 - LSPI event count with 100 °C engine coolant and oil temperatures 

 

While there was a significant increase in number of detected LSPI events, it was noted 

that none of these events met the 5 % MFB criteria. Elevated coolant temperatures 

increase in-cylinder temperatures, while increased oil temperatures lower oil viscosity 

both contributing to LSPI frequency, however, it was observed that it increased only the 

light LSPI event frequency, with no heavy LSPI events detected. This suggests the coolant 

and oil temperature influences only the end-gas auto-ignition resulting in detection of 

mild pre-ignitions, however, it does not influence how advanced the initial onset of the 

pre-ignition itself is.  

(Zahdeh et al., 2011) reported that LSPI frequency is higher in the outer cylinders. Using 

thermocouples in the engine block and head, they deduced that the likely reason was 

the cylinder head temperatures were higher in the outer cylinders. It is therefore 

important to differentiate the engine coolant temperature on the block and the head as 

they have opposing effects on LSPI. In the literature LSPI frequency has been observed 

1 + 2 0 1 1

3 + 4 0 19 19

5 + 6 0 3 3

1 + 2 0 1 1

3 + 4 0 20 20

5 + 6 0 1 1

Total 0 45 45
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to be an asymmetric parabolic curve, increasing as the coolant and oil temperatures are 

either increased or decreased. A mild increase of 10 °C is enough to have a notably 

significant impact on the number of events, with a two-fold increase over baseline 

conditions.  

5.1.7 The effect of 0 % and 5 % Cooled EGR  

The effects of EGR are well documented in the literature (Amann, Alger and Mehta, 

2011). Increasing EGR decreases the likelihood of LSPI due to the combined effects of 

dilution and reduced in-cylinder temperatures. Turning EGR off after running with EGR 

has been found to greatly increase the likelihood of LSPI due to the build-up of deposits. 

However, importantly in this case, the impact from this particular phenomenon has 

been minimised by running a cleaning cycle before each test. As such, impact from 

running reduced EGR will be predominantly due to the EGR gases' effects and not from 

the deposit build-up from EGR use.  

0 % EGR test: 

Due to the high frequency of LSPI events, and significant damage caused to the 

weakened in-cylinder transducers during testing, the 0 % EGR test was only carried out 

for one iteration. The engine operating conditions are provided in Table 25. Ignition 

timing had to be retarded by 4-6 °CA to get back to the DBL, the most substantial change 

to ignition of all previous configurations.   

Table 25 - Engine operating conditions with 0 % EGR 

 

 

 

 

Results and discussions 

With 0 % EGR, LSPI events were greatly increased, with a total of 58 LSPI events captured 

in only one Test. Results are provided in Table 26.  

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Ignition °ATDC 8.25 4.5 

Cooled EGR % 0 0 

EA CA50 °ATDC 27 28 
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Table 26 - LSPI event count with 0 % EGR 

 

Out of the 58 captured events at 0 % EGR, 14 of them were heavy LSPI events, all 

occurring at 2000 rpm. Figure 46 shows the highly elevated knock amplitude throughout 

testing, particularly in cylinder 6.  

 

 

Figure 46 - Knock amplitude during 0 % EGR Test 1, Segments 5 + 6 

It is to be noted that the actual LSPI event count is expected to be higher than captured, 

due to the amount of test time run with damaged transducers. For example, in Cylinder 

1, almost 30 % of the test was conducted without a signal from the transducer.  

5 % EGR test: 

A reduction of EGR by 5 % required the spark timing to be retarded by 2 °CA from 

standard to get back to the DBL. The operating conditions are provided in Table 27. 

  

1 + 2 4 13 15

3 + 4 0 15 15

5 + 6 11 27 28

Total 15 55 58
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Table 27 - Engine operating conditions with 5 % EGR 

Variable Units 
1500rpm  

18 bar BMEP 
2000rpm  

22.3 bar BMEP 

Ignition °ATDC 5.25 -0.75 

Cooled EGR % 5 5 

EA CA50 °ATDC 27 26 

 

Ignition timing had to be retarded, as is expected, due to a reduction of the knock 

suppressing EGR. From literature retarding the ignition timing results in an increase in 

LSPI frequency which may exacerbate the effects of running with reduced EGR (Zahdeh 

et al., 2011).  

Results and discussions 

With only a 5 % decrease in EGR at 2000 rpm, a significant increase in light LSPI events 

and the occurrence of three heavy LSPI events was observed at 2000 rpm. Results are 

provided in Table 28. It can be observed for the 1500 rpm test sections (segments 3+4) 

where conditions are similar to the baseline test that the LSPI frequency is reduced. This 

matches the literature findings that LSPI frequency is reduced due to the decrease in 

deposits from running lower EGR at the 2000 rpm conditions (Amann, Alger and Mehta, 

2011).  

Table 28 - LSPI event count with 5 % EGR 

 

5.1.8 The effect of ‘50 hours used oil’  

The LSPI test cycle was repeated with baseline engine calibration and ‘50hrs used oil’ for 

testing. The impact from using a used oil would include heavier fuel dilution, more heavy 

metals and deposits in the oil.  

1 + 2 3 4 5

3 + 4 1 3 3

5 + 6 5 4 6

1 + 2 6 5 6

3 + 4 1 5 5

5 + 6 5 8 9

Total 21 29 34
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Table 29 - LSPI event count with 50 hour used oil 

 

The older used oil resulted in a significant increase in number of light LSPI cycles at both 

1500rpm and 2000rpm relative to a new oil. No heavy LSPI events were observed during 

this test.  

The increased frequency of LSPI based on used oil shows the potential that in a 

production vehicle the likelihood of LSPI occurring will increase as the engine ages. More 

research is needed in this area to quantify the impact engine aging has on the 

occurrence of LSPI and apply this to the development phase of the engine.  

5.1.9 Observations from visualisation study 

To help further understand the in-cylinder conditions, a high-speed camera and 

illumination source was set up with endoscopic access to the combustion chamber in 

Cylinder 6, as shown in Figure 47. While the purpose of the optical study was focused 

on combustion stability and emissions, some of the findings were relevant to LSPI, 

primarily in respect of fuel injection timing.  

1 + 2 0 4 4

3 + 4 2 21 21

5 + 6 0 1 1

1 + 2 0 4 4

3 + 4 2 26 28

5 + 6 0 4 4

Total 4 60 62
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Total Events 
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LSPI events 
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LSPI events 
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Figure 47 - Endoscopic access to Cyl 6 of 3.0 L V6 engine and view within the chamber 

The endoscopy study highlighted key areas of fuel impingement, as well as locations in 

the combustion chamber where pool fires were occurring which would both lead to an 

increase in deposit build-up in-cylinder. Of particular interest, in-cylinder video shows 

fuel impingement on intake valves, spark plug and piston crown, during homogeneous 

charge operation, as highlighted in Figure 48. This resulted in pool fires around the 

intake valve seat, and on the piston crown, helping to build up deposits in these areas. 
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Figure 48 - High-Speed in-cylinder images during injection (left) and shortly following ignition (right) 

As this image was at baseline conditions, whereby LSPI events were at a minimum, 

advancing the injection timing would further increase piston wetting, thereby allowing 

more deposits to form in the piston crevice to be released later. It appears that in 

addition to balancing the injection timing to keep LSPI at a minimum, the fundamental 

mechanism as to how LSPI is initiated may also be changed, with an early injection 

leading to deposit build-up on piston crown and intake valves, while a later injection 

leads to wall wetting and subsequent gathering and release of oil/fuel droplets from the 

piston crevice.  

 Summary of parametric sensitivity study 

In the parametric study, the effects of PCJ, PCV, injection timing, oil and water 

temperature, EGR, and oil age upon LSPI were investigated. In total 376 LSPI events were 

observed during the parametric study, consisting of 64 heavy LSPI cycles (peak pressure 

> 180 bar or knock amplitude > 50 bar), and 246 light LSPI cycles (peak pressure < 130 

bar and knock amplitude < 20 bar). The most prevalent operating condition for capturing 

LSPI events was at 1500 rpm and 18 bar BMEP.  

The 5 % MFB LSPI criteria only identified the heaviest LSPI events. For this reason, using 

4.7 standard deviations from the mean was unsuitable for capturing an LSPI event. 

Reducing the standard deviations to 3 brought the 5 % MFB event count in line with the 

peak pressure criteria.  
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Table 30 contains all the captured events for the parametric testing, sorted by Tests, 

Segments and LSPI Criteria. It can be clearly seen that at 1500 rpm, 18 bar BMEP there 

were significantly higher LSPI events compared to the 2000 rpm, 22.3 bar BMEP 

condition, even without taking into account the reduced number of engine cycles and 

time spent at that condition. The only exception to this was operating at 5 % and 0 % 

EGR whereby the 2000 rpm test point was slightly more prone to LSPI.  

Aside from the sharp increase in events during Test 2 in the ‘PCJ Off’ testing, the number 

of events between Test 1 and Test 2 were generally comparable with 181 total events 

in Test 1 and 195 in Test 2, with a 19 event increase with PCJ Off.  

 

Figure 49 - Number of captured events based on 5 % MFB and peak pressure criteria 

Table 30 - Overview of LSPI events captured during parametric study 
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1 + 2 3 + 4 5 + 6 1 + 2 3 + 4 5 + 6

Baseline 0 8 0 0 10 3 21

PCJ Off 1 16 4 3 36 1 61

PCV On 3 4 0 0 9 1 17

Inj +30° 1 9 0 1 11 5 27

Inj -30° 1 9 0 0 5 1 16

Split Inj 0 2 2 7 23 1 35

100° EOT ECT 1 19 3 1 20 1 45

5 EGR 5 3 6 6 5 9 34

0 EGR 15 15 28 - - - 58

50hr Oil 4 21 1 4 28 4 62

Grand Total 31 106 44 22 147 26 376

Tests

LSPI events captured by Pmax or MFB Criteria

TotalTest 1 Segments Test 2 Segments
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Only 60 events (16 % of recorded events) were captured by both the 5 % MFB and peak 

pressure criteria, with 15 unique 5 % MFB events, and 301 unique peak pressure events.  

The test process has shown itself to have good repeatability with event counts between 

Test 1 and Test 2 having similar results. Additionally, tests with the same conditions as 

baseline have shown repeatability between the start and finish of testing.  Issues have 

arisen surrounding the engine control during the test, particularly with intake pressures 

which rose on occasions between Stage 3 and 4, resulting in a considerably higher knock 

and LSPI frequency during Stage 4. More stringent controls would be needed around 

repeatability, with shutdown alarms in the event of going outside the defined operating 

conditions, as the variation between Test 1 and Test 2 during ‘PCJ off’ testing shows the 

significant impact a change in operating conditions can have.  

Turning off the PCJ increased the frequency of light LSPI at 1500 and 2000rpm and 

increased the probability of heavy LSPI cycles. As a result of these tests, it would be 

recommended to operate with single / dual PCJ at all high load conditions. It should be 

noted that the PCJ was tested while the engine was at peak operating temperatures, 

helping to reduce peak piston temperatures and thus benefitting LSPI prevention. The 

literature suggests that at lower engine temperatures, PCJ cooling reduces the 

evaporation of the gasoline off the piston top, thereby leading to pool fires, build-up of 

deposits and a subsequent increase in LSPI (Zahdeh et al., 2011). 

An important result from testing was the lack of impact on LSPI frequency due to 

activating the PCV. From the literature, and based on the current understanding of the 

initial mechanisms of LSPI, the expectation was for a notable increase in LSPI events due 

to the increase in oil mist entering the engine. The impact from the PCV would expect 

to be directly related to the amount of blow-by at different operating conditions, as such 

this operating condition may not have had much blow-by, or alternatively the blow-by 

filtration was high, and thus the impact from disconnecting the PCV was limited.  

Advancing the injection Timing (+30 °CA) had a significant impact on the LSPI, due to 

increased piston crown impingement, resulting in an increase in both light and heavy 
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LSPI events. In contrast, retarding the injection timing by 30 °CA acted to decrease LSPI 

events from 10.5 average events per test at baseline conditions to an average of 8 

events. This is likely due to the more dominant effect of reduced piston impingement 

over compromised mixture homogeneity and cylinder wall wetting.  

Heavy LSPI cycles were not observed while operating with triple injection and baseline 

injection timing, however the oil sample was highly diluted. This highlights the benefits 

of triple injection as a means of LSPI prevention, however, its use must be optimised in 

order to avoid premature oil dilution.  

The effect of cooled EGR had the greatest impact upon LSPI occurrence. Reducing the 

EGR to either 0 or 5 % from the baseline setting of 10 % at 2000rpm WOT led to an 

increased number of heavy LSPI cycles. This effect was most prominent at 0 % EGR, 

where 58 LSPI events were recorded within just a single test, compared to baseline 

conditions which averaged 10.5 events per test. There was a marked increased 

probability of heavy LSPI events at this condition.  

The baseline calibration was utilised for the used oil testing.  Compared to the fresh oil, 

there was a significant increase in the number of light LSPI events, however, no heavy 

LSPI was observed.  
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Chapter 6  

Durability, In-Cylinder Temperature 

Measurement and Injector Tests  

This chapter presents the results from the testing outlined in Chapter 4, conducted on 

the hardware outlined in Chapter 3. The tests are summarised as follows: 

1. The results from the durability study on the 25 bar 2.0 L L4 engine, as outlined in 

Section 4.3.2, are presented. A large number of LSPI events are analysed in order 

to understand the variable range over which an LSPI event can occur.  

2. The in-cylinder temperature measurements from the 22 bar 2.0 L L4 steady-state 

testing are presented. It was noted that before each measured LSPI event, a rise 

in temperature at the spark plug occurs.  

3. Results from the injector spray pattern test in which frequent LSPI events were 

encountered are presented. The findings show that a less homogenous mixture 

results in an increased likelihood of LSPI events.  

4. In the final tests, oil was injected into the intake manifold of a 1.5 L L3 engine, 

provoking three LSPI events within 3000 engine cycles. The ECU variables were 

recorded, leading to the identification of methods which the production engine 

utilises to detect a pre-ignition event.  

 Durability Study Results 

As part of a pre-ignition durability study, the 25 bar 2.0 L L4 engine repeated the test 

process outlined in Chapter 4.3.2, for a total of 341 hours. The data was then filtered as 

defined in 4.2.1, resulting in a total LSPI event count of 1788. This section will provide 

an overview of the results from this durability test and look in more detail at any 

similarities and distinctions between the LSPI events measured.  
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When measuring the ignition signal on Cylinder 1 with a current clamp, a mild 

interference in the region of 0.2 – 0.3 V was encountered as the three other cylinder’s 

spark plug was triggered. In post-processing this mild interference was successfully used 

to measure the ignition angle in all four cylinders. A secondary benefit was found when 

it was discovered that under certain conditions the ignition angle in cylinder 1 could not 

be calculated within CAS, resulting in a default minimum value.  

 

Figure 50 - Interference observed from ignition in other cylinders 

 

6.1.1 Engine speed  

All of the captured LSPI events were plotted against engine speed, as presented in Figure 

51. Of particular interest was the significant number of events that occurred at very low 

engine speeds < 1000 rpm, as well as at 4000 rpm during the cleaning cycle.  
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Figure 51 - Peak Pressure and number of captured LSPI events against Engine Speed 

Of the 1788 captured events, 52.5 % occurred below 900 rpm, with 78.2 % below 1100 

rpm. Closer investigation of the test points below 900 rpm shows that the most common 

occurrence was due to a speed overshoot when transitioning from 1400 rpm to 1000 

rpm while still at full load, as shown in Figure 52. The low engine speeds provide more 

time for the fuel to auto-ignite, while the Diesel doping and higher intake and coolant 

temperatures reduce the auto-ignition delay further.  

Dirty Cycle 

Full Load 
Test Points 

Part Load 
Test Points Cleaning Cycle 

Majority of events 
occur < 1000 rpm 
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Figure 52 - Overshoot region when transitioning from 1400 rpm to 1000 rpm 

The variation in engine speed during each captured event was investigated, as shown in 

Figure 53. It was observed that the majority of low speed events were during an engine 

deceleration, with 99 % of events below 1000 rpm during deceleration, i.e. during 

transition from 1400 to 1000 rpm with overshoot or from 1000 – 750 rpm during the 

dirty cycle.  

 

Figure 53 - Engine transient conditions during captured LSPI events 

The large number of events at very low speeds is interesting, as it is not an operating 

region overly explored within literature. A closer inspection of the data found that in 
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some cases the triggered events were as a direct result of the ECU control strategy and 

not from traditional LSPI means. Occasionally, when the engine is decelerating while 

below 950 rpm, the anti-stall strategy activates in which it will remove torque reserve 

and advance the ignition. Torque reserve is used in engines as a means of maintaining a 

stable engine speed by deliberately retarding the spark to decrease combustion 

efficiency; in the event that additional load is suddenly placed on the engine by the 

ancillary systems, e.g. air-conditioning, power-steering etc., the ECU will be able to 

advance the spark timing, instantly increasing the torque produced to absorb the 

sudden extra load resulting in a steadier engine speed and improved NVH for the driver.  

Unfortunately for this engine, running elevated intake temperatures with 9 % Diesel 

dosed fuel meant that with torque reserve active, at near idle speeds, the engine was 

already running at the limits of knock. This resulted in the sometimes-significant ignition 

advances of up to 20 °CA from the anti-stall strategy, producing extremely high knock 

amplitudes. This can be seen in Figure 54, where the ignition timing in all four cylinders 

becomes unstable when the engine speed drops below 950 rpm. In Cylinder 4, it can be 

seen that ignition timing steps forward by up to 20 °CA during cycle 20 resulting in a 

measured knock amplitude of 33 bar. In Figure 54, Cyl 1 – 4 are calculated in post-

processing based on the interference picked up on Cylinder 1’s ignition trace, as outlined 

in Figure 50, while “CAS” provides the measured data acquisition system output for 

verification. “Cyl 1” and “CAS” are overlaid exactly, supporting the post processed 

results veracity. 
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Figure 54 - Anti-stall strategy activating when dropping below 1000 rpm during Event2746 

This can be clearly seen on the pressure and heat release trace for Cycle 20 in Figure 55, 

whereby the ignition timing is occurring before combustion begins. There is a 12 °CA 

delay between ignition timing and the 10 % MFB.   

 

Figure 55 - Pressure, Heat Release and Ignition timing of the Triggered Cycle from Figure 54 (Cycle 20 Event2746) 

Whilst a number of captured events were due to the EMS control, and not natural LSPI 

events, these still provide valuable durability data, and are easily categorised as spark-

induced extreme knock due to their known conditions; engine speeds less than 950 rpm, 

and when ignition timing is more than 10 °CA before 10 % MFB. Filtering by these 
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categories, it was found that 171 events matched these criteria out of the 1232 events 

captured below 950 rpm. 

At the other end of the speed range, 245 (13.7 %) of the total events occurred above 

3000 rpm, across only 11 sets of LSPI. A closer look found that at the higher speeds, two 

groups of events occurred; 10 sets of super knock with no pre-ignition, and one set of 

extremely early pre-ignition with no knock. The high frequency of events, lack of pre-

ignition and high engine speeds of the 10 sets of super knock would suggest it is more 

likely to be the phenomenon ‘extreme knock’, outlined by (Dahnz and Spicher, 2010), 

rather than traditional LSPI, whereby a small advance in ignition timing results in 

uncontrollable knock amplitudes. This is shown in Figure 56, whereby the difference 

between ignition timing and 10 % MFB remains consistent, with 10 % MFB occurring 

well after the ignition timing, as the extreme knock begins at engine cycle 19.  

 

Figure 56 - Peak pressure, 10 % MFB and Ignition angle during a set of extreme knock events at 4000 rpm 

 

6.1.2 NIMEP 

The engine average (EA) NIMEP for each recorded LSPI event are shown in Figure 57. 

The torque curve in BMEP is added to the graph for reference. The graph shows that at 
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Figure 57 - Engine Average NIMEP and Engine Speed of captured LSPI events 

There were some outliers, circled in red in Figure 57. In particular, at high speeds there 

are events (Event1136-1140) with greatly reduced NIMEP. Investigating these high-

speed cycles, they were discovered to occur during periods of extremely advanced pre-

ignition, as shown in Figure 58. An unusual aspect of this extremely advanced pre-

ignition is that due to combustion completing so early in the cycle, before in-cylinder 

pressure has reached 80 bar, there is no end-gas auto-ignition. It is only as the pre-

ignition retards and combustion completes later in the cycle that end-gas auto-ignition 

starts to set in. The initial cause of this extremely early auto-ignition is unknown, with 

nothing within literature matching this type of phenomenon. This phenomenon will be 

looked at in more detail in Chapter 8.2.1.  
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Figure 58 - Series of extremely advanced pre-ignitions at 4000 rpm (event1136, engine cycles 37-49) 

The other outlier, Event0718, was caused by an LSPI event with a large enough negative 

transducer step to pull the engine average NIMEP down in that cylinder. This highlights 

issues with using the Engine Average NIMEP values for each event. Ideally the measured 

BMEP would be used for this comparison, however, this was not possible as testbed and 

high-speed data were recorded on separate devices. For future testing, it is 

recommended to set a recording trigger to take a snapshot of all testbed signals at the 

same time as the Combustion Analysis System to provide a broader picture of engine 

conditions during the LSPI event.  

 

Figure 59 - Large negative pressure offset during LSPI set in Cyl 3 (Event0718, engine cycles 19-29) 
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6.1.3 Peak pressure and knock amplitude frequency 

The frequency of events against peak pressure and knock amplitude are given in Figure 

60 and Figure 61 respectively. In total 821 events met the 120 bar peak pressure 

criterion, while 1782 met the 25 bar knock amplitude criterion. Only 5 events met the 

peak pressure criterion but not the knock amplitude criterion.  

 

Figure 60 - Peak pressures of all captured events 

This shows that a considerable number of events actually occurred below 120 bar, well 

within safe operating pressure limits for this engine. This is an effect seen within 

literature and utilised frequently for optical engines whereby dropping the Octane rating 

of the fuel considerably is enough to cause super-knock with a greatly reduced peak 

pressure (Dingle et al., 2014). This effect would be pertinent with the Diesel doped fuel, 

and had been seen in early events with un-doped 97 RON, that peak pressures were 

high, with at times little to no knock. If the methods applied to this durability study were 

to be re-used, it must be noted for future durability testing that the pressure and knock 

amplitude characteristics may not be fully representative of genuine LSPI events 

encountered in real world conditions.  

When looking at peak pressure alone it can be seen that 133 of the 1788 events can be 

categorised as heavy LSPI events with pressure greater than 180 bar; an occurrence rate 

of 7.4 %. Compared to the parametric study in Section 5.1, where out of a total of 376 
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events, 25 of these are > 180 bar peak pressure, resulting in a ratio of 6.6 %. These two 

values are in line, and so it can be said for this particular testing that of the captured 

LSPI events, the likelihood of a heavy event is in the region of 6-7 % of the total number. 

For every heavy LSPI event captured during the parametric and durability study above 

180 bar peak pressure, the resultant knock amplitude was in excess of 50 bar, and so for 

these pressures to occur, at least on these two different engine builds, super knock has 

to occur.  

From Figure 61 it can be seen that there were very few events below the capture 

threshold of 25 bar knock amplitude. The likelihood of knock events at higher 

amplitudes decreases exponentially. Of particular note is that 972 of the captured 

events (54 %) were less than 120 bar peak pressure. It shows that at these engine 

operating conditions, the most damaging aspect of LSPI is more likely to be from the 

high knock amplitudes, rather than the high peak pressures.  

At no stage throughout both sets of testing was a knock amplitude in excess of 190 bar 

encountered, the criteria set by Wang et al. to denote a “deto knock” (Wang et al., 

2014). The pressure transducers used to capture these events, while rated and ranged 

at up to 300 bar, are not designed for the shock loading that LSPI can apply and have 

been seen to frequently hit their maximum pressure outputs. Therefore, it is very likely 

that knock amplitudes in excess of 190 bar occurred during this testing but that the 

sensors were not able to accurately measure the largest events.  
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Figure 61 - Knock amplitudes of all captured events 

For the durability study 574 events out of 1788 were categorised as super knock, i.e. 

knock amplitudes in excess of 50 bar, a ratio of 32 %, whilst for the parametric study 64 

events were super knock out of 376, a ratio of 17 %. This shows that the higher oil and 

coolant temperatures along with the Diesel doping act to increase the knock amplitude 

but not necessarily the peak pressure. 

Figure 62 highlights the potential for high knock amplitudes with relatively low peak 

pressures, and conversely (albeit a considerably rarer occurrence), of high peak 

pressures with relatively low knock amplitudes. This poses a challenge for production 

vehicles as utilising a knock sensor or the instantaneous crank speed on their own will 

not be enough to capture all types of LSPI events and would require both methods to be 

fully robust. It should be noted that all points in Figure 62 have the potential to cause 

catastrophic damage to the engine, as even the lower left points are 25 bar knock 

amplitude.  
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Figure 62 - Knock amplitude plotted against peak cylinder pressure 

6.1.4 Mass fraction burned angles 

This section looks at the Mass Fraction Burn angles of each captured event. Due to the 

frequency of transducer damage and large measurement offsets during super knock 

events, the Total Heat Release values proved too unreliable. As the mass fraction burned 

rates rely mainly on the initial deflagration phase of the LSPI cycle, they proved to be 

considerably more reliable as during a super knock event, where transducer drift is 

likely, no data after the angle of peak pressure is required.  

1 – 10 % MFB 

Looking at the crank angle between 1 – 10 % MFB, in Figure 63, it can be seen that the 

majority of events have a burn duration of less than 15 °CA with a heavy concentration 

in the 3 – 5 °CA region. The short duration may be down to several factors; earlier 

combustion angle due to pre-ignition resulting in higher pressure and temperatures, the 

auto-ignition source occurring in a higher temperature region of the engine than at the 

spark plug, the ignition source being transient through the cylinder if caused by deposit, 

ignition kernel created from the auto-ignition source that may be larger, and potentially 

more than one point source.  
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Figure 63 - Crank angle duration of 1 - 10 % MFB for captured LSPI events 

The long burn duration outliers are mostly from the high-speed events, where there is 

less time per crank angle degree. Of notable exception is Event0654, occurring at 800 

rpm, that was a two-stage heat release event which consisted of a partial pre-ignition at 

TDC on the brink of quenching, followed by rapid combustion of the remaining bulk fuel. 

This cycle is further analysed in Section 8.1.2. 

50 – 90 % MFB 

As shown in Figure 64, the duration for 50 – 90 % MFB is extremely short in almost all 

cycles. With the auto-ignition of the end gas mixture, 91.4 % of all captured events had 

a 50 – 90 % burn duration of less than 3 °CA. For normal SI gasoline combustion, the 10 

– 50 % and 50 – 90 % durations are roughly equal. By plotting them against each other 

in Figure 65, any abnormal cycles can easily be detected. The outliers identified in Figure 

64 were found to be a result of large negative pressure offsets during an LSPI event.  
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Figure 64 - Crank angle duration of 50 - 90 % MFB for captured LSPI events 

Looking at the ratio between 10 – 50 % and 50 – 90 % burn angles, outliers which have 

slipped through the filters can be quickly observed, with abnormal events resulting in a 

longer 50 – 90 % than 10 – 50 % burn duration. With a PI event consisting of deflagration 

after the initial auto-ignition, followed by a sudden combustion of the bulk remaining 

fuel, it is expected for the heat release curve to be heavily one sided, with 10 – 50 % 

MFB considerably longer than 50 – 90 % MFB.  

 

Figure 65 - Ratio of 10-50 % and 50-90 % for captured LSPI events 
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10 % and 50 % MFB  

The events were plotted against their angle of 10 % MFB and their angle of 50 % MFB. It 

is interesting to note that at 10 % MFB, in Figure 66 the majority of events fell into the 

relatively short window of -10 – 15 °CA ATDC, outside the outlier Events 1136-1140 

noted in Section 6.1.2. No correlations between the maximum peak pressure 

encountered and the angle of 10 % or 50 % MFB were observed, most likely down to the 

wide range of engine operating conditions these events were captured within.  

 
Figure 66 - 10 % MFB angles of all captured events 

In Figure 67, all 50 % burn angles fall roughly within -10 and 20 °CA, excluding the events 

captured at 4000 rpm.  A clear offset can be observed between 10 % and 50 % based on 

engine speed.  
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Figure 67 - 50 % MFB angles and Engine Speed of all captured events 

This is comparable to the angle of peak pressure, which will be an important variable 

discussed in Chapter 7. 

6.1.5 Cylinder comparison 

Comparing the event numbers to each cylinder, in Table 31, it can be seen that 

Cylinder 2 had a significantly higher proportion of events compared to the other 

cylinders. Additionally, it can be seen by looking at the number of events where 10 % 

MFB occurred before ignition timing that Cylinder 4 had less events caused by very early 

pre-ignition, and a slightly reduced overall peak pressure as a result.  
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Table 31 - LSPI event count in each cylinder 

Cylinder Count Total % 
CA10 ≤ 
CAIGN 

Avg. Peak 
Pressure 

1 401 22.4 216 125.3 
2 568 31.8 299 124.5 
3 435 24.3 240 127.3 
4 384 21.5 157 121.2 

 

From a borescope inspection during testing, a quantity of oil was observed on the 

Cylinder 2 piston crown. Based on videos of the borescope where oil droplets were 

visible, the most likely source is from the intake valve stem seals. It is this external 

ingress of oil which is the suspected cause for the higher event count.  

The total number of events were split into two categories:  

- Single Cylinder events - number of LSPI cycles that occurred in only one cylinder 

in each captured dataset. 

- Multiple Cylinder events - Number of LSPI cycles that occurred in two or more 

cylinders in each captured dataset.  

Figure 68 shows that the majority of events actually occurred across two or more 

cylinders at the same time.  

 

Figure 68 - LSPI occurrence frequency in a single cylinder or within multiple cylinders 
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When an LSPI event occurs it can trigger several follow-on LSPI events in that cylinder, 

normally over alternating engine cycles, however triggering events in other cylinders is 

not something that has been addressed within the literature, with very limited papers 

detailing possible explanations (Chapman and Costanzo, 2015). As is clear with these 

test results and the findings with the 3.0 L V6 engine, the likelihood of LSPI events 

occurring in multiple cylinders at the same time is significantly high. As such this 

phenomenon will be discussed in further detail in Chapter 8.3.  

 In-Cylinder Temperature Measurement  

One of the key variables with all LSPI events is the in-cylinder temperatures in the lead 

up to pre-ignition. With this in mind, and as part of a wider benchmarking project, the 

in-cylinder temperatures were measured across a range of full load steady state test-

points deemed key for pre-ignition for the 22 bar 2.0 L L4 engine. Non-production spark 

plugs were installed on the engine with a heat value one grade hotter and a spark gap 

0.3 mm wider than the production engine’s spark plugs to help promote pre-ignition, 

with each spark plug individually fitted with temperature instrumentation on the ground 

electrode. The temperature instrumentation was plugged into a testbed I/O module, 

providing cold junction compensation, and outputting a current which was converted 

into a temperature by the testbed recording equipment based on lookup tables. The 

engine was run on standard pump grade 97 RON gasoline.  

6.2.1 Test results 

The test matrix and results are provided in 

Spark Plug No. Heat Grade Value Thermocouple  Source 

1 7 Y Non-production 

2 7 Y Non-production 

3 7 Y Non-production 

4 7 Y Non-production 

5 7 N Non-production 

6 7 N Non-production 

 Table 32, with incomplete or aborted tests removed for brevity. In total 28 pre-ignition 

events were recorded across four of the test points. At 4,000 rpm five events were 
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encountered over two tests but regrettably, due to a combination of testbed and spark 

plug issues no temperature measurements were captured throughout those five events. 

The equipment worked as intended for the 23 pre-ignition events captured at the two 

1,600 rpm test points.  

Due to the differences in timing between the STARS transient logging and DEWE 43 in-

cylinder logger, dyno torque in STARS and NIMEP in DEWE have been used to 

synchronise data. Still, mild inaccuracies are to be expected when comparing quasi 

steady-state data against cyclic engine data, not helped by the thermocouples’ inherent 

thermal inertia. To minimise thermal response, a thermocouple of 0.5 mm diameter was 

selected for this testing. 
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Test 
Number 

Test 
Duration 

Engine 
Speed 

Coolant 
Temperature 

Spark Plug Number  
Pre-Ignition 

Events 
Pre-Ignition 

Location Comments 

[#] [min] [rpm] [°C] Cyl1 Cyl2 Cyl3 Cyl4 [#] [Cyl #]  

1 30.00 1600 90 1 2 3 4 22 4 
Potential hot spot induced pre-ignition 
Spark plug 4 badly damaged 

2 30.00 4000 90 5 2 3 1 3 2 
Heavy knock in cylinder 2 for a period of 4 min 
Issue with testbed recording 

3 30.00 4800 90 5 2 3 1 0 -   

5 30.00 4000 90 5 2 3 1 2 1 
Repeat with testbed data collection 
Cyl4 coil damaged by escaping exhaust gases 

6 30.11 2000 90 5 2 3 6 0 - 
Cyl4 spark plug replaced with non-production 
plug with no thermocouple. Coil also replaced 

8 30.00 1200 90 5 2 3 6 0 -   

13 10.36 5500 90 5 2 3 6 0 - 
Maximum test time without reaching exhaust 
temp limit 

14 30.00 2400 90 5 2 3 6 0 - Heavy cyclic knock noticed 

18 30.00 1600 80 5 2 3 6 1 2 Minimum temperature without fault code 

 

Spark Plug No. Heat Grade Value Thermocouple  Source 

1 7 Y Non-production 

2 7 Y Non-production 

3 7 Y Non-production 

4 7 Y Non-production 

5 7 N Non-production 

6 7 N Non-production 

 Table 32 - Results from steady-state testing on the 22 bar 2.0 L L4 engine
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In-cylinder temperature measurements were captured in the cylinder that had the LSPI 

events during two of the four tests, test number 1 and 18 which will be looked at in 

detail. An issue with the data recorder during test 2 meant that only pressure data was 

captured and not in-cylinder temperatures and thus is excluded from this analysis. 

Test 1: 1600 rpm with 90 °C coolant 

At 1,600 rpm, with 90 °C coolant temperature, 22 pre-ignition events were captured 

during the 30-minute test, as shown in Figure 69. For event numbers 3 and 4, which 

were considered hot spot pre-ignition, only the final cycle has been counted towards 

the total.  

 

Figure 69 - Spark plug Temperature, in-cylinder pressure and 10 % MFB during Test 1 1600 rpm 90 °C 

Details of each captured pre-ignition event are provided in Table 33. Outside of Event 1, 

which caused saturation of the pressure transducer, the rest of the captured events can 

be considered light LSPI events with light to no knock. 
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Table 33 - Pre-Ignition events captured during Test 1 1600 rpm 90 °C 

LSPI 
Events 

Peak 
Pressure 

10 % 
MFB 

Knock 
Amplitude Comments 

Number Bar °ATDCF Bar 

1 101.9 14.4 39.4 
Kistler Transducer was saturated by event, taking 
several cycles to re-calibrate  

2 92.7 16.0 1.3   
3 110.4 10.6 2.3 Injection suppressed for 4 cycles following event 
4 113.2 6.0 5.4 Injection suppressed for 4 cycles following event 

5 93.5 9.0 3.7 Events 5 + 6 occurred immediately after the 
injection was re-activated by the EMS 6 118.1 1.9 4.8 

7 91.7 10.9 1.5   

8 87.5 11.9 1.1   

9 76.8 15.8 1.0   

10 111.2 8.0 2.5   

11 117.3 6.7 4.8   

12 73.9 15.9 1.0   

13 88.1 10.8 1.2   

14 76.9 14.3 0.9   

15 93.2 8.8 1.6  

16 90.7 8.9 1.6   

17 86.8 9.7 1.3   

18 113.5 3.7 5.0   

19 81.4 8.8 1.2   

20 80.3 9.0 1.3   

21 78.9 8.4 1.0   

22 81.1 9.2 1.3   

 

Of particular interest are the events leading up and following on from the first LSPI 

Event. It can be seen in Figure 70, that leading up to the initial LSPI event, there is a 

gradual rise in temperature from 620 °C to 650 °C at which point the event occurs. For 

the first 25 minutes of the test, in Cylinder 4, temperatures varied by +/- 20 °C, between 

610 °C and 630 °C, with the variation directly linked to the ignition timing as the spark 

was advanced until the knock limit is reached and then retarded again. The reason for 

this increase to 650 °C just prior to the LSPI event is unknown as all measured engine 

variables and conditions remained consistent up to this point and no other spark plug 

temperatures were affected. There was an immediate 30 °C stepped increase in 

temperature up to 680 °C directly after the LSPI event (point ‘A’). 
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Figure 70 - 1525 - 1560 s taken from Figure 69 

The spark plug temperature remained high after the LSPI event and rose steadily up to 

a peak of 710 °C (‘B’). At 1540 s there was another smaller LSPI event, shortly followed 

at 1542 s by a run-away pre-ignition event. At ‘B’ the EMS control activated by 

suppressing injection to cylinder 4 for four engine cycles, resulting in a drop in 

temperature to 640 °C. This process then repeated with on-going pre-ignition from 1548 

s until point ‘C’ where the EMS once again suppressed injection for four cycles, resulting 

in a temperature drop from 754 °C to 670 °C. Interestingly at ‘C’ during the first engine 

cycle that injection was reintroduced, there were two concurrent LSPI events followed 

by a return to normal combustion and subsequent decrease in temperatures. These LSPI 

events after a period of suppressed injection suggests that the pre-ignition source was 

still in the chamber, until it was expelled after these two events. 

Investigation after the test found that the thermocouple was missing from the point of 

where it enters the combustion chamber. This extensive damage combined with the 

run-away pre-ignition suggests that the thermocouple itself acted as an ignition source 

A B C 
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hot spot. It is believed the strong knock amplitudes from the initial LSPI event were 

enough to peel the thermocouple off the ground electrode, introducing a sharp edge 

into the chamber which subsequently overheated. The glowing thermocouple then 

acted as a means of increasing temperatures in the immediate vicinity of the spark plug, 

resulting in the significant increase of LSPI events.  

An excerpt from the DeweSoftX data of the first LSPI event, is shown in Figure 71. It can 

be seen that even though a maximum pressure of only 101.9 bar was captured, the 

pressure transducer was temporarily saturated from the event mid cycle. With this being 

a newly serviced transducer with a pressure rating of 300 bar, the actual amplitude is 

expected to be considerably more significant.  It is this intensity of knock amplitude that 

is believed to have caused the onset of damage to the spark plug thermocouple.  

 

Figure 71 - LSPI event #1 from 1600 rpm 90°C on the 22 bar 2.0 L L4 (Screen capture from DeweSoftX) 

The light PI events with minimal knock further supports the idea that the spark plug was 

the source of the auto-ignition. Combustion at the centre of the chamber is of course 

optimal for ensuring the mixture is combusted in an even manner, thus minimising the 

likelihood of a pocket of unburnt mixture increasing the available fuel energy at the time 

of end-gas auto-ignition. Additionally, the gas temperature around the periphery of the 



CHAPTER 6. Further Test Results 122 

 
 

chamber is unaffected by the glowing thermocouple at the centre of the chamber, with 

the only increases to end-gas temperature as a result of heavy knock.  

Test 18: 1600 rpm with 80 °C  

With the coolant temperature lowered to 80 °C only one LSPI event was captured in the 

30-minute test. Somewhat similar to the initial LSPI event at 1600 rpm with 90 °C (Test 

1), there was a mild rise in in-cylinder temperatures prior to the LSPI event, however, 

unlike in Test 1, this rise is within the normal operating conditions in that cylinder. As 

shown in Figure 72, an increase of 20 °C occurs on the lead up to the LSPI event. The 

spark plug temperature before that event is directly related to the ignition timing, as can 

be seen with the peak pressure (dips in peak pressure indicate the ignition retarding in 

response to knock, and slowly re-advancing). The peak temperature during LSPI is still 

lower than the peak temperature measured in Cylinder 3 indicating that the LSPI event 

may not necessarily be a direct result of high temperatures.  

 

Figure 72 - Spark plug temperatures during an LSPI event in Cylinder 2 

 Injector Spray Pattern Testing  

An injector study was carried out on a Ricardo Tornado single cylinder research engine. 

Four piezoelectric injectors were tested with varying spray strategies and nozzle types. 

Several LSPI events were encountered on each of the injectors. The original test process 

was to validate Computational Fluid Dynamic (CFD) models and was not intended as an 

LSPI research project and as such the amount of data captured was minimal, with only 
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300 engine cycles captured at each test point after stability dwell time. Details of the 

piezoelectric injectors are provided in Table 34.  

Table 34 - Injectors used during spray pattern study 

Injector 1 
Conventional nozzle – 

spark eroded, parallel hole 
Baseline 

Injector 2 
Next generation nozzle – 
Laser drilled tapered hole 

Ricardo concept 

Injector 3 Wider diffusion concept 

Injector 4 Maximum tumble use concept 

 

The injector study covered a wider range of engine operating conditions, however, there 

were four operating conditions, each at high load, where LSPI was encountered. The 

details of these key points are provided in Table 35.  

Table 35 - Key Points in which LSPI was encountered during spray pattern study 

Key Point (KP) 
Operating 
Condition 

Fuel Pressure 
SOI1 °CA 
BTDC(F) 

1 
2000 rpm, 
20 bar NIMEP 

150 bar 
Single Injection 
Swing from 
210 – 330 °CA 

2 
2000 rpm, 
25 bar NIMEP 

150 bar 
Single Injection 
Swing from 
240 – 360 °CA 

3 
2000 rpm, 
25 bar NIMEP 

150 bar 
Double 
Injection 

4 
2000 rpm 
25 bar NIMEP 

200 bar 
Double 
Injection 

 

As testing was steady state with no EMS response, two methods of LSPI detection 

criteria were utilised; a maximum peak pressure > 105 bar based on design limitations 

of the single cylinder engine, and the mean 2 % MFB – 3 standard deviations. The 

number of events on each injector across the key points (KP) is provided in Table 36. 

Each number is a single set of LSPI which contains that number of LSPI events, for 

example Injector 1 at KP 2 recorded two sets of LSPI; the first set containing two events 

and the second set containing three LSPI events. Injector 4, the maximum tumble use 

injector only completed KP 1 as it was determined early on in the testing that there was 
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a poor mixture homogeneity resulting in reduced combustion performance and an 

increased frequency in LSPI events.  

Table 36 - LSPI events recorded on each injector at each key point 

Injector KP 1 KP 2 KP 3 KP 4 

1 0 2, 3 1, 1 0 

2 0 1 0 0 

3 1 2, 2, 1, 2 0 0 

4 1, 2, 1, 1 N/A* N/A* N/A* 

*Not tested due to excessive LSPI frequency and poor initial results  

From testing it was observed that the maximum tumble injector concept was worst for 

LSPI. The driving mechanism for this is due to the poor mixture homogeneity. In addition, 

several sets of LSPI were recorded on the wider diffusion injector (Injector 3). The 

increase relative to the baseline and Ricardo concept injectors was believed to be due 

to an increase in wall wetting while operating in single injection mode. 

Injector 2, the Ricardo concept injector, was optimised around mixture homogeneity 

and reduced piston and wall impingement, utilising a very similar spray pattern as the 

baseline injector. The diffusion nozzle concept improves on this by further improving 

mixture homogeneity through the increased fuel atomisation and reduction in fuel 

impingement length. These have all aided in reducing the LSPI event count.  

Of additional interest is that the two Key Points that utilised double injection resulted in 

a significant reduction in LSPI events, particularly at the higher 200 bar injection pressure 

where no events were recorded. 

 Oil Injection Testing and ECU Response  

To further understand how OEMs manage LSPI in their engines, the 1.5 L L3 engine was 

tested under extreme conditions to provoke an LSPI event. The ECU OBD port was 

recorded during the testing alongside injection, ignition and valve timing. After 

extensive testing at minimum speed for peak torque without encountering LSPI, a 
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syringe driver was set-up to inject engine oil into the intake manifold of cylinder 1, with 

a flow rate of 2.5 cm3/min, as previously presented in Section 3.3.4. Several additional 

methods were taken to help promote the onset of a pre-ignition event. Namely, a hotter 

grade 7 spark plug was used in replacement of the standard grade 8 to increase spark 

plug temperatures, as well as a widening of the plug gap from 0.8 to 1.0 mm to degrade 

the combustion stability. 

Due to the limitations of the data-recorder, testing consisted of 3000 engine cycles in 

which time two LSPI events were captured. These events are presented in Figure 73. 

 

Figure 73 - Captured LSPI events, including in-cylinder pressure, ignition timing and injection duration 

The following ECU reaction behaviour to LSPI was observed: 

▪ Retarding the ignition timing for the cycle immediately after each LSPI event by 

3-4.5 °CA – a standard knock response 

▪ Retarding the injection timing by 7 °CA on the 2nd cycle after the 2nd LSPI event 

▪ Adding a 2nd injection for one cycle only at 217 °BTDC on the 2nd cycle after the 

2nd LSPI event 

▪ Increasing the injection duration by 25 % for the subsequent 8 cycles resulting in 

a Lambda of 0.8 
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▪ No significant air load or cam position strategy change was observed that 

appeared to be as a direct result of the LSPI 

This engine utilises both a standard knock sensor with an earlier detection window, 

alongside cylinder balancing techniques for LSPI detection. For cylinder balancing, the 

instantaneous angular velocity of the crankshaft is measured, typically as part of the 

OBD misfire strategy and if an abnormal acceleration is encountered on one cylinder, a 

detection event is triggered. During a misfire event, there will be a notable decrease in 

angular velocity, and for LSPI an increase in velocity.  

 Summary 

Several engines were tested in independent studies focusing on different aspects of LSPI. 

A durability study aimed at provoking LSPI events in the 25 bar 2.0 L L4 engine was 

conducted. A variety of methods, including increased intake manifold temperature and 

diesel fuel doping, were successfully utilised to provoke 1788 potentially damaging 

abnormal combustion events over a test period of 351 hours.  Abnormal combustion 

events captured included events beyond 3,000 rpm with characteristics of extreme 

knock, as well as very early pre-ignition events believed to be a result of a run-away hot-

spot pre-ignition.  

Testing was conducted in a 22 bar 2.0 L L4 engine in order to better understand the in-

cylinder conditions during an LSPI event. Temperature of the spark plugs’ ground 

electrode was measured across a variety of test points, including two tests containing 

pre-ignition activity. In both instances, an increase in temperature of approx. 20 °C was 

observed on the lead-up to an LSPI event, with peak temperatures occurring during the 

LSPI event. Stochastic pre-ignition events were once again encountered at 4,000 rpm.  

Four injectors were tested on a Ricardo Hydra Single Cylinder. After several LSPI events 

were identified a small analysis study was conducted to assess the injectors’ propensity 

for LSPI. It was found that an excessively inhomogeneous mixture helped to provoke 

LSPI events, while increasing fuel rail pressure and moving from single to double 

injection acted to reduce LSPI.  
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Two LSPI events within 3000 engine cycles were successfully provoked in a 1.5 L L3 

engine via the injection of oil into the intake manifold at a rate of 2.5 cm3/min in order 

to further understand the EMS strategy in response to LSPI. The ECU responses were 

measured via the testbed equipment and OBD port. A sliding scale of responses were 

observed, including ignition retard, fuel enrichment, injection retard and split injections.  
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Chapter 7  

Novel Calibration Strategies for 

Detection and Mitigation of LSPI  

This chapter presents a new and original testing strategy for the calibration and 

validation of LSPI detection, based upon the observations and conclusions of the work 

carried out in the previous chapters. In addition, two means of mitigating LSPI are also 

proposed, based on the conclusions of the test programme and reports in the literature. 

These are termed ‘active’ and ‘reactive’ responses; firstly, aimed at preventing the 

initiation of the LSPI events and secondly, preventing subsequent events occurring. The 

chapter proposes a new, comprehensive engine testing strategy for LSPI test 

programmes. The following sections highlight engine calibration methodologies that 

incorporate identification of LSPI events and subsequent mitigation during engine 

operation. The chapter reports on observations and recommendations for testbed 

calibration, engine and then vehicle test programmes.  

 Test Process Overview  

The test equipment and methodology for performing the calibration and validation 

activities are outlined. Initial calibration was performed on a range of 1.2 L L3 engines 

that were tested on the testbed, as described in Section 3.3.6. Vehicle testing was 

carried out on the 1.2 L L3 vehicles outlined in Section 3.3.7. The approach taken towards 

the calibration strategy is presented in Figure 74. The initial section “Identify LSPI High 

Risk Zones” combines the hardware and performance validation procedures with the 

calibration activities.  
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On Testbed: 

 

In vehicle: 

 

Figure 74 - A new testing strategy for the calibration and validation of LSPI detection  

7.1.1 LSPI detection strategy overview 

For the LSPI detection strategy, the existing wideband knock sensor present on the 

engine was used. ECU software was developed by the OEM, allowing for two detection 

windows to act independently on each cylinder, one for LSPI/Pre-Ignitions and the other 

for knock. The calibration strategies were very similar to standard knock detection, as 

presented in Figure 75.  

 

 



CHAPTER 7. Novel Calibration Strategies for Detection and Mitigation of LSPI 130 

 
 

 

 

Figure 75 - Strategy overview of LSPI and knock detection using a wideband knock sensor 

The piezoelectric knock sensor provides a small electrical signal in response to any 

physical vibrations. This signal is amplified and converted from analogue to a high 

frequency digital signal, typically in the region of 100 kHz. The ECU then sorts the signal 

based on windows in order to determine the correct cylinder that the vibrations are 

measured in. A band-pass filter is then applied that is tuned to record only the noise 

captured at the first or second knock harmonic frequency, in order to keep engine noise 

to a minimum. This is shown in Figure 76. The signal within the window is then 

integrated to achieve a single noise level for that cycle, referred to as the instantaneous 

noise level. The instantaneous noise is averaged over a set number of cycles in order to 

eliminate the base level of engine noise that the sensor picks up. The instantaneous 

noise is then compared against this average noise level, and if the ratio is greater than a 

set threshold, a detection event is triggered. An adequate EMS response can then be 

applied on the next combustion cycle in that cylinder. A decaying temporary counter is 

used to keep track of the number of events encountered over a short period of time and 
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so, based upon the detected intensity and frequency of events, a range of responses can 

therefore be applied.  

 

Figure 76 - An example of FFT analysis showing knocking frequency and harmonics in the 1.2 L L3 engine 

 Testbed Calibration  

7.2.1 Detection – Identification of high-risk zones  

An early stage in an engine development process is to achieve an understanding of the 

base LSPI frequency to ensure the detection hardware and detection methodology 

selected is appropriate. To achieve this, it is recommended to run one of the tests 

provided in Section 4.3. In particular, the test process in Section 4.3.1 put forward by 

(Kocsis, Briggs and Anderson, 2017) has shown a reasonable repeatability throughout 

the parametric testing discussed in Section 5.1, and is re-presented in Figure 77. 

          Cylinder 1 
          Cylinder 2 
          Cylinder 3 
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Figure 77 - LSPI test cycle, adapted from (Kocsis, Briggs and Anderson, 2017) for the 3.0 L V6 engine  

Further testing is recommended to understand the dominant initiation mechanism. 

Through the utilisation of chamber pre-conditioning cycles, each suspected element of 

LSPI initiation can be better understood. The key speeds are presented in Figure 78, 

selected based upon 500 rpm steps from 1000 – 3000 rpm to cover the LSPI region, as 

well as including the minimum speed for peak Torque.  

 

Figure 78 - Key engine speeds and loads for LSPI testing 
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Scenario 1 – Test for initiation through deposits: 

To build deposits within the chamber a prolonged idle cycle can be used, as presented 

in Section 4.3.2, whereby engine speed is held at 750 rpm for a period of 55 minutes. 

Alternatively, research by (Haenel et al., 2011) has provided a ‘dirty combustion 

chamber conditioning cycle’ with the following engine conditions for 40 minutes: 

- 3500 rpm 

- 8.5 bar BMEP 

- AFR of 0.95 

- Decreased injection pressure 

- Advanced injection timing to achieve a smoke number of 1.5 FSN 

Scenario 2 – Test for initiation through oil ingress: 

It is believed that one of the key mechanisms for the onset of LSPI is oil droplets drawn 

into the chamber and drawn out of the piston ring pack. Reduced intake manifold 

pressure draws oil from valve stem seals, turbo-charger, and from the piston ring pack. 

The intake manifold was measured at various engine speeds to select a suitably low 

pressure, as shown in Figure 79. It can be seen that 2500-2750 rpm provide the lowest 

intake manifold pressures for drawing out oil. At higher speeds, it was observed that 

cutting the injection and motoring the engine provides a greater pressure drop than 

running the engine non-motored. A balance is to be struck between the lower pressure 

in the manifold at high speeds, the reduced heat from lack of combustion decreasing oil 

viscosity, and not burning the oil. As such it is recommended to motor the engine at 

4000 rpm without any load for a short period of time in order to draw the maximum 

amount of oil into the chamber without burning it off.   
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Figure 79 - Manifold pressure for the 1.2 L L3 engine while motored and fired with 0 % load 

Examining the crankcase pressure, there is a peak in pressure within the 2500 – 3000 

rpm region. As such it could be recommended to run at 2750 rpm with this engine in 

order to maximise the amount of oil carry-over from the low manifold pressure, as well 

as flow by-passing the ring pack from the higher crankcase pressure.  

Scenario 3 – Test for high temperatures: 

For provoking a pre-ignition through auto-ignition in the gaseous phase, two main levers 

exist for increasing global in-cylinder temperatures; increasing intake manifold 

temperature and increasing the engine coolant and oil temperature. Using a hotter 

grade spark plug also helps elevate temperatures within close proximity of the spark 

plug as well as, critically, the spark plug crevice which is believed to be a key location of 

hot spot induced LSPI events.  

Intake manifold temperatures were stepped from the minimum achievable of 40 °C in 

10 °C increments up to the maximum expected temperature of 90 °C. From vehicle 

testing it was found that this expected temperature was considerably lower than what 

has been achieved after a hot soak at idle, and so based on testing provided later in 

section 7.4.3, intake manifold temperature should be continually increased up to 130 °C.  

Testing was then repeated with the Engine coolant temperature increased up 115 °C. 

Based on findings from the literature, a cold engine results in a higher frequency of LSPI 

events, due to the increased fuel impingement and deposit build-up in the colder 
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chamber, while a high coolant temperature has also been found to increase LSPI events 

in part due to the higher end-gas temperature and decreased auto-ignition delay. As 

such a worst condition test would be to run fired at cold temperatures to build up oil 

and fuel in the crevices, then quickly increase temperature and run at full load.  

Scenario 4 - Component durability validation 

As part of the hardware validation, a durability study on engine components is 

recommended to ensure hardware is robust to LSPI occurrence. Two means of carrying 

out the durability study have been trialled; provoking natural LSPI events through the 

methods outlined in Section 6.1, and through the use of an advanced ignition timing to 

simulate LSPI events as outlined later in Section 7.3.1. While it has been observed that 

using an advanced ignition is not necessarily directly comparable to a natural LSPI event, 

the ignition can be further advanced in order to ‘target’ a specified LSPI peak pressure 

and knock amplitude. In order to get the correct mixture of peak pressure and knock 

amplitude (for stressing different engine components), the fuel used needs to have a 

lower RON providing a higher knock amplitude for lower peak pressure. The expected 

number of LSPI events the engine will encounter over the course of its lifetime should 

be used when determining the number of provoked LSPI events as well as their peak 

pressure and knock amplitudes.  

7.2.2 Detection – Optimising detection of filter window location 

In the second phase, it is imperative to ensure that the LSPI event is captured on the 

correct cylinder, and to avoid false detection through capturing engine noise, windowing 

is used to separate the signal from the knock sensor into segments. To determine the 

window location for detecting LSPI it is important to ensure that there is no overlap with 

the knock region in order to avoid false detections. Typical long-term countermeasures 

include the use of load limitation in the event of a very high frequency of LSPI in a short 

period of time in order to prevent engine damage. As such, it is almost equally as 

important that false detections do not occur as it is that real events are successfully 

detected, so as to prevent an unnecessary vehicle de-rate at the expense of driveability. 
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At the start of the window, it is important to ensure that no engine noise, mainly from 

the VVT, is captured by having too early a window.  

Based upon in-cylinder pressure, a nominal angle is picked before the angle of peak in-

cylinder pressure, to mark the end of the LSPI window and the start of the knock 

window. To determine this angle of peak pressure, a range of fuels and temperatures 

are tested over a completed engine mapping. From this a map can be built to ensure 

that the LSPI window does not overlap the region where standard end-gas knock can 

occur, leading to false detections. The LSPI windows are required to move, not only 

relative to ignition angle, but also relative to the expected ignition delay duration based 

on engine operating conditions. Figure 80 shows how the angle of peak pressure 

changes with respect to lower RON fuels and to elevated engine coolant temperatures. 

The angle of peak pressure is the mean of 300 engine cycles at that set condition. The 

elevated temperature was captured at 105 °C coolant out, with ‘normal’ temperature 

captured at 85°C for high load conditions. The LSPI window therefore needs to be able 

to follow this combustion without straying too far. Other engine variables which will 

have an impact on the combustion phasing and therefore LSPI window are VVT timing, 

and intake manifold temperature. Based on this testing, the LSPI windowing can be set 

ensuring satisfactory LSPI window cover across a variety of engine operating conditions.  
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Figure 80 - Angle of peak pressure relative to engine load, temperature and RON  

As the RON decreases, the angle of peak pressure retards at lower loads due to the ECU 

response to increased knock levels. Of particular interest, at like-for-like conditions, the 

difference between ignition angle and the angle of peak pressure remains relatively 

consistent for each fuel irrespective of RON, with less than 5 °CA between different 

fuels, as presented in Figure 81 for 3 increasing RON fuels against increasing engine load. 
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Figure 81 - Angle between ignition and peak pressure for 95, 90 and 87 RON fuels at 2000 rpm 

For determining the start of the LSPI window, a key area to note is the noise generated 

from engine components. VVT and injectors have a noticeable impact on the measured 

noise from the knock sensor, and as such it is critical to ensure that across all operating 

conditions, the window is set up to exclude this noise. The voltage output of the knock 

sensor over 720 °CA is presented in Figure 82, alongside the in-cylinder pressure and 

valve timing. To perform this, a valve timing swing was carried out at several set engine 

speeds and loads, whereby intake and exhaust valves were swung to both extremities 

in 5° steps, while the raw output from the knock sensor was recorded. This ensured that 

the windowing selected for pre-ignition detection avoided any noise caused by the 

valves and cams.  
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Figure 82 - In-cylinder pressure, noise captured by the knock sensor and valve timing over 720 °CA at part-load 

The peak pressure locations from all of the LSPI events captured on the 25 bar 2.0 L L4, 

1.2 L L3, and 3.0 L V6 engines are presented in Figure 83. This shows that the angle of 

peak pressure, and therefore the angle in which the LSPI window should start is typically 

after TDC, for the high load conditions in which LSPI occurs. It should be noted that the 

majority of these events were captured at full load, with a significant number on either 

low RON fuels or Diesel doped fuels, therefore resulting in a significant amount of 

ignition retard to prevent heavy knock.  

As such small benefit is to be gained from having an LSPI window starting much earlier 

than TDC at high loads, thereby limiting the amount of VVT noise encountered. It is at 

part load conditions, when running close to MBT, where particular care is required to 

avoid LSPI window overlap with VVT noise.  

Noise region 
LSPI Window 
Knock Window 
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Figure 83 - Angle of peak pressure for all LSPI events captured on the 25 bar 2.0 L L4, 1.2 L L3, and 3.0 L V6 engines 

7.2.3 Detection – Determining optimal band-pass filter frequency 

For determining the band-pass filter frequency in order to differentiate vibrational noise 

caused by knock, an FFT analysis was carried out on captured LSPI data. A Ricardo in-

house tool was utilised for this purpose. The tool takes the raw voltage trace from the 

knock sensor, windows the sensor values for each cylinder, and applies a Fast Fourier 

Transform on the windowed signal to determine the knock frequencies, as shown in 

Figure 84.     

 

Figure 84 - Excerpts from Ricardo Knock Tool showing process steps 

As shown in Figure 85, the frequencies encountered during LSPI are very similar to that 

of standard end-gas knock, albeit at a considerably higher amplitude. The erratic signal 

observed in the LSPI frequency is a result from the signal saturating from the extremely 

heavy vibrations captured by the knock sensor. 
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The literature has shown that the detonation wave crosses the chamber at several times 

higher than the speed of sound, due to the coupling of the pressure and reactive waves. 

What has not been mentioned in literature, is that the resultant pressure waves that are 

reflected back from the chamber walls are no longer coupled with the reactive wave, 

and so the pressure wave travels at the global speed of sound in the chamber. As was 

found with the in-cylinder temperature measurement conducted in Section 6.2, during 

an LSPI event the in-cylinder temperature can increase by upwards of 20-50 °C but not 

enough to significantly affect the speed of sound in the chamber, resulting in the 

pressure waves traveling through a similar medium as can be found during standard 

end-gas knock. Therefore, the frequencies from LSPI are similar enough to knock to be 

detectable at the same band-pass filter frequencies, enabling the use of standard knock 

detection techniques for LSPI detection.   

a) 
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b) 

 

Figure 85 - FFT analysis of an LSPI event (a), and knock event (b) showing fundamental, 1st and 2nd harmonics occuring 
at similar frequencies 

7.2.4 Detection – Signal to noise ratio 

With the windowing and band-pass filter set, the resultant signal is integrated in order 

to achieve an instantaneous noise level. A rolling average is taken of the instantaneous 

noise for each individual cylinder, providing a value for the base engine noise. As can be 

seen in Figure 86, the base noise is greatly dependent upon engine speed, and so care 

is to be taken when calibrating for transient conditions when one traverses into a noisy 

region.  

If the instantaneous noise for one cycle is a significant level higher than the average 

noise, then an event is triggered. The ratio between the instantaneous noise and the 

average noise at the point an event is detected is referred to as the detection threshold. 

The detection threshold is set with a high enough margin of error that false detections 

do not occur at any engine condition or during any manoeuvre. The base noise level is 

assessed throughout all testbed and vehicle testing to ensure the detection threshold is 

set correctly for every operating condition.  



CHAPTER 7. Novel Calibration Strategies for Detection and Mitigation of LSPI 143 

 
 

 

Figure 86 - Normalised average engine noise captured by the knock sensor within the LSPI window at light load 

7.2.5 Summary of actions from LSPI detection studies 

LSPI response/prevention can be split into two broad categories; active and reactive. 

Active prevention is typically applied when entering conditions of high LSPI likelihood 

(e.g. high loads, or high engine temperatures), while reactive prevention is applied after 

an LSPI event occurs in order to prevent any follow-on events.  

Due to the high risk of an LSPI event repeating in one cylinder, immediate responses are 

required to ensure that any follow-on events are suppressed. In order to achieve this 

several mechanisms can be utilised, typically incorporated in a multi-stage response 

dependent upon the frequency and intensity of LSPI events. The responses are outlined 

in Table 37. 

Table 37 - Response to LSPI and impact on drivability 

LSPI Response Impact on Drivability  

Fuel enrichment / over-fuelling Minimal 

Increasing valve overlap Minimal 

Increase number of injections / 

retard injection timing 
Minimal 

Boost pressure reduction Moderate 

Engine load reduction Moderate 

Cylinder deactivation (injector cut) Severe 
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Due to the minimal impact on drivability, fuel enrichment, valve timing and injection 

strategy are typically implemented immediately after a single event. If several events 

occur, then boost pressure reduction and load reduction are required which will have a 

direct impact on the drivability. Cylinder deactivation is used as a last resort due to the 

major impact on driveability and only if LSPI persists or has transitioned to run-away pre-

ignition due to elevated in-cylinder temperatures after an event. As an LSPI event 

frequently occurs in multiple cylinders, the responses outlined in Table 37 should be 

applied immediately on all cylinders at once when possible.  

 Testbed Validation  

7.3.1 Validation – Tests to induce pre-ignition using spark advance  

Engine response tests based upon the intensity and frequency of LSPI events were 

carried out. Generally, for mild LSPI events, an increasing response can be utilised to 

help minimise NVH impact on the driver. For very high intensity events, a stronger 

response can be used for immediate engine protection. An example of an excerpt from 

the INCA test procedure during the ignition advance testing is provided in Figure 87. As 

can be seen in the figure, utilising a controlled ignition advance, the occurrence of events 

can take place over a timeframe that is suitable for efficient engine testing and provide 

a range of peak pressures and knock amplitudes.   
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Figure 87 - Excerpt from INCA during controlled ignition advance 

A review of available results has shown that at higher speeds, the likelihood of a high-

pressure event being detected is reduced. In addition, at lighter loads it is increasingly 

difficult to determine pre-ignition events in comparison to full load, as the resultant 

knock amplitudes are reduced. In these conditions, spark advance is not a suitable 

technique, particularly with high RON fuels that result in extremely high in-cylinder 

pressures but very little knocking, that cannot be identified successfully by the knock 

sensor. 

To investigate these signal effects further and the potential influence of an LSPI event in 

one cylinder upon neighbouring cylinders, pressure transducers (Kulite) were installed 

in the intake and exhaust manifold. Due to hardware recording limitations, the ignition 

and injector current clamps in cylinders 2 and 3 were removed to accommodate these 

new signals. (Ignition and injection timings were measured by INCA directly from the 

ECU, and as such there is a slight offset between ECU ignition angle and the physical 

measured angles). Up until this point, all injection and ignition traces were captured 

using current clamps on the signal leads, and so the offset between the ECU signal and 

the measured signal were compared against a range of engine speeds, in order to ensure 

consistency between the ECU signals and previous testing to date. The offset between 
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the ECU ignition timing and measured ignition timing is provided in Table 38 and  Figure 

88 below, with a high confidence that the ECU ignition timing was in line with the 

calculated timing within CAS in order to maintain consistency across testing.  

Table 38 - Ignition timings as measured by ECU and by CAS, against engine speed 

Engine Speed rpm 1100 1500 2000 2500 3000 4000 5000 6000 

ECU Ignition °CA 4.88 8.63 12.75 9.38 7.13 6.00 3.38 0.38 

CAS Ignition °CA 1.63 5.53 9.83 6.63 4.63 3.73 1.33 -1.07 

Offset °CA 3.25 3.10 2.92 2.75 2.50 2.27 2.05 1.45 

 

 

Figure 88 - Offset between ECU and CAS ignition traces against engine speed 

It was observed on the 97 RON fuel, that even with peak in-cylinder pressures in excess 

of the engine design limits, knock amplitudes were comparatively low relative to the 87 

RON fuel. This highlights the problem of relying solely on the knock sensor for LSPI 

detection in that it is considerably more difficult for the knock sensor to pick up events 

that occur on high RON fuels due to the decreased pressure oscillations from the 

reduced knock amplitudes. For full coverage of LSPI detection it is therefore 

recommended to utilise both cylinder balancing in combination with a knock sensor.  
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Figure 89 - Variation in Knock amplitude against peak pressure for two fuel RON types 

From testing, it has been observed that at higher engine speeds, for similar knock 

amplitudes, as recorded with the In-cylinder Kistler transducer, the recorded engine 

block knock sensor signal amplitude is considerably lower. As such, either the signal gain 

needs increasing or the detection thresholds need reducing, both resulting in an 

increased likelihood of false detections from engine noise. Accordingly, LSPI detection 

at high engine speeds in particular, similar to knock detection, is a challenge. Figure 90 

highlights the difference between the signal amplitude of the knock sensor (Blue) at 

different speeds for the same measured (Kistler) knock amplitude. It can be seen that 

for a similar pressure amplitude, the knock sensor signal amplitude is significantly 

reduced in the former case.    
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Figure 90 - Knock signal during a 5 bar knock amplitude event at 4000 rpm (a) and 2500 rpm (b) 

Of particular interest was that throughout the duration of the test, no follow-on LSPI 

events in the same cylinder or others were captured. This would further suggest that 

follow on events are caused by an ignition source which is consumed after a period of 

time.  

7.3.2 Validation – Tests to induce LSPI without spark advance  

To provoke LSPI naturally within the test engine in order to validate the LSPI calibration, 

testing can be conducted based on Section 7.2.1, and from test results presented in 

Chapters 5 and 6. The measures are summarised in Table 39, whereas the variable 

interaction is diagrammatically represented in Figure 91.  
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Table 39 - Additional measures taken to provoke LSPI 

Additional measures taken to provoke LSPI 

Low RON fuel \ Diesel doping 

Elevated engine coolant and oil temperatures 

Elevated intake manifold temperatures 

Turning off PCJ 

Setting an advanced or retarded injection 

Turning EGR off (if available) 

Using used engine oil (50 hr +) 

Hotter spark plug heat range 

Oil injection into the intake manifold 

Increased crankcase pressure 

Removal of CCV filtration 
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Figure 91 - Fishbone diagram of engine variables which can impact LSPI 

The key outcome to observe from this testing protocol is that the LSPI events were 

successfully detected and furthermore, the EMS responses were sufficient in preventing 

or minimising follow-on events. From the testing carried out in Section 7.3.1, it was 

observed that no follow-on events occurred during the ignition advance test, and 

therefore, utilising controlled spark advance, as a primary method, is unsuitable to fully 

validate the characteristics of LSPI responses.   
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 Vehicle Validation 

7.4.1 Testing Overview 

To validate the LSPI detection calibration procedure for vehicles, several passenger cars 

were fitted with in-cylinder pressure transducers in order to capture LSPI events. Due to 

the intrusive nature of the cylinder head mounted pressure transducers, and in order to 

keep the engine as representative of a production engine as possible, spark plug 

transducers were used for the vehicle testing. As a result, the preliminary phase 

consisted of evaluation of correlation test results conducted between spark plug 

transducers and head mounted transducers due to the significant impact of measuring 

knock events in the centre of the chamber relative to the outside edge. 

In the second phase, a validation testing programme was conducted for worst case 

scenarios, namely Hot Environmental Testing (HET) (conducted at Applus+ IDIADA), and 

high-altitude testing (carried out at Sierra Nevada, Spain). The high ambient 

temperatures of >40 °C at both sites, coupled with extreme elevation (800 m – 2,500 m) 

in the Sierra Nevada were considered the upper end of the vehicle’s expected operating 

range. Several means were implemented to increase chances of LSPI occurrence, namely 

running on low RON fuels, using a worst-case oil intended for Euro 5 Diesel engines, and 

towing a trailer filled to maximum vehicle weight capacity. Testing included hill climbs 

with and without trailer, full load accelerations from standstill on inclines, and general 

operation aimed at capturing a range of driving conditions.  

7.4.2 Preliminary upfront tests – Comparison between cylinder head mounted and 

spark plug pressure transducers 

Due to the intrusive nature of head mounted pressure transducers and the extensive 

and high-risk machining required for fitting them, spark plug pressure transducers were 

utilised for the vehicle testing. Owing to their location at the centre of the combustion 

chamber they are heavily impacted by the superposition of knock pressure waves in 

pent-roof chambers, as well as the knock harmonic modes (Millo and Ferraro, 1998). To 

investigate the impact this may have on the measured knock amplitude, a vehicle was 
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fitted with both Kistler 6125C flush mounted transducers, at the periphery of the 

combustion chamber, and Kistler 6115B/C spark plug pressure transducers.  

Comparing the peak in-cylinder gas pressure from both sensors resulted in a linear 

relationship with a R-squared value of 0.99in cylinder two, representing a very strong 

correlation between both transducers (The R-squared value is the coefficient of 

determination, a statistical measure of the closeness of data to a particular curve fit) . It 

was observed, however, that at the highest peak pressures, typically for values >80 bar, 

the measurements between both sensors begin to diverge. For example, as highlighted 

in Figure 92, a 118 bar peak measured by the flush mounted transducer in the head is 

only recorded as 97 bar pressure at the spark plug. The cause of this discrepancy at high 

peak pressure values is evident in measured knock amplitudes.  

  

Figure 92 - Peak pressure comparison between flush mounted and spark plug transducers in Cylinder 2 

In knock amplitude, there are some large discrepancies between the head sensor and 

spark plug sensor. For small knock events of <5 bar, both sensor readings are consistent, 

however the larger events of>10 bar are prone to greater uncertainties.  No correlation 

is apparent between the head and spark plug transducers above 10 bar, which raises 

concerns if relying solely on spark plug transducers for LSPI analysis. In addition to the 

impact of pressure wave superposition and knock frequency modes (‘ringing’) on knock 
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amplitude measurements, a further influence may be due to the transducers themselves 

which are not designed explicitly for the heavy shock loading encountered here.  

Several extreme examples can be seen in the hill climb data, shown in Figure 93 and 

Figure 94, for cylinders 2 and 3 respectively. In cylinder 2, a 79 bar knock amplitude 

event was measured by the head transducer, but at the spark plug it was only measured 

as 27 bar. Additionally, an event of 17 bar is measured at the head and 40 bar at the 

spark plug, showing that no correlation is able to be drawn between the spark plug 

transducer and head transducer for the largest knock amplitudes. A comparable 

occurrence can be seen in cylinder 3, shown in Figure 94, whereby a 46 bar knock 

amplitude event is measured at the head with a corresponding reading of 12 bar at the 

spark plug. This highlights the inconsistency that can occur across cylinders due to the 

stochastic nature of LSPI, and therefore care must be taken to infer conclusions, The 

criteria here is based upon  high knock amplitudes of > 10 bar that can be considered an 

extreme knock event of undetermined knock amplitude.  

 

Figure 93 - Knock amplitude comparison between flush mounted and spark plug transducers - Cyl 2 
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Figure 94 - Knock amplitude comparison between flush mounted and spark plug transducers - Cyl 3 

After analysing the data taken from the test-trip, and removing any outliers above 10 

bar knock amplitude, a linear correlation between spark plug and pressure transducer 

was determined as 1.43x (i.e. a knock amplitude of 1 bar measured at the spark plug 

corresponds to a knock amplitude of 1.43 bar as measured at the edge of the chamber) 

only for the configuration detailed above. Any relocation of pressure transducers or 

change in transducer types may make this correlation void.  

7.4.3 Testing – Hill climbs, laden trailer tests 

For high altitude testing, two routes up the Sierra Nevada mountain range were 

selected, as shown in Figure 95. The first route, the A-395, consists of large smooth roads 

with a steady incline to the top, allowing the use of a trailer to increase the vehicle 

weight to the vehicles legal limit, and the GR-3200, a narrow twisty road allowing for 

frequent high load accelerations at low vehicle speeds.  
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Figure 95 - Routes taken, and elevation up the Sierra Nevada mountain range 

Both routes were repeated on 95, 90 and 87 RON fuel. On the lower 90 and 87 RON fuel 

particularly, the trailer tow was observed to result in prolonged periods of time at 100 % 

throttle, resulting in an increase in engine coolant temperature at times exceeding 

115 °C. At conditions above 115 °C it was observed that the engine would enter a period 

of extreme knock with frequent LSPI events, as shown in Figure 96.  

 

Figure 96 - Extreme knock events at high engine coolant temperatures on 87 RON fuel 
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On 95 RON fuel, no LSPI events were encountered across any of the hill climbs, while 

events were captured on both 90 RON and 87 RON. LSPI occurrence on 87 RON was 

significantly increased relative to the 90 RON fuel. While it has been found that RON is 

not necessarily directly linked to LSPI frequency (Dahnz et al. 2010), during real world 

driving conditions the higher auto-ignition resistant properties of the 95 RON fuel 

appear to be critical in preventing LSPI events. A key mechanism for this seems to be 

due to the significantly advanced ignition timing from running a high RON fuel, acting to 

reduce the available time for a pre-ignition to occur, while helping to keep exhaust and 

engine coolant temperatures lower due to the increased operating efficiency.  

A common LSPI occurrence was observed immediately following a mid-to-high load gear 

shift from 2nd to 3rd gear. On an automatic transmission when moving up a gear, the 

ignition is heavily retarded and the fuel injector is cut in order to quickly bring the engine 

speed down to match the transmission speed of the next gear ratio. As the next gear is 

engaged, load is re-applied to the engine and the ignition is re-advanced. This facilitates 

a quicker gear change and helps to maintain the boost pressure to avoid turbocharger 

lag and improve acceleration. During high load gear changes, it was noticed that after 

the new gear has engaged and injection is resumed, there is a higher likelihood of an 

LSPI event occurring in one or more cylinders. An example of this occurring is provided 

in Figure 97 whereby immediately following a part-load gear change on 87 RON fuel, 

LSPI events occur in cylinders 1 and 2.  
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Figure 97 – Excerpt from KiBox Cockpit showing LSPI events in Cylinders 1 and 2 (yellow and green traces) following 
gear change on 87 RON fuel 

During a 2nd to 3rd gear change the engine speed is typically reduced from 4000 rpm to 

2500 – 3000 rpm. With the boost pressure maintained by closing the turbine wastegate, 

full load is achieved almost instantly.  

7.4.4 Testing – Acceleration runs 

A range of full-load and part-load acceleration runs were completed with all three fuels 

and in an unladen vehicle. While the acceleration runs were aimed primarily at sensor 

noise levels during dynamic conditions, the testing highlighted two areas of concern for 

LSPI occurrence; immediately following a full load gear change, and when the engine 

reaches the engine speed limiter. During both instances, a pre-ignition event was 

encountered with noticeable frequency.  

To prevent the engine from going over its safe operating speed limit, similar to a gear 

change, the ignition is retarded significantly, and the injectors are cut as the engine 

approaches the speed limit. Commonly referred to as the engine limiter, the injector cut 

is switched on and off in quick succession to maintain the maximum engine speed until 

the accelerator pedal is lifted. It was observed during the acceleration runs that when 

the engine was permitted to reach the limiter, pre-ignition events frequently occurred 
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with the lower RON fuels. The sequence is  shown in Figure 98, where in the first cycle, 

all three cylinders are in injector cut mode and this is  subsequently followed by the re-

introduction of injection and normal combustion, in the following cycle. Finally, in the 

third cycle, a pre-ignition occurs in Cylinder 2, which is observed in the PV diagram. A 

vibration is present at the beginning of the compression stroke in Cylinder 2, potentially 

indicating noise from the exhaust valve re-opening. This will be discussed further in 

Section 8.2.2.  

 

Figure 98 - In-cylinder pressure and PV diagram during PI event at engine limiter 

It was noted that there were no LSPI events during the initial pull-away on all fuels. This 

is believed to be due to a combination of the turbo-lag preventing full load operation at 



CHAPTER 7. Novel Calibration Strategies for Detection and Mitigation of LSPI 159 

 
 

the lower engine speeds where LSPI is prevalent, as shown in Figure 99, and the very 

short duration within which the engine is operating in the LSPI region. The initial turbo 

lag prevents the engine from reaching peak torque until after 3000 rpm, with a high 

intake manifold temperature as a result of the hot ambient conditions further reducing 

the available engine torque.  

 

Figure 99 - Full load pull-away from stationary on 87, 90 and 95 RON fuel in high ambient air temperatures 

7.4.5 Testing – Full load, from standstill, unladen, incline tests 

Full load acceleration testing was conducted on a variety of inclines from standstill in an 

unladen vehicle. With the acceleration runs showing that the engine passed very quickly 

through the LSPI region, an incline would decrease acceleration of the vehicle resulting 

in the engine operating in the LSPI region for longer, and reduce the impact of turbo-lag, 

thereby achieving higher loads at lower speeds. The range of inclines tested was from 

8 % through to 30 %, on all three fuels.  

On 87 RON fuels it was found that a frequent very strong LSPI event was captured on 

high incline slopes. With relatively low available torque, from high intake temperatures 

and low fuel RON, and acceleration greatly reduced by the incline, the engine would sit 

at full load at 2,000 – 2,500 rpm for prolonged durations. Shown in Figure 100, most of 

the acceleration run was within the LSPI region. A set of LSPI events in all three cylinders 

was captured at 2150 rpm and has been marked on the figure.  
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Figure 100 - 30 % incline full load pull-away on 87 RON – the location of a set of LSPI events is marked at 2150 rpm.  

It was noted that while sitting at idle on the slope, that an up-heat would occur in the 

intake manifold from the hot engine bay. With little airflow through the engine at idle 

conditions, and the stationary car without flow through the charge air cooler, the intake 

manifold temperatures reached temperatures of up to 130 °C. As the vehicle moves off, 

airflow through the engine and charge air cooler is increased reducing intake manifold 

temperatures rapidly, so it is only during the initial pull-away stage that there is an 

increased risk of LSPI. At these high intake manifold conditions on both 90 and 87 RON 

fuel, a pre-ignition phenomenon occurred whereby the fuel would pre-ignite, 5 – 10 % 

of the fuels mass fraction would burn, and then combustion would slow or stop until the 

spark ignited the remaining fuel in the normal manner. This two-stage heat released will 

be discussed in further detail in Section 8.1.2. 

Testing – Verification of hot vehicle trip data on the engine testbed  

Reproducibility of the engine test data from the vehicle testing was evaluated on the 

engine testbed using comparable operating conditions. During high temperature vehicle 

testing on low RON fuel an LSPI set was detected in all three cylinders. To further 

understand the engine conditions these LSPI events occurred at and whether this may 
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be an area of repeatable LSPI risk, the engine operating conditions recorded at the time 

of this LSPI set were recreated on the testbed. The following test conditions were used:  

• 87 RON fuel 

• Engine speed decreasing from 3000 to 2000 rpm  

• 100 % throttle 

• 103°C intake manifold temperature 

At this condition the ignition retarded to 21 °CA ATDC resulting in a 50 % MFB in excess 

of 60 °CA ATDC. This heavily retarded spark timing, as a result of the low RON fuel and 

high intake temperatures, were central to inducing this set of LSPI data. Figure 101, 

shows the captured events after the onset of LSPI. Heavy knocking will act to increase 

the in-cylinder temperature provoking more LSPI events. This can be seen clearly in 

Cylinder 2 where there are 18 pre-ignition events in a row, characteristic of run-away 

pre-ignition caused by a hot spot within the chamber. Fuel enrichment, load reduction 

and finally cylinder de-activation eventually stopped this run-away event. The 

transducers were set-up with a 200 bar calibrated limit, so it is probable that the events 

that occurred were higher than the peak pressure recorded.  
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Figure 101 - LSPI events during a recreation of the vehicle operating conditions during the hot ambient test trip 

It is key to note that on low RON fuel at extremely elevated temperatures, the issue 

exists of excessive ignition retarding resulting in an LSPI event. Limits are required on 

maximum ignition retard for LSPI prevention rather than the traditional limits based on 

combustion stability. Another possibility is that the in-cylinder conditions are excessively 

unstable resulting in the LSPI event, further exacerbated by the additional available time 

for an ignition source to ignite the fuel.  To prevent this from occurring within a vehicle, 

the load should be reduced by the ECU once the ignition timing reaches the maximum 

retard, thus preventing the ignition from retarding into this LSPI critical region.  
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 Conclusions 

In this chapter novel calibration strategies, LSPI detection and mitigation responses, as 

well as more general observations, were presented. Firstly, the methodologies and 

operational knowledge gained in Chapter 3 is applied to testbed calibration, testbed 

validation and vehicle validation programmes. In the first instance, four high risk 

detection scenarios are presented, namely deposits, oil ingress, high temperature and 

component durability. Within these scenarios, the role of signal filter window location, 

optimal band pass filter frequency and signal to noise ratio are discussed. Detection is 

divided into two areas; active, whereby prior knowledge ensures that LSPI zones are 

avoided in the calibration and reactive, whereby mitigation action is taken immediately 

following an event. These strategies were implemented in two test programmes on the 

testbed and in the vehicle. Difficulties in the detection of LSPI using spark advance alone 

were noted. LSPI validation without the use of spark advance promotion was identified 

by means of a novel fishbone diagram that covers an extensive range of potential 

scenarios for LSPI initiation. Finally, the implication of these strategies for calibration 

and validation and the ECU response at various worst-case vehicle conditions (full load, 

altitude, heat, low RON and fully laden) were discussed. The issues related to replicating 

and verifying the hot testing data on the testbed are outlined. Some engine operating 

conditions that were encountered are either difficult to recreate on a testbed or not at 

all possible. Of note are areas of injection cut out, including gear changes, lift-off 

manoeuvres and reaching the engine speed limiter. Through up-heat in the engine bay 

and high ambient temperatures, intake manifold temperatures beyond those tested on 

the testbed have been encountered, highlighting a critical area of concern for LSPI 

occurrence.  
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Chapter 8  

Low-Speed Pre-Ignition and Abnormal 

Combustion Phenomena in Turbo-

Charged, Direct Injection, Gasoline 

Engines: Discussion and Conclusions 

This Chapter summarises the main findings and categorises the range of LSPI events 

encountered throughout the thesis. A number of categories for LSPI and abnormal 

combustion phenomena were encountered. Key observations, that have to date been 

briefly covered in the literature, or not mentioned at all, will be presented in more detail, 

and initiation mechanisms proposed.  

As encountered in several of the engines, as well as in vehicle testing, LSPI events may 

occur in more than one cylinder simultaneously. This phenomenon is scarcely 

mentioned in the literature and therefore potential mechanisms are proposed here. 

Finally, the conclusions for the thesis are presented along with recommendations for 

future work. 

 Overview of Abnormal Combustion Phenomena 

The following sections set out the important findings from the experimental work 

carried out in the body of this thesis. The determination of LSPI and other abnormal 

events is as described in previous chapters. In each case here, an example is provided to 

highlight the effect of the observed events upon the in-cylinder pressure, heat release 

and mass fraction burned analyses. The phenomena can be categorised as follows: 

individual cylinder events (run-away, hot-spot pre-ignition, two-stage heat release 
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combustion, high-speed, extremely advanced pre-ignition, advanced pre-ignition from 

exhaust valve lift and extreme knock) and multi-cylinder (cross-talk mechanisms).   

8.1.1 LSPI event resulting in run-away hot-spot pre-ignition 

Run-away pre-ignition was observed during the thermocouple testing described in 

Section 5.3, carried out on the 22 bar 2.0 L L4 engine. At the 1600 rpm Full Load test-

point, an LSPI event resulted in a sequence of run-away pre-ignition events. Injection 

suppression for four engine cycles resulted in normal running for a short period before 

run-away pre-ignition occurred again. After the injection suppression occurred for 

another four cycles, on reintroduction of injection, there were two LSPI events before 

the engine reverted back to normal running mode. The transition from normal spark-

controlled combustion to run-away pre-ignition is shown in Figure 102.  

 

Figure 102 - Peak Pressure and 10 % MFB during run away pre-ignition. Markers highlight the suspected transition 
point from controlled spark ignition to hot-spot pre-ignition 

The most likely scenario is that the initial LSPI event led to damage at the spark plug 

which detached the thermocouple from the ground electrode and then acted as a hot 

spot within the chamber. After the second injection cut, the subsequent LSPI event 

removed what remained of the thermocouple (if any) resulting in a return to normal 

combustion. The exposed, sharp edges on the spark plug then acted as a source of 

increased local temperature within the chamber leading to a high frequency of sporadic 



CHAPTER 8. Discussion on Encountered Abnormal Combustion Events and Conclusions
 166 

 
 

LSPI events. The issue with this particular event is that the engine is clearly in run-away 

hot-spot pre-ignition, however, after the injection is reintroduced, a further two LSPI 

events occur. The EMS does not respond to these events, so it is not responsible for 

preventing further events.   

As observed in Chapter 6.2, a definite increase in localised temperature at the spark plug 

occurs leading up to the LSPI event. A step change of 30 °C is observed during the LSPI 

event. This large step in temperature is important to note as it can clearly exacerbate 

the likelihood of a hot-spot within the chamber and therefore the occurrence of run-

away hot-spot pre-ignition. While these temperatures are measured at a single point 

source within the chamber, it would be of interest to measure the temperature impact 

an LSPI event would have on other critical areas, including exhaust valves.  

8.1.2 Two-stage heat release 

A phenomenon whereby a two-stage heat release occurs at TDC was encountered 

during engine testing, on both the 25 bar 2.0 L L4 and the 1.2 L L3 engines, and in vehicle, 

with the 1.2 L L3 engine, at elevated temperatures and using low RON fuel. The 

combustion characteristics matches the two-stage heat release encountered during 

HCCI engine operation (Osborne, 2010). It is believed that the elevated temperatures, 

coupled with the very low RON of the fuel are enough to provoke a low-temperature 

heat release, followed by combustion of the remaining fuel through the usual ignition 

mechanism. During this two-stage heat release phase, LSPI events are particularly 

frequent.   

An example of this phenomenon is presented in Figure 103. This particular LSPI event 

stood out during the analysis of the durability data due to its extended 1 – 10 % MFB 

duration at 800 rpm, previously presented in Chapter 6.1.4. The Engine Average (EA) 

pressure shows the average in-cylinder pressure across all 300 measured cycles in 

Cylinder 2.  



CHAPTER 8. Discussion on Encountered Abnormal Combustion Events and Conclusions
 167 

 
 

 

Figure 103 - Pressure trace with long 1 - 10 % MFB (Event0654 Cycle 22 Cyl 2) 

The Heat Release of this LSPI event shows the initial pre-ignition event followed by 

quenching extinction. At 7 °CA after TDC the remainder of the fuel in the chamber auto-

ignites resulting in a high intensity super knock event.   

 

Figure 104 - Heat release and Ignition trace of Event0654 Cycle 20 Cyl 2 
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This phenomenon is more clearly seen during Event0589, at 800 rpm, where an initial 

period of heat release is followed by quenching at TDC, with the remaining fuel being 

ignited by the spark considerably later in the cycle. The PV Diagram is provided in Figure 

105.  

 

Figure 105 - PV Diagram showing partial combustion at TDC, followed by late combustion during Event0589 Cycle 27 
Cyl 3 

This phenomenon had also been observed in the 1.2 L L3 engine during the vehicle 

validation testing. During the take-off manoeuvres on an inclined slope with both 87 

RON and 90 RON fuels, an early, partial pre-ignition was encountered. Importantly, the 

initial pre-ignition seems to have little impact on the resulting combustion phasing, as 

shown in Figure 106. During this take-off, a pre-ignition resulted in the 5 % MFB 

occurring almost 30 °CA earlier than the ignition timing for over 3 seconds, however, the 

50 % and 95 % MFB remain largely unaffected, and no end-gas knock is present. The 

two-stage heat release was suppressed by increasing the in-cylinder enrichment to an 

equivalence ratio of 1.3, until engine speed once again increased at the end of the run 

and it re-occurred briefly. At this stage, the intake manifold temperature had increased 

from 100 °C at the start of the run to 116 °C due to the high boost and low vehicle 

speeds, and so for preventing future events, enrichment may be not be sufficient on its 
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own and a load reduction based on intake manifold temperature may be beneficial. It 

was observed that during this two-stage combustion the relative frequency of super 

knock pre-ignition events was greatly elevated. 

 

Figure 106 - Two-stage heat release during incline take-off manoeuvres on 90 RON fuel with no end-gas auto-ignition 

This highlights an issue in real-world testing, whereby a prolonged idle followed by an 

aggressive drive would result in heavily elevated intake temperatures and a propensity 

for LSPI. To minimise the likelihood of an LSPI event the boost pressure must be reduced 

on initial take-off in order to allow the cooler ambient air sufficient time to reach the 

intake manifold, and for the vehicle speed to build and increase ambient airflow across 

the charge air cooler.  

During this two-stage heat release, the 50 % MFB condition is almost entirely unaffected 

by this pre-ignition phenomenon, resulting in an extended CA10-50 duration, which had 

previously been noted when running on diesel doped fuel. Looking at the mass fraction 

burned and rate of heat release during this event in Figure 107, two distinct stages of 
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combustion are clearly identified. The low-temperature heat release accounts for 

approx. 9-10 % of the total heat release.  

 

 

Figure 107 - MFB and RoHR for one engine cycle in each cylinder during incline acceleration on 87 RON 

The cause of the two-stage heat release can be explained by looking at the explosion 

limits of hydrocarbon-air mixture, as presented in Figure 108. Combustion proceeds in 

two phases; slow combustion, whereby the amount of thermal energy released via 

chemical reaction is lower than the amount of energy dissipated to the surroundings, 

and explosion, whereby the thermal energy released is greater than the dissipated 

energy. During an explosion, the rate of combustion accelerates until all of the air-fuel 

mixture is combusted while in a slow combustion phase, combustion can decelerate 

until stopped entirely, known as quenching. From Figure 108 as TDC is approached and 

pressure rises a pre-ignition causes the combustion to enter the explosion phase at T2. 

However, as the pressure drops after TDC, the mixture temperature increases, due to 

combustion, to a point at approximately T3. It is not until the spark ignites the fuel at 

34 °CA that the remaining mixture begins to combust. It should be noted that Figure 108 

0%

20%

40%

60%

80%

100%
M

as
s 

Fr
ac

ti
o

n
 B

u
rn

ed
 [%

]

0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90

R
at

e 
o

f 
H

ea
t 

R
el

ea
se

 [J
/°

C
A

]

Crank Angle [°ATDC]

Ignition Timing 



CHAPTER 8. Discussion on Encountered Abnormal Combustion Events and Conclusions
 171 

 
 

has been captured with ideal conditions within a pressure vessel, and so other more 

complex factors present within an engine have been omitted.  

 

Figure 108 - Explosion limits for a hydrocarbon-air mixture (Osborne, 2010) 

When operating in this two-stage heat release region, the likelihood of LSPI events was 

extremely high. With load restrictions removed on the engine control, repeatable LSPI 

events were achieved during runs with 90 and 87 RON fuels. Figure 109 shows the cycles 

leading up to, and following on from, an LSPI event during an incline acceleration test 

with 87 RON fuel. The pressure trace highlights that there is an early combustion event 

during the preceding cycles (N-1, N-2), leading to an LSPI event (N). The initial pre-

ignition for all three cycles (N-2, N-1 and N) occurs at the same crank angle. In the 

subsequent cycle (N+1), fuel enrichment occurs (λ = 0.77), immediately stopping the 

heat release occurrence at TDC. This demonstrates that the initiation mechanism for the 

LSPI is in part due to the two-stage heat release while also highlighting the effectiveness 

of fuel enrichment as a mechanism for preventing further events.  
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Figure 109 - Cycles before and after an LSPI during two-stage heat release, during incline acceleration on 87 RON 

When analysing the vehicle testing data, it was noted that after a gear change, this two-

stage heat release was sometimes observed, potentially leading to the frequent LSPI 

events. It can be seen in Figure 110, that immediately following the gear change, the 5 % 

MFB begins to occur before the ignition timing and operates at this condition for several 

seconds. During this period there are several heavy knocking events.   

 

Figure 110 - Two-stage heat release following a full-load gear change in the 1.2 L L3 vehicle on 87 RON fuel 
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 High Speed Events 

Several abnormal combustion phenomena have been encountered throughout the 

thesis at speeds higher than have typically been attributed to LSPI. This section will detail 

events that occurred at 4,000 rpm and above. Notably pre-ignition events greater than 

4,000 rpm have been encountered on the 22 bar 2.0 L L4, 25 bar 2.0 L L4 and 1.2 L L3 

engines.  

8.2.1 Extremely advanced pre-ignition  

During the durability testing carried out on the 25 bar 2.0 L L4  as outlined in Section 6.1, 

an extremely advanced pre-ignition phenomenon is encountered during the 4000 rpm 

cleaning cycle. It was observed that the engine was in very heavy knock for the first 12 

engine cycles during Event 1135, before pre-ignition began. In the following 37 cycles, 

the combustion was in a state of run-away hot-spot pre-ignition in Cylinders 2 and 3. 

Pre-ignition events continued through to Event 1140, resulting in a continuous state of 

pre-ignition for just under 2 minutes before the engine was eventually stopped.  

Of particular interest was that during this hot-spot pre-ignition state, knock amplitude 

became inversely proportional to the start of combustion, with the retarded auto-

ignition events exhibiting higher knock than the more advanced auto-ignition events as 

shown in Figure 111 and Figure 112.  
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Figure 111 - PV diagram of Event1136 Cycle 48 with SOC at -37 °CA °CA and knock amplitude of 23.8 bar 

 

Figure 112 - PV diagram of Event1136 Cycle 46 with SOC at -65 °CA, EOC at -30 °CA and no knock 

Considering the Heat Release of the cycles leading up to cycle 46 (Figure 113), it can be 

observed that after each heavy knock event the angle at which pre-ignition begins 

advances until there is no longer any knock. Once the knock stops in cycle 46, pre-

ignition once again begins to retard into heavy knock. It is this pattern which indicates 

that this is a self-sustaining surface hot spot pre-ignition. The 9 % Diesel doping would 

act to greatly reduce the required temperatures and pressures for auto-ignition, 

allowing the pre-ignition to advance to this stage where it has become effectively self-
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regulating, before reaching the critical temperatures that would melt the piston crown, 

spark plug and exhaust valves as is commonplace during hot-spot pre-ignitions. 

Additionally, running at 20 bar BMEP rather than full load would help keep the peak in-

cylinder pressures low enough to avoid buckling of the connecting rod.    

 

Figure 113 - Heat release during Event 1136 Cycles 42 – 46 showing transition from heavy-knock to no-knock with 
advancing pre-ignition timing  

An extremely advanced pre-ignition is a phenomenon that has been encountered on an 

engine which is not a primary part of this study. In this instance the engine was operating 

at normal conditions (4000 rpm, 90°C engine coolant, 25 °C intake manifold), and with 

pump grade E10 96 RON gasoline fuel. In this instance the extremely early combustion 

resulted in a peak pressure of 170 bar, well beyond the maximum design of the 

connecting rod resulting in an immediate buckling of the connecting rod and subsequent 

engine failure, as shown in Figure 114. This engine was turbo-charged with port fuel 

injection (PFI). As a result, the fuel is partially mixed before entering the combustion 

chamber, which increases the likelihood of ignition sources triggering LSPI. 
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Figure 114 - Pressure trace during PFI engine failure from LSPI (a), with PV diagram of failure cycle (b) 

Unlike the sequence of events captured on the 25 bar 2.0 L L4 engine, where the engine 

gradually went into run-away pre-ignition, there are no indications of the extremely 

advanced pre-ignition leading up the event. No conclusive theories have been 

developed to explain this advanced pre-ignition. In-cylinder pressure was less than 10 

bar when the auto-ignition occurred, ruling out gaseous and liquid phase auto-ignition 

sources. A hot spot or glowing deposit are potential explanations; however, it has 

already been shown previously that for a run-away pre-ignition caused by an internal 

hot spot, several engine cycles under heavy knock are required for the hot-spot to 

develop. As such the likely cause of failure was a glowing deposit in the intake manifold, 

caused by backflow from the cylinder, allowing the creation of an ignition kernel and 

subsequent deflagration when the air-fuel mixture was lightly compressed.   
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8.2.2 Advanced pre-ignition from exhaust valve lift  

An extremely early pre-ignition phenomenon was encountered on the 1.2 L L3 engine 

on the testbed, during a deceleration from 6,000 rpm on 90 RON fuel. A high intake 

manifold temperature of 80 °C resulted in an over-enrichment, retarded combustion 

and partial misfire events. Four pre-ignition events in quick succession were 

encountered on Cylinder 1 followed by a single event in Cylinder 3, as shown in Figure 

115.  

 

 

Figure 115 - Pre-ignition events captured at 5400 rpm on 90 RON fuel 

Each pre-ignition event was preceded by a retarded combustion event resulting in a very 

high pressure during the exhaust stroke. With the high exhaust pressures occurring in 

Cyl 3 at the same time the piston in Cyl 1 is at bottom dead centre (BDC), shown in Figure 

116, this large pressure differential between the exhaust manifold and combustion 

chamber is believed to result in the exhaust valve re-opening as evidenced by a rise in 

pressure indicating gas transfer from the exhaust into the chamber, and resultant 

vibrations from the exhaust valve reseating. This is a phenomenon which has been 

lightly touched on by (Lee et al., 2015).  
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Figure 116 - Signs of exhaust lift caused by high exhaust pressure preceding a PI event with super knock 

8.2.3 Extreme knock 

Another abnormal combustion event which has sometimes been confused with LSPI, is 

the phenomenon of Extreme Knock. Mentioned by (Dahnz and Spicher, 2010), extreme 

knock is a sporadic high intensity knocking event whereby an advance in ignition timing 

results in an uncharacteristically steep increase in knock amplitude. What should be 

noted is that combustion is still initiated and therefore controlled by ignition timing; it 

is not a pre-ignition event. This phenomenon has been observed during the durability 

testing in Chapter 6 and frequently during vehicle testing conducted in Chapter 7. 

Commonalities include operating on very low RON fuels, and during periods of high 

intake manifold and coolant temperatures. Of note, engine coolant temperatures in 

excess of 115 °C were found to result in a sharp increase in extreme knock events and 

as such it was determined to be beneficial to limit available torque under these 

conditions.  

As combustion is still initiated by the spark plug, retarding the ignition timing is an 

adequate response in preventing further events. While retarding the ignition has been 

reported in the literature to increase LSPI occurrence (Vangraefschepe and Zaccardi, 

2007), due to the likelihood of misdetection of extreme knock events as LSPI based on 

the very high knock amplitudes, the first EMS response should include ignition retard as 

well as fuel enrichment.  
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 Observation in the Cases of Multi-Cylinder Events 

In the multi-cylinder engines tested, it was widely found that an LSPI event in one 

cylinder, was frequently closely followed by an event in another cylinder. Work carried 

out on the 25 bar 2.0 L L4 engine found that the likelihood of this occurrence was 

increased for the cylinders adjacent to that containing the initial event. In the literature, 

this phenomenon was investigated by (Mansfield, Chapman and Briscoe, 2016) who 

suspected it was due to an exchange of gasses in the exhaust manifold between 

cylinders, increasing the quantity of residuals in the next cylinder’s exhaust stroke. While 

this has been noted as occurring to some degree in the 1.2 L L3 engine, the key 

mechanism in this instance was due to rich misfire conditions resulting in excessive 

combustion in the exhaust manifold, thereby increasing exhaust pressures beyond 8 bar 

and forcing open the exhaust valves in a neighbouring cylinder. This same issue has been 

raised by (Lee et al., 2015), who similarly found that having too high an exhaust back-

pressure, resulted in exhaust valves re-opening at high speeds and causing pre-ignition 

events.  

8.3.1 Mechanical vibrations: Multi-cylinder events in the 3.0 L V6  

The testbed setup for the 3.0 L V6 engine included a crank-angle resolution pressure 

transducer in both intake and exhaust manifolds, allowing an investigation into the 

potential cylinder-to-cylinder impact from an LSPI event. As mentioned by (Mansfield, 

Chapman and Briscoe, 2016) the suspected mechanism for events in multiple cylinders 

is due to an exchange in the exhaust manifold between cylinders.  

From the parametric testing a clear vibration was noted in the intake manifold 

immediately after large LSPI events. Due to this occurring concurrently with the super 

knock, with no signs of the intake valve re-opening, it was deemed to be due to the 

mechanical vibration through the engine and not due to gas transfer. No similar 

vibration or pressure abnormality was detected in the exhaust manifold, even during 

the exhaust stroke after an LSPI event. There is a small reduction in peak exhaust 

pressure following an LSPI event, however, this is due to the early combustion resulting 
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in a lower in-cylinder pressure when the exhaust valve opens rather than abnormal 

pressure fluctuations in the exhaust.   

Of key importance is the finding that an LSPI event in both cylinder 5 and cylinder 6 was 

encountered as shown in Figure 117. As cylinders 5 and 6 are on opposite banks of the 

engine and do not share an exhaust manifold, an exchange in the exhaust manifold as 

the cause of this event is not possible. Therefore, at least one other mechanism must 

exist.  

 

Figure 117 - LSPI event in Cyl 5 + 6 during 30° advanced injection 

The occurrence of heavy mechanical vibrations as measured in the intake manifold is 

interesting, as this provides an opportunity for any built-up oil and deposits within the 

manifold to be physically shaken loose and released into the cylinders. 

8.3.2 Mechanical vibrations: Multi-cylinder events in 1.2 L L3 engine  

Within the 1.2 L L3 engine events across multiple cylinders sequentially were a frequent 

occurrence, particularly during heavy LSPI events. At high speeds, as previously 

discussed, the higher exhaust manifold pressures can be a leading mechanism, however, 
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this does not explain multiple events at lower speeds. Sequential events that occur in 

the neighbouring cylinder cannot be explained through interactions between cylinders 

via the intake and exhaust manifolds as in these cases, the intake and exhaust valve will 

be closed in at least one chamber. An example is shown in Figure 118, whereby two LSPI 

events occur in separate cylinders in close succession. The relatively low exhaust 

pressure after the event in Cylinder 2, combined with the lower engine speed of 3000 

rpm rule out the possibility of exhaust valve lift in this instance, and the intake valve of 

Cylinder 2 has not opened in the time between LSPI events. The highly retarded 

combustion in Cylinder 3 is an impact of running at elevated temperatures on 87 RON 

fuel.   

 

Figure 118 - LSPI event in Cylinder 2, followed immediately by LSPI event in Cylinder 1 on 87 RON fuel 

Of particular interest during this event is that the LSPI event in Cylinder 2 results in a 

large vibration that can be observed in the pressure trace in Cylinder 1 and to a lesser 

degree in Cylinder 3. This is a feature that was common across the testing in the 25 bar 

2.0 L L4 engine, whereby during some of the larger LSPI events, the vibration amplitudes 

captured in the neighbouring cylinders at times were in excess of 5 bar. This heavy 

vibration, which is also picked up in the intake manifold as observed on the 3.0 L V6 

engine, could act as a means of shaking loose deposits or built up oil droplets within the 

intake manifold or in the combustion chamber, leading to the initiation of an LSPI event.  

In
-c

yl
in

de
r 

Pr
es

su
re

 [
b

ar
] 

Crank Angle [deg] 

          Cylinder 1 
          Cylinder 2 
          Cylinder 3 



CHAPTER 8. Discussion on Encountered Abnormal Combustion Events and Conclusions
 182 

 
 

8.3.3 Durability: Multi-cylinder events in 25 bar 2.0 L L4 engine 

The durability testing conducted in Section 6.1 highlighted that sets of LSPI events 

occurring across multiple cylinders was extremely common. This is presented below in 

Figure 119, highlighting that a large proportion of the captured sets of LSPI (47.1 %) 

occurred on multiple cylinders or sequentially within a single cylinder. This data is 

further presented in Table 40 showing a more detailed breakdown of events and sets. 

For this table the nomenclature detailed in Section 2.2 is used, whereby a single LSPI 

cycle is called an ‘event’, while multiple LSPI events captured sequentially or across 

multiple cylinders at once is called a ‘set’. The rate of occurrence is compared for file 

sets that exhibited events that occurred in a single cylinder or within multiple cylinders, 

or single cylinders multiple times.  

 

Figure 119 - Event frequency in a single and multiple cylinders in the 25 bar 2.0 L L4 engine (Figure 68 re-presented) 

Table 40 - Breakdown of LSPI events into single one-off events, sets of events across multiple cylinders and sets of 
events within one cylinder 

Type 
LSPI events 

% of  
total events 

LSPI sets 
% of  

total sets 

One-off events 467 26.1 467 52.9 
Events in multiple 
cylinders 

1047 58.6 292 33.1 

Multiple events in one 
cylinder (sequential) 

274 15.3 124 14.0 

Total 1788 100 883 100 
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The results show that there was a not a single, multi-cylinder event in a test, yet there 

were far more cases of 2, 3, 4 and 5 events of multi-cylinder occurrences compared to 

single events. This suggest that there was a significant role of cross talk between 

cylinders that initiated LSPI events.  It should be noted that while there are many events, 

these were captured on one type of engine undergoing a specific test programme. 

Potential mechanisms for this behaviour are related to oil / deposits released from 

upstream in the intake manifold or mechanical (knock induced) vibrations releasing oil 

/ deposits in neighbouring cylinders, intake runner, manifold or port and valves. 

 Summary of abnormal combustion phenomena 

All low-speed pre-ignition events and subsequent abnormal combustion events 

captured throughout this work fall into the following categories: events captured at low 

speed (<4000 rpm) due to the aforementioned causes (deposits, oil droplets, high 

temperatures), events captured at high speeds (>4000 rpm) either due to hot-spot pre-

ignition or as a result of external influence e.g. exhaust valve lift, and the two-stage heat 

release phenomenon, which while still a pre-ignition event, exhibits properties very 

different to both LSPI and HSPI. The outcomes of these studies are summarised in the 

infographics below in Figure 120. LSPI / HSPI events will frequently result in end-gas 

auto-ignition due to the earlier ignition timings, although this is not guaranteed in all 

instances. The resultant intensity of the knock amplitude is based upon the amount of 

unburnt fuel in the chamber when end-gas auto-ignition occurs. As has been reported, 

lower RON fuels will frequently exhibit higher knock amplitudes for the same pre-

ignition timing due to their lower resistance to auto-ignition. The knock intensities of an 

end-gas auto-ignition will fall into the three categories of light knock, heavy knock and 

extreme / super knock as outlined in Section 2.2. All pre-ignition events will either end 

up with or without end-gas auto-ignition, while extreme knock can occur with or without 

a pre-ignition event. 
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Figure 120 - Breakdown of initial onset mechanisms, end-gas auto-ignition and subsequent events for LSPI and HSPI 
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 Summary of Conclusions 

The work conducted in this thesis is believed by the author to be one of the largest single 

studies undertaken of LSPI phenomena to date. This study aimed to provide further 

evidence towards the following research questions: 

1. What is the underlying cause of LSPI in GTDI engines? 

The three main hypotheses for the initiation of LSPI (an oil droplet, a deposit or a 

localised region of hot gas) have been observed to play a role during the extensive 

testing carried out in this work, across a wide range of conditions and engines. Oil 

droplets and deposits were the most frequent cause on the testbed but during the hot 

ambient vehicle testing, it was observed that highly elevated intake manifold and engine 

coolant temperatures can also lead to LSPI. 

2. How can the detection of LSPI on an engine testbed be improved? 

3. How can LSPI detection and mitigation strategies be validated during engine 

development?  

The utilisation of in-cylinder pressure transducers is one of the most reliable means of 

measuring LSPI events. New methods for determining a pre-ignition event have been 

proposed and validated for a range of activities including steady-state and highly 

transient testing. A new test procedure has been methodically devised, highlighting the 

different steps required for the calibration and validation of an LSPI detection system 

through the utilisation of a typical knock sensor.  

4. How can LSPI be successfully detected off testbed and further events mitigated? 

Vehicle testing has been conducted on three individual vehicles fitted with in-cylinder 

pressure transducers.  Active and reactive mitigation strategies have been developed, 

including the use of injection strategies, boost reduction, VVT timing and in-cylinder fuel 

enrichment. Due to the prevalence of subsequent LSPI events across multiple cylinders, 

reactive mitigation strategies are to be applied globally across all cylinders. A new 

fishbone diagram was devised to map the test validation process.  
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5. How can LSPI be quantified on an engine and in vehicle? 

A summary of LSPI and abnormal combustion phenomena is proposed based upon the 

findings of this study for the pre-ignition cases less than and greater than 4000 rpm (LSPI, 

HSPI), for the cases of end gas auto-ignition and for the pre-ignition cases of single 

cylinder and multi-cylinder events. This summary, along with the novel test procedures 

developed and calibration, validation, detection and mitigation strategies, can be readily 

employed by automotive combustion engineers in further research and development 

programmes.  

 Recommendations for Future Work 

Repeat testing has been carried out based upon the work of (Kocsis, Briggs and 

Anderson, 2017) . This testing has shown good correlation in terms of back-to-back 

reproducibility at the same conditions. Due to the different mechanisms responsible for 

LSPI initiation, the author believes a wider suite of tests is required to fully understand 

the circumstances under which LSPI occurs. Additions to this test process would include 

tests aimed specifically at drawing oil into the combustion chamber, purposefully 

building up deposits both internally and externally of the combustion chamber, and 

operating at elevated temperatures, at the limits expected to encounter pre-ignition in 

real-life worst case scenarios. 

Further analysis of the events captured in-vehicle would be of great benefit, as these 

events are captured during normal operating conditions and better represent the types 

of events and manoeuvres that would be captured in actual road vehicles. Of particular 

interest would be the in-cylinder conditions immediately following a short period of 

injector cut, where a higher frequency of LSPI events in vehicle were captured.  

Further correlation is required between a prototype engine on the testbed and the 

engine while in a vehicle. Specific scenarios have been encountered in vehicle which 

cannot be or are difficult to recreate on the testbed. Additionally, several tests on the 

engine testbed are not typically encountered in vehicle including long duration running 



CHAPTER 8. Discussion on Encountered Abnormal Combustion Events and Conclusions
 187 

 
 

at low speeds and high torques. A more representative test is required on the testbed 

for vehicle correlation.  

It has been identified that an LSPI event in one cylinder can result in further LSPI events 

in other cylinders, and a hypothesis has been developed regarding its underlying 

mechanism based upon mechanical vibration. Further testing would be beneficial to 

assess the validity of this hypothesis and to better understand other potential 

mechanisms. This can include optical access to determine ingress of oil or deposits from 

the intake manifold during vibrations.  
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Appendix A – Testbed Instrumentation 

and Key Sensor Data 
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Appendix B – Kistler Specification Sheets 

Kistler Piezoelectric Pressure Sensor Type 6125C: 
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Kistler M12x1.25 Measuring Spark Plug Type 6115B/C: 
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Kistler M8 water-cooled Piezoelectric Pressure Sensor Type 6041B: 
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Appendix C – Engine Characteristics and 

Monitoring Hardware 

 

3.0 L V6  
Configuration V 6-Cyl (60°), pent-roof  

Displacement 3.0 L 

Compression Ratio 9.8:1 

BMEP 22.3 bar from 1600 rpm 

Power 280 kW 

Valvetrain 4-Valve / cylinder 

Dual VVT 

Fuel System Central DI 

Induction Twin turbocharger 

 

Key testbed hardware contained: 

- AVL IndiSet 

o Ignition (Cyl 1) 

o Injection (Cyl 1) 

o Crank angle position encoder 

o In-cylinder pressure (Cyl 1-6) 

o Intake manifold pressure – air box  

o Exhaust manifold pressure (left and right bank) 

o Exhaust pressure post turbine (left and right bank) 

- Horiba STARS 

o P&E Spec Instrumentation 

- ETAS ES1000 

o ECU variables and engine sensors recorded in INCA ETAS 
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25 bar 2.0 L L4 
Configuration Inline 4-Cyl, pent-roof  

Displacement 2.0 L 

Compression Ratio 9.5:1 

BMEP 25.1 bar from 1500 rpm 

Power 220 kW 

Valvetrain 4-Valve / cylinder 

Dual VVT 

VVL 

Fuel System Central DI 

Induction Single twin-scroll turbocharger 

 

Key testbed hardware contained: 

- A&D Phoenix AM/RT 

o Ignition (Cyl 1) 

o Injection (Cyl 1) 

o Crank angle position encoder 

o In-cylinder pressure (Cyl 1–4) 

- Horiba STARS 

o P&E spec instrumentation 

o Snapshot log taken of all sensors at the end of each test-point 

- ETAS ES1000 

o ECU variables and engine sensors recorded in INCA ETAS 
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22 bar 2.0 L L4  
Configuration Inline 4-Cyl, pent-roof  

Displacement 2.0 L 

Compression Ratio 9.8:1 

BMEP 22 bar from 1200 rpm 

Power 155 kW at 5500 rpm 

Valvetrain 4-Valve / cylinder 

Dual Variable Valve Timing (VVT) 

Fuel System Central DI 

Induction Single turbocharger 

 

Key testbed hardware contained: 

- Horiba STARS – logged at 10 Hz  

o P&E Spec Instrumentation 

o Thermocouple spark plugs 

- DEWESoft DEWE 43-A 

o Ignition (Cyl 1) 

o Injection (Cyl 1 & 4) 

o Crank angle position encoder 

o In-cylinder pressures (Cyl 1–4) 

- CANalyzer – logged at 1Hz  
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Ricardo Hydra single cylinder 
Configuration 1-Cyl, pent-roof  

Bore 84 mm 

Stroke 90 mm 

Displacement 0.5 L 

Compression Ratio 10.2:1 

BMEP 25 bar  

Valvetrain 4-Valve / cylinder  

Dual VVT 

Fuel System Central DI 

Induction Supplied boost air 

 

Key testbed hardware contained: 

- A&D Phoenix AM/RT 

o Ignition  

o Injection  

o Crank angle position encoder 

o In-cylinder pressure 

o Intake and Exhaust cam position 

o Fuel rail pressure 

o Torque flange 

- Horiba STARS 

o P&E Spec Instrumentation 

 

  



Appendices 201 

 
 

 

1.5 L L3 

Configuration Inline 3-Cyl, pent-roof  

Displacement 1.5 L 

Compression Ratio 11:1 

BMEP 18.4 bar from 1250 rpm 

Power 100 kW at 4400 rpm 

Valvetrain 4-Valve / cylinder 

Dual VVT  

Variable Valve Lift (VVL) 

Fuel System Central DI 

Induction Single turbocharger 

 

Key testbed hardware contained: 

- Horiba STARS – logged at 10 Hz 

o P&E Spec Instrumentation 

- A&D Phoenix AM/RT 

o Ignition (Cyl 1) 

o Injection (Cyl 1) 

o Crank angle position encoder 

o In-cylinder pressure (Cyl 1) 

o Intake VVT angle 

o Intake VVL height 

- CANalyzer – logged at 0.8 Hz 
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1.2 L L3 
Configuration Inline 3-Cyl, Pent-Roof  

Displacement 1.2 L 

Compression Ratio 9.4–9.8:1 

BMEP 25.1 bar from 1250 rpm 

Power 115 kW 

Valvetrain 4-Valve / cylinder  

Dual VVT 

Fuel System Central DI 

Induction Single turbocharger 

 

Key testbed hardware contained: 

- A&D Phoenix AM/RT –  

o Pressure Transducers – Cylinders 1-3  

o Spark timing – Cylinder 1  

o Injection timing – Cylinder 1 

o Intake manifold pressure – engine dependant 

o Exhaust manifold pressure – engine dependant 

- Horiba STARS 

o P&E Spec Instrumentation 

- ETAS ES1000/ES592 

o ECU variables and engine sensors recorded in ETAS INCA 

 

Key vehicle hardware contained:  

- Kistler KiBox 

o Flush mounted pressure transducers (Vehicle A) 

o Spark plug pressure transducers (Vehicle A, B and C) 

o Crank angle recorded from engines in-built flywheel sensor. The 

thermodynamic loss angle as measured on the testbed has been applied 

to find the true TDC 

- ETAS ES1000/ES592 
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o ECU and Transmission Control Unit (TCU) variables and engine sensors 

recorded in ETAS INCA 

- ETAS ES650/620 Thermo and A/D module 

o Recreation of Testbed P&E Spec Instrumentation in vehicle, including 

thermocouples and pressure transducers in vehicle intake and exhaust 

- ETAS ES631 LA4 Lambda module 

o UEGO Lambda sensors at engine out and catalyst out  
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Appendix D – Parametric Testing Results 

 

1 + 2 0 0 0

3 + 4 1 8 8

5 + 6 0 0 0

1 + 2 0 0 0

3 + 4 1 10 10

5 + 6 0 3 3

Total 2 21 21

1 + 2 0 1 1

3 + 4 4 16 16

5 + 6 0 4 4

1 + 2 0 3 3

3 + 4 2 36 36 31 sets of LSPI

5 + 6 0 1 1

Total 6 61 61

1 + 2 0 3 3

3 + 4 3 4 4

5 + 6 0 0 0

1 + 2 0 0 0

3 + 4 4 9 9

5 + 6 0 1 1

Total 7 17 17

1 + 2 0 1 1

3 + 4 8 8 9 4 sets of LSPI

5 + 6 0 0 0

1 + 2 0 1 1

3 + 4 3 11 11

5 + 6 3 4 5 4 sets of LSPI

Total 14 25 27

1 + 2 1 1 1

3 + 4 6 6 9

5 + 6 0 0 0

1 + 2 0 0 0

3 + 4 1 5 5

5 + 6 0 1 1

Total 8 13 16

1 + 2 0 0 0

3 + 4 1 2 2

5 + 6 1 2 2

1 + 2 1 7 7

3 + 4 0 23 23 22 sets of LSPI

5 + 6 0 1 1

Total 3 35 35

1 + 2 0 1 1

3 + 4 0 19 19

5 + 6 0 3 3

1 + 2 0 1 1

3 + 4 0 20 20

5 + 6 0 1 1

Total 0 45 45

1 + 2 3 4 5

3 + 4 1 3 3

5 + 6 5 4 6

1 + 2 6 5 6

3 + 4 1 5 5

5 + 6 5 8 9

Total 21 29 34

1 + 2 4 13 15

3 + 4 0 15 15

5 + 6 11 27 28

Total 15 55 58

1 + 2 0 4 4

3 + 4 2 21 21

5 + 6 0 1 1

1 + 2 0 4 4

3 + 4 2 26 28

5 + 6 0 4 4

Total 4 60 62

Grand Total 75 361 376

5 EGR

1

2

2

Inj +30°

1

2

0 EGR 1

50hr Oil

1

2

Split Inj

1

2

100° EOT 

ECT

1

Inj -30°

1

2

PCJ Off

1

2

PCV On

1

2

NotesTest Test # Segment

Baseline

1

2

Total Events 

MFB or PMax

LSPI events 

meeting 5 % MFB 

criteria

LSPI events 

meeting peak 

pressure criteria
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Sorted by cylinder number: 

 

 

 

  

Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 Cyl 6 Total Cyl 1 Cyl 2 Cyl 3 Cyl 4 Cyl 5 Cyl 6 Total

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 + 4 0 0 0 1 0 0 1 2 0 2 3 0 1 8

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 + 4 1 0 0 0 0 0 1 3 1 1 2 1 2 10

5 + 6 0 0 0 0 0 0 0 0 2 0 1 0 0 3

1 + 2 0 0 0 0 0 0 0 0 1 0 0 0 0 1

3 + 4 1 0 1 1 1 0 4 2 3 1 2 3 5 16

5 + 6 0 0 0 0 0 0 0 0 1 0 1 0 2 4

1 + 2 0 0 0 0 0 0 0 0 1 0 1 0 1 3

3 + 4 0 1 1 0 0 0 2 5 5 5 14 4 3 36

5 + 6 0 0 0 0 0 0 0 0 1 0 0 0 0 1

1 + 2 0 0 0 0 0 0 0 0 1 0 2 0 0 3

3 + 4 0 0 1 0 2 0 3 0 1 1 0 2 0 4

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 + 4 0 1 1 1 1 0 4 0 1 1 2 3 2 9

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 1 1

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1

3 + 4 1 0 0 0 1 6 8 2 0 0 0 1 5 8

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1

3 + 4 1 0 1 0 1 0 3 1 3 2 0 2 3 11

5 + 6 0 0 3 0 0 0 3 0 0 2 1 1 0 4

1 + 2 0 0 0 0 1 0 1 0 0 0 0 1 0 1

3 + 4 2 0 2 1 1 0 6 0 2 3 1 0 0 6

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 + 4 0 0 0 1 0 0 1 1 1 0 1 0 2 5

5 + 6 0 0 0 0 0 0 0 0 0 0 0 1 0 1

1 + 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 + 4 0 0 1 0 0 0 1 0 1 1 0 0 0 2

5 + 6 1 0 0 0 0 0 1 2 0 0 0 0 0 2

1 + 2 0 0 0 0 1 0 1 0 0 1 1 2 3 7

3 + 4 0 0 0 0 0 0 0 0 9 3 8 3 0 23

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 1 1

1 + 2 0 0 0 0 0 0 0 0 0 1 0 0 0 1

3 + 4 0 0 0 0 0 0 0 2 5 2 4 0 6 19

5 + 6 0 0 0 0 0 0 0 0 3 0 0 0 0 3

1 + 2 0 0 0 0 0 0 0 0 0 1 0 0 0 1

3 + 4 0 0 0 0 0 0 0 1 5 6 4 0 4 20

5 + 6 0 0 0 0 0 0 0 0 1 0 0 0 0 1

1 + 2 0 0 0 0 3 0 3 0 0 0 0 4 0 4

3 + 4 0 0 0 0 1 0 1 0 0 1 0 1 1 3

5 + 6 0 0 2 1 1 1 5 0 1 1 1 0 1 4

1 + 2 3 0 1 0 2 0 6 3 0 1 0 1 0 5

3 + 4 0 0 1 0 0 0 1 2 0 1 1 0 1 5

5 + 6 2 1 1 0 0 1 5 2 1 1 0 4 0 8

1 + 2 0 0 1 1 1 1 4 0 4 0 2 2 5 13

3 + 4 0 0 0 0 0 0 0 1 4 0 2 0 8 15

5 + 6 3 3 1 0 1 3 11 3 9 2 2 2 9 27

1 + 2 0 0 0 0 0 0 0 0 3 0 0 0 1 4

3 + 4 0 0 1 0 1 0 2 2 5 5 2 3 4 21

5 + 6 0 0 0 0 0 0 0 0 0 0 0 0 1 1

1 + 2 0 0 0 0 0 0 0 0 0 3 0 1 0 4

3 + 4 1 0 0 0 1 0 2 3 4 3 7 3 6 26

5 + 6 0 0 0 0 0 0 0 0 2 1 0 0 1 4

Total 16 6 19 7 20 12 80 37 81 52 65 45 81 361

5 EGR

0 EGR

50hr Oil

PCJ Off

PCV On

Inj +30°

Inj -30°

Split Inj

100° EOT ECT

2

1

2

1

1

2

2

1

2

1

2

1

2

1

2

1

2

1

LSPI events meeting 5 % MFB criteria LSPI events meeting peak pressure criteria
Test Test # Segment

1

Baseline
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Appendix E – Fuel Specifications 

98 RON E10 ‘Euro 6’: 
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95 RON E10 Reference fuel: 

  



Appendices 208 

 
 

90 RON E0 Reference fuel: 
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87 RON E0 Reference fuel: 

 

 


