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Abstract

Abnormal combustion has been a significant problem for engine manufacturers and

owners for the last century. This has taken several forms, aggressive normal knock,

pre-ignition and mega-knock. It has had severe impacts throughout engine develop-

ment programmes and in production, impacting timing, cost and warranty. Abnormal

combustion continues to be a problem in world markets, with potential risks to future

engines due to in-market exposure to ‘bad fuels’, varying lubricant properties, ambient

conditions and driving style. Researchers have made significant steps in the under-

standing of the causal mechanisms surrounding abnormal combustion. Detection con-

trols have been implemented in the form of dedicated test cycles. There has also been

research regarding the role of the lubricant, in particular detergent packs containing

alkaline metallic compounds. However there are still significant gaps in the knowledge.

One such gap identified was ‘why does calcium promote abnormal combustion, whilst

magnesium doesn’t?’. This thesis presents the findings of investigations relating to the

impact of specific fuel and lubricant properties. A cold driven shock tube was used to

visualise interactions between metal oxide (calcium and magnesium) powers and (car-

bon dioxide, nitrogen and argon) gasses. Results suggest a new mechanism for Low

Speed Pre-Ignition (LSPI) via a previously unseen reaction between CaO and N2. It was

noted that typical end of compression temperature would be insufficient to provoke

the observed response, suggesting a contributory factor from internal residual gasses.

Fuel and lubricant from the top land crevice volume of a single cylinder gasoline engine

were collected and analysed to establish an understanding of the in-service composition

of the top land crevice material. This study included the use of advanced diagnostic

techniques (Petroleomics) carried out in collaboration researchers at the University of

Warwick. The results indicate the presence of new chemical compounds present in the

top land crevice not present in the new fuel and oil. Multi-cylinder engine testing of

LSPI promoting fuels, with the addition of Methylcyclopentadienyl Manganese Tricar-

bonyl, with a lubricant containing calcium detergent was also conducted to determine

the abnormal combustion characteristics. The results show previously unseen levels of

abnormal combustion, so severe that it led to terminal engine damage not previously



seen in the public domain.
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Chapter 1

Introduction, Drivers for Change, and Thesis

Structure

1.1 Introduction

The available propulsion options for transportation, particularly personal transportation, have

increased significantly in recent years. In amarket previously dominated by the internal combustion

engine (ICE), the most significant change has been an increase in the level of vehicle electrification.

This started with the introduction of micro hybrids e.g. vehicles with a basic stop-start features

and this has increased significantly to include: (1) Mild hybrids – an ICE vehicle that utilises a belt

driven or crank integrated starter/generator that can enable regenerative braking, coasting or stop-

on-the-move strategies, (2) Plug-in Hybrid Electric Vehicles – a vehicle capable of being driven in a

full electric drive mode for a certain range, but where an integrated ICE is also available to drive the

vehicle for the majority of operation, and (3) Battery Electric Vehicles (BEV) – whereby the vehicle

consists of battery pack and motor as the only means of propulsion, this is charged via a cable,

but there are no alternative drive or charging options on the vehicle. So-called ’range extenders’

offer a solution to increase the range of a BEV, with the addition of a small ICE powered generator,

however the inclusion of a combustion engine is currently unpopular due to the creation of tailpipe

emissions [1]. The UK and Europe have sought to ‘lead the way’ in clean transportation creating

new legislation banning the internal combustion engine, potentially as soon as 2030 [2]. The ICE is

however not the problem as any harmful emissions and generation of carbon dioxide are the result
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of the fuel burned. Whilst auto makers have supported the transition to electrification, and there

was an initial surge in sales of BEV’s in recent years by early adopters, this has levelled off due

to the day to day usage experience, lack of available charging infrastructure, availability of green

electricity and issues with the resale value of the vehicle. For ICE powered vehicles the mileage and

service history provided the next owner of a used vehicle with an indication of its health. Whilst

not perfect, it has been satisfactory for many years. In contrast, it is not yet possible to gauge the

health of the BEV battery, as this is a function of driving style, ambient operating conditions and

the number of fast charges [3]. Globally, the drive for change has been slower and factors such as

energy security, for example due to war, have overtaken the potential environmental crisis of global

warming. This has led to more strategic thinking regarding the availability of ‘green’ alternatives

to an ’electrification only’ solution, and consideration of the availability of local energy sources that

can be used to produce carbon neutral fuels. Although there are niche markets, such as Brazil for

example, whereby alternative liquid fuels (primarily ethanol) are available to the consumer, and

gaseous fuels have been around for a number of years on fuel station forecourts, the majority of

ICE’s in use today use conventional fossil fuels (gasoline and diesel). Unfortunately, whilst being the

most versatile and efficient choice, diesel fuel used in the compression ignition engine has unfairly

fallen out of favour as it is perceived as the most ‘dirty’ form of propulsion due to higher NOx and

soot emissions, despite meeting the legal homologation limits specified by legislators. The added

cost of the battery and motor made hybridisation uneconomical for diesel engine vehicles due to

the high initial cost of the engine and complex after-treatment system, therefore the spark ignited

engine was the obvious choice. Additionally, whilst some alternative fuels (natural gas, hydrogen

and alcohols), can be ignited by a diesel pilot injection which requires a secondary fuel storage and

injection system, they more readily lend themselves to ignition via a spark. This has led to renewed

interest in spark ignited (SI) engines [3].

1.2 Drivers for change

Despite over a century of development, there remains more that can be done to improve the base

SI engine. Over the years steady progress has been made – mostly through the availability of new

technology, materials or manufacturing processes. The three main areas that have driven, and that
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continue to drive, the development of ICE technology are as follows; (1) emissions legislation, (2)

customer demand for increased specific performance, and (3) CO2 reduction.

(1) Emissions legislation: Figure 1.1 illustrates the reductions in emissions legislative limits since

the introduction of EU1 in 1992. It can be seen that the limits for hydrocarbons (HC) and oxides

of nitrogen (NOx) have reduced by 95 percent from EU1 to EU6. As the legislative limits have

reduced, the test cycle and boundary conditions have become tougher with the introduction of

real-world driving emissions (RDE) meaning that driver aggressiveness, payload, altitude and

ambient temperature are included, in conjunction with vehicle mounted real-time measurements.

EU7, due to be enacted in 2025, seeks to align emissions limits for both gasoline and diesel fuelled

vehicles. Test boundary conditions are to become more challenging, extended to lower engine

starting temperatures and more aggressive driving. This emission standard is the first to consider

non-fuel related particle emissions from tyres and brakes. The intention is to include battery electric

vehicles (BEV’s) which tend to have higher mass than their ICE equivalent vehicle, which can

result in higher particle emissions from tyres, but potential reductions from brakes if regenerative

braking is optimised [4] [5]. Battery durability will also be included to help customers evaluate the

condition of the vehicle for used BEV’s [6].

Figure 1.1: The evolution of gaseous EU emission limits, adapted from [7]

(2) Customer demand for increased specific performance: Specific power (Ps) [kW/l] is the brake
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power (Pb) [kW] that the engine can generate divided by the displacement of the engine (Vd) [l].

Pb = 2πNT × 10−3
(1.1)

Where Pb is the brake power [kW], N is the rotational speed [rev/s] of the engine and T [Nm] is

the torque.

Vd = n× π

4
B2L (1.2)

Where n is the number of engine cylinders, Vd is the volume displaced by the engine [l], B is the

bore diameter [m] and L [m] is the length of the stroke.

Ps =
Pb

Vd

(1.3)

Gasoline engines can be split into two groups; naturally aspirated, which breathe air directly at

atmospheric pressure; and pressure charged, which increases the density of the air by some form

of compressor. It can be seen from Figure 1.2 that the specific performance of naturally aspirated

engines is approximately 60 - 70 kW/l and 60 - 140 kW/l for boosted engines. There are several ways

to pressure charge an engine, examples include: turbocharger (TC), roots blower or supercharger

(SC), combinations of TC and SC and finally electric supercharger (eSC).

Naturally aspirated engine specific power has remained fairly constant over the last thirty years

and could actually be reducing since 2010. Conversely the specific power of boosted engines has

increased significantly since 2010, peaking at 140 kW/l in 2017. Also related are increases in specific

torque Ts [Nm/l]. Brake torque is measured using a dynamometer defined as:

T = Fb (1.4)
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Figure 1.2: The evolution of specific power vs. year [8]. Naturally Aspirated (NA), Supercharged

(SC), Supercharger plus Turbocharger (SC-TC) and Turbocharger (TC).

Where F is the force applied to load cell on the dynamometer [N] and b is the distance from the

centre of the crank shaft to the dynamometer load cell [m]. Taking the measured brake torque Tb

[Nm] and dividing by the volume displaced by the engine Vd [l], gives the specific torque Ts [Nm]:

Ts =
Tb

Vd

(1.5)

Figure 1.3: The evolution of specific torque vs. year [8]. Naturally Aspirated (NA), Supercharged

(SC), Supercharger plus Turbocharger (SC-TC) and Turbocharger (TC).
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Figure 1.3 shows the trend of specific torque from the early nineties until 2016. Whilst naturally

aspirated specific torque has remained fairly constant, the specific torque of boosted engines has

been steadily rising. This has been largely driven by downsizing and pressure charging [9]. The

increasing levels of specific torque from smaller displacement engines has seen dramatic rises in

brake mean effective pressure (BMEP) [kPa], Figure 1.4.

BMEP =
6.28× nR × Tb

Vd

(1.6)

Where nR is the number of crank revolutions per power stroke (two for four-stroke and one for

two-stroke), Tb is the brake torque [Nm] and Vd is displaced volume [l].

Figure 1.4: Maximum BMEP vs. year [8]. Naturally Aspirated (NA), Supercharged (SC), Super-

charger plus Turbocharger (SC-TC) and Turbocharger (TC).

(3) CO2 reduction: By 2021 the fleet average to be achieved by all new cars within the EU was 95

grammes of CO2 per kilometre [10]. Failure to comply with this fleet average limit attracted a fine

of 95 Euros per gramme over the limit. In a gasoline engine, reductions in CO2 are directly linked

to reducing fuel consumption. The rate of introduction of new technology designed to reduce fuel

consumption has been unprecedented in the last 10 years. There are four key loss areas that provide

opportunities to increase efficiency and thereby reduce fuel consumption in gasoline engines; (a)

pumping losses, (b) friction losses, (c) combustion losses, and (d) heat losses.

(a) Pumping loss reduction: The term ‘pumping losses’ refers to work done in pumping air and
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exhaust gases through the throttle and intake/exhaust valves, Accordingly, any restriction in the

flow path will induce some level of pumping loss. A gasoline engine typically employs a physical

throttle (usually a simple butterfly valve) to control the mass of the induced charge and thereby

control the load, often referred to as quantity governed [11], as shown in Figure 1.5.

Figure 1.5: Basic load control of a gasoline engine, adapted from [12]

Other aspects of the engine design that create pumping losses, are the details of the inlet and exhaust

systems (e.g. ports, cam profile, manifolds, system pipework and, where fitted, a turbocharger).

There are several ways to reduce pumping losses by de-throttling for a given intake air mass, the

most recognised of which are: the use of complex valve-trains to remove the need for the intake

throttle by effectively throttling at the valve [13], the use of air dilution (lean operation) [14] [15],

exhaust gas recirculation (EGR) displacing air with exhaust gas [16], load point shifting or operating

at a higher load than previously [17], and downsizing (another form of load point shifting) [18].

(b) Friction reduction: The reduction of engine friction may be achieved in two ways; the first is to

optimise conventional engine designs – optimising the mechanics and tribology to meet the specific

performance and peak firing pressure of the engine. The second way is to add new technology, e.g.

to replace a plain cam bearing with a roller type bearing [19]. Low friction coatings or production

techniques to improve the installed roundness of the cylinder [20] also provide opportunities for

reducing frictional losses without the loss of other attributes.

(c) Combustion control: Gasoline combustion in engines is a highly cyclically variable process [21].

The combustion process relies on pre-mixing of the air and the fuel at the desired air to fuel ra-

tio to achieve stable, repeatable combustion performance. Gasoline combustion, in addition to the
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quantity of air and fuel in the cylinder, is governed by the spark timing. The lowest possible fuel

consumption for a given speed and load will be at the point of optimum spark timing, typically

50% mass fraction burned (MFB 50) of 8°CA +/- 2°CA [11]. Modern engine control units employ

automatically adaptive combustion control, whereby the controller seeks to achieve the optimal

combustion phasing unless this is not possible. One such reason is knocking combustion, detected

using a knock sensor (this phenomenon which will be explored in more detail in Chapter 2, is an

undesirable feature of SI combustion).

(d) Reduction of heat loss: Heat transfer to the wall of the combustion chamber and piston during

combustion and expansion of the working fluid results in lost work to the piston and ultimately the

crankshaft. An engine design that’s optimal for fuel consumption will have a different layout to

that of a high specific power racing engine. The objective to minimise heat transfer is to achieve

the minimum surface area to the volume of the cylinder, or surface to volume ratio. Alternative

methods to insulate the cylinder during combustion, so-called thermal swing coatings [22], could

potentially provide benefits but are in the early stages of research for passenger car applications.

1.3 Introducing Abnormal Combustion

Each of the four areas (a – d) identified as directly relevant to CO2 reduction are worthy of

further study in themselves. However, this thesis will focus on a limiting phenomenon common

to all – abnormal combustion, and in particular the phenomena of low-speed pre-ignition (LSPI).

Abnormal combustion, a catch-all termwhich includes ‘normal’ knocking combustion, heavy knock,

pre-ignition, low speed pre-ignition and mega-knock, can prevent the use of the ’optimum’ ignition

timing – in which case the operating point is typically described as ‘knock limited’, and can limit

boosting and downsizing – through increases in in-cylinder temperature and pressure, and therefore

increased ‘criticality’ of the charge associated with increased BMEP. High levels of BMEP (>20 bar)

at low engine speed present a significant challenge in this regard and while operating conditions

between 1000 and 2500 rpm engine speed and wide open throttle are known to promote LSPI, the

fundamental causes of the phenomenon are not well understood.
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1.4 Thesis Structure

This thesis, structured as follows, will explore this issue in detail:

• Chapter 1 – Drivers for change and Thesis Structure, (the current chapter) presents a brief

general introduction to the work and details the thesis workflow and structure

• Chapter 2 – Abnormal Combustion, presents a detailed background describing in turn, abnor-

mal combustion in it’s various forms, factors known to affect it, classification methods and

characterisation tests.

• Chapter 3 – Research topics, introduces the three areas for investigation in relation to cause

of abnormal combustion

• Chapter 4 – Fundamental Investigation into Oil Detergent as the Cause of LSPI, this chap-

ter introduces the Chiba hypothesis and shock tube experiments aimed at investigating this

further via shock heating of metal oxide powers

• Chapter 5 – Top Land Crevice Sampling, describes the process of collecting and analysing oil

samples from the top land crevice zone of a fired engine using oils with different detergents

• Chapter 6 – Multi-cylinder Testing of Methylcyclopentadienyl-Manganese-Tricarbonyl

(MMT), concludes with testing fuels known to promote abnormal combustion with the ad-

dition of MMT, a metal oxide octane booster

• Chapter 7 – Conclusions, Claims for Originality and Future Work

• Appendices

• Nomenclature

• References
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1.5 Published Works and Presentations

1.5.1 Conference Oral Presentations

• UnICE3G, 21st April 2022, University College London; Understanding Low-speed Pre-ignition

Promoting Mechanisms of Calcium. (APC Feasibility Study)

• Society of Automotive Engineers (SAE) World Congress, April 2024, Detroit, Michigan; Un-

derstanding the low-speed pre-ignition promoting mechanisms of Calcium

• American Society of Mechanical Engineers (ASME) Internal Combustion Engine Forward

(ICEF) 20 – 23 Oct 2024, San Antonio, Texas.

1.5.2 Conference Publications

American Society of Mechanical Engineers (ASME) Internal Combustion Engine Forward (ICEF) 20

– 23 Oct 2024, San Antonio, Texas. ICEF2024-140006 – A Fundamental study on the potential

LSPI promoting mechanisms of Ca and Mg based oil detergents. Matthew J. McAllister
1,2,∗

,

Martin H. Davy
2,∗
, Luke J. Doherty

2
, Laurent M. LePage

2
, Christopher Wheeler

2
.
1
Caterpillar Inc.,

Peterborough, United Kingdom.
2
University of Oxford, Oxford, United Kingdom.

∗
Joint first au-

thors

1.5.3 Future Publications

Anumber of potential publications are in preparation or planned to be generated from this thesis.

Details are yet to be confirmed, however the outline is as follows:

• Journal paper, based on the work in (ASME) ICEF paper, with additional material not included

in the primary publication

• Conference paper – Top land crevice sampling with calcium and magnesium detergents. Joint

publication with University of Warwick

• Journal Paper – Petroleomics analysis of new oil and fuel vs. a top land crevice sample. Joint

publication with University of Warwick
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• Conference paper – The effect on LSPI of adding MMT to LSPI promoting fuels
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Chapter 2

Abnormal Combustion in SI Engines

2.1 Introduction

Combustion of a premixed fuel and oxidiser causes a wave to propagate through the unburned

mixture. The rate that the wave progresses is dependant upon heat transfer via conduction and the

diffusion of radicals. This ‘wave’ is more commonly referred to as a flame. Deflagration describes the

subsonic process of combustion, where the burning flame proceeds through a combustible substance

at velocities less than the speed of sound. Detonation is supersonic and propagates through shock

waves. The rate of combustion is no longer controlled by the heat conduction and diffusion of

radicals; rather the shock wave structure of the developing flame front compresses the mixture in

the unburned zone, rapidly increasing its temperature and pressure and resulting in an explosive

reaction. In the context of an SI ICE, normal combustion refers the propagation of a sub-subsonic

flame through a premixed air-fuel mixture. Detonative combustion in an SI engine generates an

audible noise – commonly referred to as knock – due to the shock waves resulting from explosive

reactions in the unburned zone or ‘end-gas’. While knock is by far the most commonly referenced

abnormal combustion phenomenon associatedwith SI combustion engines other significant forms of

abnormal combustion exist. The following section of this work categorises and details the different

types of abnormal combustion events that may be found in SI engine operation.
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2.2 Classes of abnormal combustion

As a first approximation, abnormal combustion events in an SI engine can be divided into two

broad classifications – those occurring pre-spark (or pre-ignition) and those occurring post-ignition.

Pre-ignition, as the name suggests, describes the ignition of the pre-mixed charge in the cylinder

before the spark has ignited it. Post-ignition events refer to the uncontrolled combustion of some

(or all) of the unburned mixture ahead of an approaching flame front. As will be described below,

the two classifications may be linked in that a pre-ignition abnormal combustion event may be the

trigger for post-ignition abnormal combustion and vice-versa.

2.2.1 Post-ignition abnormal combustion

Normal knock and auto-ignition

As the premixed charge in an SI engine is ignited, an expanding flame fills the combustion cham-

ber driving the piston downwards and converting the chemical energy contained in the fuel to ki-

netic energy, which, in turn, drives the crankshaft and ultimately the driving wheels of a vehicle.

‘Knock’ is the common term used to describe the noise generated when uncontrolled auto-ignition

of the unburned in-cylinder charge (the end-gas) occurs ahead of the arrival of the flame front. The

tendency of an engine to knock is largely the result of the temperature and pressure history of

the end gas (which is isentropically compressed by the expanding flame), but is also influenced by

the design detail of the combustion system, the operating conditions of the engine and the chemi-

cal properties of the fuel [11]. The auto-ignition of the end-gas is a kinetically controlled process.

There is, therefore, a significant temporal affect on knocking tendency – a finite time is required

for the relevant reaction processes to occur. Accordingly, faster burn rates (flame speeds), which

can be promoted by appropriately controlled levels of in-cylinder turbulence, reduce the tendency

to knock. The most widely used form of in-cylinder charge motion in SI engines is ‘tumble’, so-

called as it describes the bulk motion of the air as it enters the cylinder [11] [21], see Figure 2.1.

As the piston moves upward during the compression stroke, the bulk tumble motion breaks down

into smaller-scale turbulent structures, in accordance with the principle of conservation of angular

momentum.
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Figure 2.1: In-cylinder ‘tumble’ bulk motion, adapted from [23]

Modern SI engines employ high levels of tumble in order to promote fast burn rates for improved

efficiency and knock resistance [13]. The inherent variability of intake process results in high cyclic

variability of combustion [21] [24] and a wide range of burn rates for each cylinder, for each cycle of

engine operation. Given the above discussion, it is interesting to note that, for a fixed spark timing,

the very fastest burning cycles can result in heavy knock. This is due to those cycles behaving in a

way similar to advancing the spark timing. In theses cycles, the rise in bulk in-cylinder temperature

due to the earlier heat release increases the reactivity of the end gas to the extent that the potential

temporal benefits of the faster flame speed are completely offset.

Figure 2.2 shows a cylinder pressure vs crank angle trace for what might be described as ‘normal’

knocking combustion. Knocking combustion is characterised by the ‘spiky’ pressure trace that can

be seen in the cylinder pressure diagram. Typical acoustic frequencies for knock are in the range 5

– 10 kHz [11]. A favourable feature of knocking combustion is that it is to some extent predictable

and can also be actively controlled by a suitable control system using accelerometers mounted to

the engine block. This allows an engine to run at its most efficient ‘knock limited’ ignition timing

throughout the speed and load range via control of the spark advance. If controlled properly, knock

will not damage the piston or combustion chamber components. However uncontrolled knocking

initially leads to audible combustion, an annoyance to the driver of the vehicle, but can also damage

the piston surface [11]. Whilst a single uncontrolled knock event is unlikely to cause much damage,
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Figure 2.2: Normal Knock. 1750 rpm, WOT, λ = 1, 98 Ron fuel, spark timing 7°CA ATDC

repeated uncontrolled events lead to erosion of the piston [11].

Surface Ignition, rumble and ‘wild ping’

In 1954, the Coordinating Research Council (CRC) defined ‘surface ignition’ as the “initiation of

a flame front by any hot surface other than the spark discharge prior to the arrival of the flame front",

i.e. ‘surface ignition’ was originally defined as a post-ignition event. Moreover, the flame front or

fronts established by surface ignition were said to propagate at normal velocities [25], that is to say

the resultant end gas reactions are not detonative in nature thereby distinguishing the phenomenon

from knocking combustion. More recently however, Chapman and Costanzo [26] have suggested

the term “surface ignition" is both too general a description and that it could bemisleading if ignition

of the charge were due to a particle of deposit or oil. It is likely that early use of the term “surface

ignition" was the result of a lack of understanding of the mechanisms behind certain aspects of

abnormal combustion or that the problem was one of hot-spot pre-ignition rather than that which

is now known to be particle or droplet based pre-ignition. Interestingly, the primary terms used

to refer to fuel/lubricant derived abnormal combustion that were observed in the 1950’s and 1960’s
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were ‘rumble’ and ‘wild ping’ [27]. These terms were derived from the sounds that were heard from

the engine when these forms of abnormal combustion occurred. In this context, rumble was defined

as a low pitched noise with an approximate frequency range of 800 to 1400 Hz [27]. The noise was

ultimately found to be linked with bending vibration of the crankshaft due to abnormally high rates

of pressure rise near to top dead centre (TDC). These high rates of pressure rise were correlated with

a repetitive pattern of single or multiple abnormal ignitions occurring immediately before or after

normal spark discharge [28]. Wild ping is no longer used to the best of the author’s knowledge.

2.2.2 Pre-ignition abnormal combustion

Hot spot ignition

Hot spot pre-ignition occurs when a localised high-temperature energy source ignites the in-

cylinder charge before spark. Hot spots may occur in the form of overheated combustion cham-

ber components, most commonly the spark plug, exhaust valves, and piston crown, or combustion

chamber deposits – hard carbonaceous material created from the combustion of fuel and possibly

small amounts of lubricating oil (if these deposits become excessive and if suitably placed they can

retain heat to the point where they can provide sufficient temperature to ignite the charge [26]). Hot

spot pre-ignition is often the consequence of post-ignition abnormal combustion. Poorly controlled

knock may cause the spark plug to overheat. Further, an increased frequency of knock amplitude

and occurrence may disrupt the thermal boundary layer protecting the piston allowing the hot

combustion gasses to reach the piston crown and form a hot spot. Accordingly, pre-ignition is more

likely at low speed high load or under operating conditions where prolonged knocking combustion

can occur, for example repeated transients or under leaner than desired lambda where chamber

temperatures are higher than normal. Lambda (λ) is defined in Equation (2.1)

λ =
Actual Air-Fuel Ratio

Stoichiometric Air-Fuel Ratio

(2.1)

Where the actual air to fuel ratio (AFR) is measured using an emissions analyser or lambda sensor.

The stoichiometric AFR ratio is ideal amount of air required to completely burn all of the fuel.
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Stoichiometric AFR is specific for each fuel, for example a typically gasoline is 14.7:1. A lambda less

than 1 is ‘rich’, whereas a lambda greater than 1 is ‘lean’.

Low Speed Pre-ignition (LSPI)

LSPI is the term used to describe low speed, (in the approximate region 1000 - 2500 rpm) pre-

ignition of the in-cylinder charge. This form of pre-ignition differs to that of the hot-spot pre-

ignition due to that fact that the pre-mixed charge is ignited by mobile oil droplets or detached

particles from in-cylinder deposits. As a result of the particle mobility, the LSPI ignition sites are

randomly distributed within the cylinder [29]. The literature suggests two primary mechanisms by

which LSPI can occur:

1. Oil and fuel accumulate in the top land of the piston and during a transient increase in engine

speed, a droplet is released into the pre-mixed charge containing sufficient energy to ignite

the mixture before the spark [29] (Figure 2.3 ).

Figure 2.3: Oil Release from the Top Piston Land [29] [30]

2. A hot deposit particle or particles become detached from the surface of the combustion cham-

ber and ignite the mixture in cylinder [31] [32] [33]. Figure 2.4 illustates the various phases

that lead to LSPI via this mechanism. They are as follows:

A. Deposits formed by cylinder liner wall wetting accumulate above the top ring reversal and

on the top of the piston
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B. Deposits form on the piston crown over time due to operation at low engine speed and

load

C. A particle or particles from A or B are dislodged and move around the chamber

D. A particle moves through the propagating normal flame kernel

E. The particle is not completely consumed, but continues to oxidise and gets hotter

F. In the next cycle, the glowing particle enters and ignites the premixed charge before the

spark initiates combustion

Figure 2.4: Particle release as a cause of LSPI [31]

In addition to these two primary LSPI mechanisms, an important secondary LSPI mechanism,

an interaction between the oil release and deposit release mechanisms, has also been demonstrated

within the literature [29][31]. It has been shown that pre-ignition caused by oil being released from

the top land crevice can result in a further pre-ignition due to the pressure waves in the cylinder

dislodging particles which go on to cause further pre-ignitions. This pattern of pre-ignition can be

referred to as runaway pre-ignition and can lead to severe engine damage if not controlled quickly

[29][31]. Figure 2.5 (a) shows a recording of cylinder pressure in 4500 engine cycles, with an oc-

currence of LSPI. Figure 2.5 (b) is an exploded view of the LSPI on a time basis, showing that this

‘event’ was in fact 5 LSPI events with normal combustion cycles in between.
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Figure 2.5: Pattern of repeated LSPI with normal combustion in between, 1800 rpm 2.2 MPa BMEP

[29]

Industry concerns over the tendency towards, and the potentially serious negative effects of LSPI

in modern boosted and downsized gasoline engines has led to the development of dedicated test

cycles to evaluate the phenomenon, for example, the Toyota LSPI test, the AVL LSPI test and the

GM Dexos test [34]. Each of these tests has its own advantages and disadvantages, for example

the Dexos test is the most transient, whereas the AVL test covers the LSPI tendency of a ‘clean’ vs.

’dirty’ state of the combustion chamber. The Toyota test is steady state and spends most of the test

at peak torque. Jaguar Land Rover (JLR) developed a test cycle specifically designed to evaluate both

LSPI mechanisms (oil droplet and deposit initiated LSPI) in a single test, Figure 2.6. Further details

are unavailable due to confidentiality.

Figure 2.7 shows examples of both normal and abnormal combustion cylinder pressure data captured

during the JLR LSPI test cycle from an engine operating at at 1750 rpm wide open throttle (WOT).

It can be seen that the LSPI cycle shown within the figure results in a very high peak amplitude

knock (so-called ‘mega-knock’), with the highest peak reaching approximately 270 bar. Although

it is difficult to determine the exact pressure that the rotating engine components (piston, gudgeon

pin, con-rod and big end crank-shaft pin) are exposed to due to the acoustic ‘ringing’ on the cylinder

pressure trace, these extreme abnormal combustion events may lead to engine failure if, (1) it is not

accounted for in the design process [34], or (2) the number of occurrences exceeds the design limits.
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Figure 2.6: Jaguar Land Rover LSPI Test [34]

Figure 2.7: Pre-ignition and Mega-knock. 1750 rpm, WOT, λ = 1, 98 RON fuel, spark timing 4°CA

BTDC

Mega-knock and super-knock

The terms ‘mega-knock’ and ‘super-knock’ are used frequently within the literature to describe

extreme knocking events [35–39]. However, quantitative definitions of super-knock/mega-knock

are lacking. The author believes that both terms refer to the same phenomenon, a view supported by
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[40]. Accordingly, the term mega-knock will be used exclusively throughout this thesis to describe

these extreme events.

Origins of mega-knock

Kalghatgi [40] states that from optical engine testing, that a turbulent flame front occurs after

pre-ignition. It is also suggested that the increase in temperature due to the pre-ignition could

intensify the reaction process. The end-gas is typically heterogeneous and there will always be

variation in temperature and ϕ (equivalence ratio). When fuel and air are pre-mixed in an SI engine

the reactivity gradient can be assumed to be the temperature gradient [40]. The autoignition flame

front will move through the chamber at a velocity relative to the unburned gas given by Ua, where

Ua =

(
∂τ

∂r

)−1

=

(
∂τ

∂T

)−1(
∂T

∂r

)−1

(2.2)

Where τ is the autoignition delay time, T is temperature and r is radius of the flame [40] [41]. The

autoignition time can be given for a homogeneous mixutre as; τ (T,p) where T is the temperature

and p the pressure of the end gas at which it must remain to auto-ignite [41]. However, for an SI

engine in practice, the temperature and pressure of the end gas are constantly changing, therefore

an alternative relationship is required. The Livengood-Wu (l) integral can be used to calculate the

likelihood that auto-ignition will occur after time τ
′
using the equation [41]:

l =

∫ τ
′

0

dt

τ(T, p)
(2.3)

Where τ
′
is the time available for autoignition and t is time. The amplitude of the pressure wave

generated by autoignition is dependant upon Ua. The pressure wave above the ambient pressure

caused by the propagating reaction front through a hotspot, in the absence of shock waves, can be

related to a non-dimensional resonance parameter ξ, defined as:
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ξ =
a

Ua

(2.4)

Where a the acoustic speed is given by;

a =

√
γp

ρ
(2.5)

Where γ is the ratio of specific heats.

The developing detonation depends not just on ξ but also on a dimensionless reactivity parameter

ϵ, given by

ϵ =
ro
aτe

(2.6)

Where ro is the radius of the hotspot (or oil droplet) and τe is the excitation time for autoignition

heat release. Therefore ϵ describes the the reactivity of the hotspot.

Figure 2.8: Developing Detonation Peninsula, adapted from [41]
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The pressure wave created by the hotspot can couple with the autoignition reaction front resulting

in a high pressure spike propagating at high velocity into the unburned zone at the speed of sound.

Bradley and Kalghatgi [41], computed values of ξ and ϵ using CO + H2 mixtures as the reaction

kinetics were well known. The result was a developing detonating peninsula as shown in Figure

2.8. Kalghatgi [40] goes on to describe ‘modes’ of propagation within the hotspot, with an upper

bound of ξu and lower bound of ξl, shown in Figure 2.8, as follows:

a. ξ = 1, chemical resonance.

b. ξ = 0, thermal explosion.

c. 0<ξ<ξl, supersonic autoignitive deflagration. The autoignitive wave is ahead of the acoustic wave.

d. ξl⪕ξ<ξu, developing and developed detonation.

e. ξl⪕ξ<aS−1
1 , subsonic autoignitive deflagration, where S1 is the laminar burning velocity.

f. ξ⪖aS−1
1 , laminar burning deflagration at the laminar burning velocity.

Therefore if some assumptions are made, as certain data is not available from physical experi-

ments e.g. for the radius of the hotspot, values can be calculated for ξ and ϵ and plotted onto Figure

2.8. This allows for an estimation of the nature of the hotspot and the likelihood of mega-knock,

to be calculated. It can therefore be assumed that pre-ignition raises the temperature and pres-

sure ahead of the propagating flame front that could cause a migrant oil/fuel droplet to ignite the

unburned mixture and result in the extreme pressure peaks due to acoustic coupling. If multiple

migrant droplets are moving through the un-burnt end-gas this effect will be amplified, leading to

higher and higher peak pressures and ultimately engine damage. Finally, Kalghatgi confirms the

authors experience that pre-ignition does not always result in mega-knock. Also, that pre-ignition

in a previous cycle could increases the temperature and pressure, leading to increased probability

that mega-knock will occur in subsequent cycles. In summary, the hot spot or oil droplet or glowing

particle may be the cause of the pre-ignition, whether this develops into mega-knock is a function

of multiple factors. This phenomena is not well known, but its consequences can be significant.
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The negative consequences of mega-knock

Mega-knock events may lead to extreme in-cylinder pressures far exceeding the design intent

of combustion chamber components. Rumours exist within the Powertrain community as to the

highest amplitude mega-knock pressure ever recorded (1000 bar) and the author has personally

observed mega-knock amplitudes of up to 350 bar. Repeated mega-knock events in an ICE can lead

to catastrophic mechanical failures. Figure 2.9 shows typical damage that can result from mega

knock. The piston damage shown in Figure 2.9(a) is a classical mega knock failure of the second and

third piston lands that have broken as the result of mega knock induced ignition of fuel and air in the

top land area. Figure 2.9(b) shows the failure of the spark plug centre electrode insulator, the picture

compares a damaged spark plug with an undamaged part. The insulator failure can be the result

of a single mega knock event that mechanically overloads the ceramic which leads to it shearing

off. An alternative failure mode is the result of excessive spark plug gap growth which increases

the required voltage to make the spark jump the gap. When this voltage gets close to the dielectric

strength of the insulator (typically 38 - 40 kV), the spark can break through the insulator leaving

“pin holes" in the ceramic, Figure 2.10 [42]. Over time these compromise the structural integrity

of the insulator leading to failure. Further damage to the engine can result from this spark plug

insulator failure. As the spark plug is no longer as design intent, the unprotected centre electrode

can get hot to the point where it becomes a hot spot itself, which in turn may lead to a hot spot

pre-ignition failure melting the spark plug centre and ground electrodes [43], [44].

(a) Piston damage (b) Spark plug damage

Figure 2.9: Typical Mega Knock Damage [45].
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Figure 2.10: Insulator with dielectric puncture. Images courtesy of Jaguar Land Rover.

2.3 The effects of fuel composition

A typical gasoline has in excess of 200 different hydrocarbon components, the characteristics and

relative proportions of which influence the fuel’s behaviour through all elements of the ICE mixture

preparation and combustion processes [46]. Hydrocarbons are typically classified as: saturated,

unsaturated, or aromatic. As described by Richards [47], the term saturated refers to the fact that

carbon atoms can only accept a maximum of 4 bonds and the bonding consists of a single sigma

bond (see Figure 2.11). Alkanes are saturated hydrocarbons with single bonds to the hydrogen

atoms. Carbon atoms attached by sigma bonds can rotate around the bond freely. Alkenes and

alkynes are unsaturated hydrocarbons which means they can have double or triple bonds. Alkenes

have double bonds consisting of 1 sigma bond and 1 pi bond. Alkynes have triple bonds consisting of

1 sigma bond and 2 pi bonds. The pi bonds lock the atoms in the sigma bond which stops movement

around the bonds. The general principle of atomic bonding can be seen in Figure 2.11. Pi bonds are

significantly less stable than sigma bonds and are therefore easier to break. Chemical reactions can

break the bonds via a metallic catalyst, such as platinum, and introduce more hydrogen atoms in a

process called hydrogenation.

Figure 2.11: Sigma and Pi Bonding [48], (a) σ bonds, (b) π bonds.
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The process of hydrogenation is an addition reaction, where the hydrogen atoms introduced can

form single bonds with available carbon atoms. Alternative addition reactions are the introduc-

tion of a water molecule (hydration) or oxygen atom (oxygenation). This means that alkynes can

become alkenes and alkenes can become alkanes, also hydrocarbons can bond with each other to

form chains in a process called polymerisation. The term alkane has replaced paraffin as the term

to describe acyclic branched or unbranched saturated hydrocarbons and has the general chemical

formula CnH2n+2. Figure 2.13 is a historical chart showing the boiling point temperature ranges of

hydrocarbons [49]. The terms; n-paraffin means ’normal’, straight-chain, saturated hydrocarbon

molecule. The term ‘iso’ or i-paraffins are the branched chain hydrocarbon molecules. Naphthenes

are a class of cyclic aliphatic hydrocarbons obtained from petroleum and have the general formula

CnH2n. Aromatic hydrocarbons are so-called due to the fact that they have distinctive smells. Aro-

matics are cyclic unsaturated alkenes as they typically have double bonds. The most recognised

aromatic with regard to gasoline fuel is benzene C6H6, as its this which give the fuel its sweet

aroma.

2.3.1 Distillation and Volatility

The boiling/distillation behaviour of a hydrocarbon blend is heavily dependent its composition.

Fuel volatility is quantified by the volumetric percentage that is distilled at a given temperature. A

fuel’s volatility curve has a significant contribution to its ability to start the engine at low tempera-

tures and the likelihood of vapour bubbles to form in the low pressure fuel system. UK and European

fuels have to meet a fixed specification; BS EN 228. This standard specifies, amongst many other

things, the fuel’s volatility (typically expressed in terms of Reid Vapour Pressure (RVP) and final

boiling point). Reid vapour pressure is measured using a specially designed test rig [21]. The fuel

sample to be tested is cooled in a refrigerator to 0 - 1°C, and held in a ‘test bomb’. The test rig

contains an air chamber with fitted with a very accurate pressure gauge (to within 0.25% of point)

which is heated in a water bath to 37.8 °C. When the sample is to be measured the bomb is attached

to the air chamber making a sealed measurement volume. The sample is agitated, warming the fuel

and it is placed in the water bath. The resulting measured vapour pressure is the Reid vapour pres-

sure. As typical pump gasoline has both summer and winter blends, adjusting the RVP is a means to
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help with ignitability in winter (increased volatility) and reduce evaporative emissions in summer

(reduced volatility). The details of the test method can be found in the test standard ASTM-D-323.

Figure 2.12: Fuel % evaporated [38]

Figure 2.12 shows some example distillation curves for a range of fuel properties [38]. The x-

axis of the chart shows the temperature at which that percentage of the fuel evaporates e.g T60 is

the temperature at which 60 % of the fuel has evaporated and so on. The legend refers the boiling

characteristics of the fuel, for example the ‘light’ fuel will evaporate easily. In contrast the very

heavy fuel requires significantly higher temperatures to evaporate and has a very high final boiling

point. EN 228 specifies a maximum final boiling point of 210 °C, typical European fuels have a final

boiling point of approximately 195 °C. It can be seen in Figure 2.12 that the curves diverge from

approximately T40 and there is a wide spread in T90 and final boiling points. These aspects of the

curves are commonly referred to as the ‘mid’ and ‘back-end’ distillation characteristics.

2.3.2 Octane number and resistance to knock

The octane number (ON) of a gasoline quantifies the anti-knock resistance of the fuel. There

are two tests used to quantify the octane rating; namely the research octane number (RON) ASTM

D-2699
1
and the motor octane number (MON) ASTMD-2700. Both tests are conducted on the single

cylinder CFR engine, developed by the Co-operative Fuels Research Committee. The engine has an

82.6 mm bore and 114.3 mm stroke and can vary compression ratio between 3 and 30 dynamically

whilst the engine is running. This achieved by moving the cylinder head relative to the cylinder

1
ASTM denotes the American Society for Testing and Materials; the letters and numbers denote the test standard.
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block [11]. The test conditions are specified in Table 2.1.

Table 2.1: RON and Mon Test Conditions [11]

Test Research Method Motor Method

Inlet Temperature [°C] 52 149

Inlet Pressure [mbar] Prevailing atmospheric pressure (typically 1013 mbar at sea level)

Humidity [kg/kg dry air] 0.0036 – 0.0072

Coolant Temperature [°C] 100

Engine Speed [rpm] 600 900

Spark Advance [°CA BTDC] 13 (constant) 19 - 26 (varies with compression

ratio)

Air/Fuel Ratio [AFR] Adjusted for maximum knock

Compression Ratio [:1] 4 – 18

Due to the higher intake temperature and more advanced ignition timing, the MON rating is lower

than the RON. The numerical difference between the RON and theMON is called the fuel sensitivity,

equation (2.7) [11].

Sensitivity = RON −MON (2.7)

The RON test is analogous to operating an engine at low speeds and loads, whereas the MON test

is more like operating the engine at higher loads. The octane number (ON) scale is defined by 2

primary reference fuels; normal heptane n-C7H16 is a straight chain alkane (paraffin) and it describes

the 0 end of the octane scale due to its explosive behaviour in spark ignition engines. Conversely

isooctane i-C8H18 defines the 100 on the ON scale, due to its knock resistance. Blends of these fuels

can be used to describe fuels between the ends of the ON scale, therefore a fuel’s ON is defined

by comparing its antiknock behaviour to blends of these primary reference fuels. For fuels above

100 RON a further octane boosting element is required as isooctane in not the highest RON fuel

available. In the past tetra-ethyl lead was added to isooctane, however as lead is no longer used in

road fuel alternative components are required. For modern high octane fuels Ethanol is used in the

RON test as 100% ethanol or E100 has a RON of 120 -135 and a MON of 100 - 106 [50]. Forecourt fuel
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pumps in the UK and Europe only display the RON of a fuel and are not required to display MON. In

the USA, RON and MON values are sometimes combined to give the antiknock index (AKI), where

AKI =
(RON +MON)

2
(2.8)

2.3.3 Metallic octane boosters

Octane boosters are chemical additives used to increase the RON of a fuel. According to local

fuel standards it is typical to specify a minimum RON for forecourt pump gasoline. Where the

minimum RON cannot be met by the base fuel, octane boosters are added to achieve this. As stated

in §2.2.1 tetra-ethyl lead has historically proven to be an excellent octane booster for use in gasoline

fuels but, due to the public health concerns of metallic compounds in exhaust gases [51–53], largely

has been banned from forecourt fuels [54] [55]. However, alternative metallic octane boosters do

exist and are in use in some regions, in particular Methylcyclopentadienyl Manganese Tricarbonyl

(MMT), others include Aniline and Ferrocene. The highest concentrations of MMT in commercial

fuels (140 parts per million (PPM) from a 2016 survey) are seen in Africa, Asia and to a lesser extent

in central and South America [56].

2.3.4 Links to abnormal combustion and LSPI

Figure 2.13 illustates the relationship between common hydrocarbon structural groups, their

boiling temperatures and RON, demonstrating the potential influence of blend composition on a

fuels evaporation and combustion characteristics.

Fuels that contain the heavier alkane molecules tend to have a lower RON (therefore low knock re-

sistance) and higher boiling temperature, while naphthenes tend to influence the mid-boiling tem-

perature of a blend and have low to mid-range RON values. Aromatics have a high RON and would,

on first inspection, seem to be attractive way to improve the overall RON of a fuel blend. The draw-

back is that the aromatics have a high final boiling point. Fuels that have a high mid and back-end

distillation temperature tend to be more prone to LSPI [38], [57]. This is thought to be due to the

tendency of the fuel not to completely evaporate leaving the heavy-ends of the fuel in liquid form

in the piston top land crevice. This fuel will readily strip the oil from the liner and the resulting

29



2. Abnormal Combustion in SI Engines

Figure 2.13: RON and boiling temperature of hydrocarbons, adapted from [49]

mixture can be released from the piston land, typically during an aggressive transient acceleration

manoeuvres, see Figure 2.3 [29] [30]. Moreover, fuels high in aromatics tend to have high partic-

ulate forming potential. This particle generation effect can be quantified using either the particle

matter (PM) index and/or the particle number (PN) index, which is calculated using the double bond

equivalent and vapour pressure of the fuel [58]. The higher the Pn index, the higher the likelihood

of high particle emissions.

Pn Index =

∑n
i=1[DBEi + 1]Vi

DV PE(kPa)
(kPa−1) (2.9)

Increasing aromatic content tends to increase unburned particle emissions, which, in turn, may

lead to a higher tendency to LSPI through the glowing particle as an ignition source mechanism

described in §2.2.2 [46]. The suitability of RON and MON test methods is often questioned due to

the low engine speed, high inlet air temperature, variation in air to fuel ratio (AFR) and significance

of K [59].

Octane Index (OI) = RON −KS (2.10)
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Where S is the sensitivity (2.7) and K is a constant for that condition. High OI indicates high knock

resistance, and K is typically assumed to 0.5 (2.8). The work of Kalghatgi [60], determined that K

varies with operating condition and can actually become negative. Also in terms of end-gas thermal

properties, K decreases as the temperature decreases for a given in-cylinder pressure. Moreover, the

experimental work in this paper confirms that the value of K also changes between engines, with

constant fuel properties. It has been shown also that provided that the base fuel stock is of a good

quality, changing the RON doesn’t increase or decrease the likelihood for LSPI occurrence [61–63].

It does however have an effect on mega-knock – the lower the RON the higher the mega-knock

amplitude as shown by [38], [64] and the observations of the Author in multiple tests (the data

cannot be shared for confidentiality reasons). The previous paragraphs link fuel structure to octane

number and abnormal combustion. Kalghatgi [40] demonstrates a link between a fuel’s laminar

burning velocity, which is a fundamental fuel property and its propensity to pre-ignite. The work

of Zeldovich [65] is introduced to provide an initiation criterion for the ignition of oil/fuel droplets.

This work describes the concept of a flame ball with a critical radius, Rf . A spherical flame with

radius greater than Rf propagates, whereas as a flame with a radius smaller than Rf extinguishes.

The term Rf is related to the laminar flame thickness, δ, Equation (2.11) [65]:

Rf

δ
= exp

1

2
β(1− 1

Le
) (2.11)

Where: β is the Zeldovich number and Le is the Lewis number. The Zeldovich number is given by

Equation (2.12) [65]:

β = E
(Tb − Tu)

RT 2
b

(2.12)

Where: E is the activation energy, Tb is the temperature of the burned gas, Tu is the temperature
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of the unburned gas, R is the universal gas constant. The Lewis number is dimensionless and is the

ratio of thermal diffusivity to mass diffusivity and is given by Equation (2.13) [66]:

Le =
α

D
(2.13)

D (mass diffusivity), can be calculated using Equation (2.14) [40]:

D =
µ

ρ
(2.14)

Finally, in cases where poorer base fuels are used, with an octane booster such as MMT, there could

be case where a nominally ‘high RON fuel’ could have an high LSPI/mega-knock propensity and in-

tensity. Where MMT is used, the problem is thought to be two-fold; firstly the base fuel properties

are typically poor (heavy carbons, high mid, back end and final boiling point) and would potentially

increase the propensity for LSPI due to accumulation and release of oil/fuel from to top land crevice

[29] §2.2.2; and secondly, MMT is known to readily build chamber deposits with low oxidation tem-

perature, which could be plausibly linked to the alternative LSPI trigger mechanism §2.2.2 (deposit

release), albeit due to a different deposit formation mechanism (manganese oxide deposit formation)

[56].

2.4 The effects of lubricating oil composition

The main functions of lubricating oil are as follows [11] to: lubricate the engine components

and prevent wear; reduce friction to ensure maximum mechanical efficiency is achieved; collect

wear particles, soot and other impurities for removal by the oil filter; transfer heat; e.g. cooling or

heating of the pistons depending upon the operating condition of the engine. The lubricating oil is

subject to extremes of temperature, contamination by water, fuel, soot particles, acid build up and is

continually sheared by its interaction with the mechanical components in the engine. During use,

32



2.4. The effects of lubricating oil composition

its initial composition undergoes continuous evolution due to fuel dilution and exposure to high-

temperature/pressure, and combustion gases. The following subsections consider the composition

of the base oils and its additive pack, and the influence of the oil on abnormal combustion and LSPI.

2.4.1 Base Stock

Base stock describes the major component of the lubricant and is divided into five groups.

Groups I - III (1 to 3) are produced by refining crude oil and represent the mineral oils, where Group

I have low saturates and high volatility and Group III have high saturates and low volatility. The

higher the group the more refined or higher quality of the base oil. Group IV (4) oils are said to

be synthetic as they are processed. Group III oils that have been heavily ’hydro-cracked’ can also

be referred to a synthetic. Hydro-cracking is a chemical process where unsaturated and aromatic

molecules are broken apart and, by the addition of hydrogen, are refined into more desirable satu-

rated hydrocarbon chains. The last group, Group V (5) cover all other types of base stocks. The trend

is a decline in Group I, in favour of higher quality group II & III base stocks [67]. Hydro-finishing is

part of the refining process, whereby the properties of the oil are modified by the addition of hydro-

gen. This process can be used to reduce the acidity and stabilise the colour of the base oil. It is used

to remove sulphur, nitrogen and oxygen, however there will be some oxidation or hydrogenation of

the unsaturated hydrocarbon compounds [67]. In terms of composition, the base stock makes upon

approximately 75% of the final oil with the remainder being a combination of viscosity modifiers

and the detergent pack. These figures are indicative only, as the blend will be modified depending

upon the application.

2.4.2 Oil Additives

Base oil (mineral or synthetic) alone is unable to lubricate an engine consistently and for a suffi-

ciently long time period. If left untreated the oil would deteriorate rapidly and result in the engine

not being correctly lubricated leading to accelerated wear, chemical attack and/or heavy deposit

formation. Additives are introduced to minimise the effect of the destructive processes that degrade

the engine and oil. They also provide positive effects by enhancing the performance of the lubricant,

e.g. reduce friction, therefore reducing fuel consumption [67]. As lubricating oil is a hydrocarbon
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blend, its molecules are subject to oxidation due to the operating temperatures and exposure to air

in the engine. General oil sump temperatures are typically below 140°C, however local temperatures

in certain areas can reach 250°C; for example in the piston top land. The oil contains antioxidants

to prevent lubrication oil forming excessive deposits, as deposits can cause problems such as ring

sticking if not dealt with correctly. Exposure to elevated temperature could also cause acids to form

in the oil, therefore anti-corrosive additives are also added to prevent corrosion of bearings etc [11].

Detergents

The detergent pack is a blend of chemicals that counteract some of the problems faced by the

oil detailed above, namely oxidation and acid/deposit build up. The detergent aspect of the additive

pack tend to be alkaline metals typically present as hydroxide or carbonate, stabilised in solution

lipophilic soap molecules forming micelles [38]. Metal detergents neutralise acidic species, namely

sulphur oxides and organic acids. By definition, the detergent properties reduce the formation of

deposits (carbon, varnish deposits and lacquers) [67].

Anti-wear Additives - Zinc Dialkyldithiophosphate

Advanced lubricants have an anti-wear additive as part of the oil additive pack. Zinc Di-

alkyldithiophosphate (ZDDP) is a popular anti-wear additive that has been added to oil since 1941.

The mechanism that describes how ZDDPworks is as follows: [68]; ZDDP is a hydrocarbon solution

that undergoes a thermally activated, catalytic decomposition. The products are volatile and mainly

comprise; mercaptides, alkyl sulphides, hydrogen sulphide (H2S) and olefins. The alkyl sulphates

and mercaptides are formed directly and not due to a reaction between the H2S and olefins. No

olefins are produced that are of higher molecular weight than the original alkyl chain on the ZDDP.

The othermain product is glassy, insoluble and contains zinc, oxygen, phosphorus and some sulphur.

The thermal decomposition of ZDDP is acid-catalysed and not accelerated by oxygen. ZDDP’s were

recognised to be highly effective oxidation inhibitors in engines in the early 1940’s. In the 1960’s it

was found that ZDDP’s also decompose peroxyl radicals. This combined effect makes them effec-

tive at quenching the peroxide oxidation cycle, which is at the heart of hydrocarbon oxidation chain

reaction.
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Dispersants

Dispersants are additives that suspend carbonaceous soot particles, inhibit sludge formation and

to reduce the formation of deposits on metal surfaces. Typical compositions are ash-less (metal free)

polyisobutene succinimide (PIBSA PAM) [67].

2.4.3 Viscosity and the effects of degradation and ageing

Viscosity

Dynamic viscosity is a fluid dynamic term that describes resistance to flow of a fluid. Kinematic

viscosity is the dynamic viscosity divided by the fluid density. Oil viscosity is important in the ICE as

its the correct viscosity that forms the correct oil film thickness on mechanical moving components

to lubricate them without being excessively thick and result in losses from the fluid. The viscosity

index (VI) describes the relationship between viscosity and temperature. Oils with high VI change

kinematic viscosity less with increasing temperature than low VI oils. Viscosity modifier additives

can be used to reduce the influence of temperature on oil viscosity [67].

Total Base and Total Acid Number

Total base number (TBN) is an indicator of the lubricating oils ability to resist degradation from

combustion and acid formation. The TBN will be highest when the oil is new and has the greatest

ability to neutralise acids and will degrade as the oil is aged. The TBN is therefore an indicator of

the alkaline additives in the oil. When designing the lubricant the TBN is targeted depending upon

the application e.g gasoline lubricating oil will have a lower TBN when new compared to diesel

lubricating oil due to the exposure to soot and sulphur. When the TBN has reached a level that can

no longer protect the engine the oil must be changed to prevent chemical attack of the components

[69]. Acidification of lubricant oil is an undesirable result of the combustion process and exposure to

acid producing components in the fuel. As a lubricant degrades acidic by-products will be formed

as the base stock and additives being exposed to air and heat. The total acid number (TAN) is a

measure of the amount of acid present in the oil. The TAN should be used in conjunction with the

TBN as a means of assessing the ‘health’ of the lubricating oil [69].
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Oil Ageing

Oil ageing or evolution, is the natural process of the lubricating oil in the sump becoming ’aged’

as the hours or miles increase. However, as the oil ages between oil change periods (services), other

factors begin to come into play. The TBN reduces as the detergent is consumed to counteract the

acidity of the oil due to combustion, in contrast the TAN increases to reflect the increased acidity.

The quality of oil in the engine sump will degrade, due to increasing contaminant concentration in

the remaining oil. As not all of the fuel in the engine is burnt or evaporates, certain parts of the fuel

will make its way into the oil sump. The fuel components will be those who evaporate above 150°C,

as discussed in §2.3.1.

Nitration

The combustion of fuel and air in a ICE produces oxides of nitrogen (NOx) as a result of the

combustion process. When lubricating oil comes into contact with NOx , nitration of the oil occurs.

Nitration is undesirable as it indicates that the oil has be come saturated with soluble or insoluble

NOx compounds. The nitration process forms organic nitrates and nitro compounds in the oil de-

pendant upon whether the oil contacts combustion gasses on the cylinder liner or via blowby gasses

in the crankcase. Nitration is separate degradation to the process of oxidation caused by exposure

to oxygen [70]. Despite nitration being linked to oil degradation and potential corrosion and wear

of engine components, there is new interest in role of nitrogen and nitration based on the work of

Splitter et al [71]. This will be discussed in detail with respect to the current work in Chapter 4 and

Chapter 5.

2.4.4 Links to abnormal combustion and LSPI

In a comprehensive literature review paper Chapman et al. [26], summarise the findings of 90

significant papers in the field of LSPI. Figure 2.14 examines key factors highlighted by the body

of work in terms of current knowledge and the trends with respect to each factor. However there

are still many gaps in the knowledge of this phenomenon leaving open ’technical questions’ as yet

unanswered.

Of significance are the base compositions of both fuels and oils, similarly the additive types and
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Figure 2.14: Possible areas for future examination[26]

concentrations. Some additives have abnormal combustion promoting and others have calming

effects. Engine operating condition, injection strategy and certain hardware configurations can

influence LSPI tendency (promoting and reducing). The most widely accepted causal mechanisms

are based on deposits and/or oil droplets creating hot spots that can lead to LSPI. The fundamental

root causes have not yet been conclusively proven. In a similar literature review paper, Wang et

al. [72] collated the findings of 332 papers in the field of knocking combustion in SI engines. This

included the latest understanding of knocking combustion, LSPI and mega-knock and relates this

to the key mechanisms and known countermeasures. Tamura et al.[33] explored the role of metal

oil additives on combustion chamber deposits with respect to LSPI tendency in an air cooled single

cylinder engine. This work found that calcium based deposits facilitated knock and auto-ignition,

whereas molybdenum did neither. Following deposition of the metallic additives on the combustion

chamber surfaces, the metallic atoms remained, but sulphur and phosphorous were depleted. In

a similar study, Hayakawa et al. [73], investigated the effects of ZnDTP and MoDTC blended into

primary reference fuel (PRF50) on abnormal combustion using spark plug washer temperature as an

indicator of knock intensity. It was found that spark plug washer temperature increased with higher

levels of knock intensity, and neither additive had a promoting effect for abnormal combustion.
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The same group at Nihon University, Japan, conducted further experiments with typical metallic

oil additives, blended into PRF50 fuel. Miura et al.[74], Miyasaka et al. [75] and Shimizu et al.

[76]: found that PRF50 fuel containing 2000 ppm Ca resulted in higher occurrence of abnormal

combustion vs. PRF50 without additive. The results also showed that PRF50 fuel containing Na and

Mg did not have a promoting effect on abnormal combustion. Lubricating oil and the chemistry of

detergent packs have been linked to abnormal combustion by many researchers: [77–81] represent

a small selection, chosen due to common findings. Namely, the composition of the oils’ additive

pack has a confirmed linkage to the LSPI performance of the engine. Calcium, iron and copper are

deemed to promote LSPI, whereas magnesium, Zinc (and ZDDP) and molybdenum are moderators

or don’t take part in LSPI. All have observed a link between calcium treat rate in the detergent as the

‘bad actor’ and a primary cause of pre-ignition. The causes hypothesised are either; oxidation of the

calcium particle once it has been stripped from the surface of the cylinder liner resulting in sufficient

heat being released to ignite the premixed charge ahead of the spark; or, some form of catalytic

reaction of the calcium in the cylinder leading to a similar mechanism of ignition. Whilst studies

such as those conducted by Leach et al. [38] conclude a measurable link to calcium concentration

and LSPI tendency as shown in Figure 2.15, indicating that the presence of calcium is a prerequisite

for LSPI, no explanation as to why calcium has this effect was given.

Figure 2.15: Effect of lubricant calcium concentration on LSPI [38]

It is also suggested that an alternative magnesium based or mixed metal detergent, behaves, from

an LSPI perspective, in a way similar to a lubricant with no calcium additive. Moreover, that reduc-

tion in the calcium treat rate to reduce LSPI must be compensated to maintain the anti-wear and

detergent role of the additive pack. Why one metallic additive can be a prerequisite to LSPI and
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another appear to have no reactivity or be in fact preventative remains unclear. Fletcher et al. [77],

completed a more comprehensive study into the effects of different types of metallic detergents in

combination and at a range of treat rates. The results with respect to calcium and magnesium effects

on LSPI are consistent with the findings of Leach et al.. However, no explanation as to the reason

‘why’ was provided. The ‘natural’ ageing of oil has also been linked to increased LSPI tendency.

Figure 2.16 shows an oil analysis of new and two used oil samples of the same 0W 20 oil formula-

tion [38]. The chart shows key indicators of the condition of the oil when comparing the new oil

to the two used samples, which are considered typical of oils within their service interval. The two

indicators of viscosity; kinematic viscosity at 100°C and 40°C, show that the aged samples viscosity

has reduced, probably as a function of the gasoline dilution which has risen from 0% in the new oil

to 2 - 3% in the aged samples. The TBN has reduced in the used samples showing that there has

been a level of degradation of the additive pack. The TAN shows that the detergent is working and

that the oil doesn’t contain levels of acid that would cause problems to the engine as they are lower

than that of the new oil. The nitration and oxidation show that there is difference in the way the

engine has been run whilst ageing the oils, as the nitration and oxidation in oil A is lower for both

parameters compared to oil B.

Figure 2.16: Analysis of new vs. used oil (2 used samples) [38]

Of interest is the LSPI behaviour of the used oil samples. Figure 2.17 shows the normalised LSPI

frequency of two used oil samples compared to the same new oil sample in the same engine.

The LSPI tendency is approximately double for used oil compared to new [38]. This is interesting
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Figure 2.17: LSPI tendency of new vs. used oil (2 samples used) [38]

as most of the published literature studies have used new oil and focussed on the detergent treat

rate rather than the condition of the oil in the actual operating condition of the engine in service.

The fact that the oil now has an interaction with the fuel, in particular the likelihood that these fuel

components are of the ‘heavy back end’, is not interrogated by Leach et al. [38] or [77] and therefore

remains a topic of interest for this current work. Finally, with respect to the additive pack, previous

studies have indicated a potential positive impact of ZDDP on LSPI. Fletcher et al. [77] tested oils

with ZDDP and increased levels of phosphorus and zinc. By a process of elimination they were able

to show that a statistically significant reduction in LSPI occurred with phosphorus, whereas the oils

with elevated zinc showed a minor reduction. However, practically this is not a solution to LSPI

reduction, as phosphorus levels are limited to avoid damage to three-way catalysts used in engine

after-treatment systems. There was no suggestions in literature of a link between dispersants and

LSPI.

2.5 Conclusions

In conclusion it can be seen that: a review of the key indicators and properties of base fuel

and oil, and additives, was undertaken with respect to their potential affects on LSPI. A review of

the underlying theoretical mechanisms relating to knock, pre-ignition, mega-knock and developing

detonation was undertaken. Comprehensive review papers were used to direct the Author to a ’state

of the art’ understanding of LSPI and identification of the gaps and areas for further enquiry. Looking
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specifically at the additive pack in the oil (and in some fuel tests), calcium has been unequivocally

confirmed as a ‘bad actor’ for abnormal combustion. Magnesium detergent appears to be either a

moderator or takes no part in LSPI. ZDDP has a LSPI reducing tendency, confirmed in the work

of multiple researchers. To date, no explanation as why magnesium is good and calcium is bad,

with respect to LSPI has been presented in the, now significant, body of research in this field of

combustion.
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Chapter 3

Research Topics

3.1 Introduction

The previous chapter provides the reader with the necessary background to the research that

will be presented in the body of this work. The different types of abnormal combustion in gasoline

engines, their causes (as far as is known in the literature), and their consequences are described,

and the links between fuel and lubricant composition and abnormal combustion, particularly LSPI,

were reviewed. This review identified the key gaps in the knowledge that will be examined further

in this thesis.

3.1.1 How does a calcium based detergent pack promote LSPI?

Although a clear link between the use of calcium in a lubricant’s detergent pack and LSPI has

been demonstrated by numerous researchers and research groups, the precise mechanism by which

calcium leads to increased LSPI tendency remains unknown. Research published by Moriyoshi et

al. [82] [83] (Chiba University, Japan), hypothesises that the cause relates to a carbonation reaction

of the calcium detergent in the oil with carbon dioxide (CO2) leading to an exothermic reaction of

sufficient energy as to act as an ignition source for the surrounding charge.

The ‘Chiba’ hypothesis

As stated in §2.4.2, lubricating oils require detergents to maintain the oil quality, resist deposit

formation and the acidification that results from exposure to combustion. The detergents tend to be
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alkaline metals typically present as a hydroxide, carbonate or sulphonate. The detergent is usually

in the form of a colloid with the base oil to form a lubricant suitable for use in the ICE. The detergent

in the lubricating oil of interest here is calcium carbonate (CaCO3). The LSPI mechanism proposed

by Moriyoshi et al. [83] is as follows;

• Oil in the top land crevice of the piston containing calcium carbonate CaCO3 detergent and

possibly fuel, is released into the combustion chamber as a droplet or droplets from the oil

film build up in the top land crevice being released by the inertia of the piston.

• This mixture is heated to in excess of 900 K during the combustion and exhaust process and

thermally decomposes into calcium oxide (CaO) and carbon dioxide (CO2), but remains in the

combustion chamber.

• During the next compression stroke this droplet is heated to in excess of 1000 K in the presence

of CO2.

• The exothermic reaction resulting from the carbonation of CaO and CO2 to form CaCO3 has

sufficient energy to ignite the premixed charge leading to LSPI.

• The probability of all of these phenomena occurring together in this way is rare, thus the

behaviour of LSPI can be described as stochastic.

The current work will examine the Chiba hypothesis in detail, initially focusing on the repli-

cation of the proposed chemical mechanism under carefully controlled, i.e. non-engine, conditions

of temperature, pressure and gas composition. Equation 3.1 [84] describes the formation of car-

bon dioxide by oxidation of carbon, naturally present in the hydrocarbon fuel, with oxygen. The

characters in brackets refer to the state of each chemical element, solid (s), liquid (l) and gas (g)

respectively. The CO2 is the product of complete combustion and therefore formed during each

combustion cycle in an ICE. Some quantity of CO2 will also be present in the trapped cylinder gases

between combustion strokes. The basic oxidation reaction is as follows:

C(l) +O2(g) −→ CO2(g) (3.1)

Equation 3.2 shows the carbonation of CaO detergent, when the oil is exposed to CO2 in the cylinder
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to form CaCO3. The change in enthalpy (H) is -178 kJ/mol, at the boundary conditions of 298 K and

CO2 partial pressure of 1 bar [84]. The negative sign indicates that the reaction is exothermic,

where heat is released during the chemical reaction. This process is reversible through calcination,

Equation 3.3.

CaO(s) + CO2(g) −→ CaCO3(s) ∆H298K = -178 kJ/mol (3.2)

CaCO3(s) −→ CaO(s) + CO2(g) ∆H298K = 178 kJ/mol (3.3)

It has been noted in the literature that, in direct contrast to calcium containing detergent packs,

magnesium detergent does not promote LSPI [38, 77]. The Chiba hypothesis does not directly ad-

dress this issue. The general formation equation and enthalpy can be determined for magnesium

carbonate [85], Equation (3.4):

MgO(s) + CO2(g) −→ MgCO3(s) ∆H298K = -118 kJ/mol (3.4)

Figure 3.1: Thermodynamic equilibrium plots for calcium oxide (red) and magnesium oxide (blue).

As with the calcium carbonation reaction it too is exothermic, however the level of heat released

to form magnesium carbonate is 60 kJ/mol lower. This process is also reversible, again through
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calcination. Figure 3.1 compares the theoretical thermodynamic equilibrium of the products and

reactants of the chemicals of interest. The solid blue and red lines indicate the equilibrium conditions

where all three chemical elements can exist. In both cases (MgO and CaO), if the temperature and

partial pressure of CO2 are to the left hand side of the equilibrium line, then this will favour the

carbonation reaction and CaCO3 orMgCO3 will be created respectively. Similarly, if the temperature

and partial pressure of CO2 are to the right hand side of the equilibrium line this will favour the

reactants and the carbonates will calcinate into the metal oxide and CO2. The partial pressure of

a gas is analogous to its concentration (according to Dalton’s law, the partial pressure of a gas

is the sum of the partial pressures of the individual gasses in the mixture). It can be seen from

Figure 3.1, that the carbonation of MgO occurs at conditions of temperature and pressure within the

combustion chamber which are potentially not high enough for inducing LSPI. The heat released

during carbonation ofMgO is therefore potentially insufficient for inducing LSPI. Chapter 4 explores

the Chiba hypothesis and shock tube experiments aimed at investigating this further via shock

heating of metal oxide powers. In order to evaluate the Chiba hypothesis CaO andMgOwere shock-

heated in the Oxford CDST, in a range of gasses (carbon dioxide, nitrogen and argon) to capture any

light emitted from these metal oxide/gas combinations at a range of temperatures and pressures

3.1.2 Why does a used lubricant tend to promote LSPI?

As noted in §2.4.4, it has been observed in the literature that used oil has a significantly higher

propensity towards LSPI than new oil under the same operating conditions [38]. However, the

root cause of the increased LSPI tendency has not been demonstrated. A particular challenge lays in

determining the chemical composition and physical properties of the used oil found within the com-

bustion chamber. Traditionally, the analysis of used oil properties is performed on samples collected

from engine’s sump oil. It is reasonable to expect that the composition and physical properties of

the lubricant oil found in-cylinder will differ from the sump oil due to its exposure to high pressures

and temperatures and the products of combustion. Previous studies that successfully collected pis-

ton crevice oil samples were mostly focussed on tribology or rheology and not on the local chemical

mechanisms relating to LSPI. Chapter 5 will present the results of a detailed investigation into the

chemical composition of aged (approximately 50 hours of operation) lubricant oil collected from the
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piston top land crevice (TLC) volume on a single cylinder research engine. TLC samples from both

Ca and Mg detergent pack lubricants were collected and analysed for comparison with the known

composition of the new oil and used oil samples collected from the engine sump.

3.1.3 What are the effects of MMT on LSPI?

Abnormal combustion linked to metal oxide oil detergents has been widely investigated. Thus,

the body of research was mainly focussed on the oil, with some limited work adding oil additives

to fuel, as discussed in §2.4.4. The objective of this experimental campaign was to characterise the

behaviour of fuels containing varying quantities of alkaline metal octane booster (MMT), whilst

allowing the RON of the fuel to vary naturally with MMT concentration. Allowing the effect of

MMT to be quantified and sampling of the deposit that results from burning fuel containing MMT

to be collected from a fuel injector tip. The objective of this work is to answer the question “Is the

effect on LSPI of metal oxides in the fuel the same as metal oxide detergents in the oil?”. Chapter 6

will present the results of a multi-cylinder engine testing using fuel blends known to promote LSPI,

with the addition of MMT in quantities determined via in market fuel sampling. A dedicated LSPI

test was used to characterise the LSPI behaviour. Samples of the in-cylinder deposits were analysed

to understand the mechanisms with respect to LSPI

3.2 Conclusions

This chapter has laid out the three linked research studies that aim to investigate the funda-

mentals of LSPI via: shock heating metallic oxide powders, dynamic oil sampling of the TLC and

multi-cylinder testing of LSPI prone fuels containingMMT. Significant advanced analysis techniques

will be applied to investigate the various samples, with the objective of explaining the fundamen-

tals. The following chapter 4 begins the current work with fundamental shock tube experiments

conduced using the University of Oxford cold driven shock tube.
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Chapter 4

Fundamental Investigation into Oil Detergent as

the Cause of LSPI

4.1 Introduction

As described in Chapter 3, the so-called ‘Chiba hypothesis’ — whereby the carbonation reaction

of calcium oxide is proposed to be a fundamental cause of LSPI — is unproven. Moriyoshi and co-

workers have shown image sequences that point to a visible light discharge from particles in the

combustion chamber during an LSPI event, however the precisemechanism bywhich this occurs and

the key reactions leading to phenomenon have not been demonstrated – not least due to the complex

turbulent combustion environment of an ICE. The objective of the experimental work described in

this chapter was then tomove the investigation of the Chiba hypothesis away from the ICE to amore

closely controlled environment where it could be investigated at a more fundamental level. This

chapter will present the results of a fundamental study on the behaviour of metallic oil detergent

derivatives, CaO and MgO, under engine-like conditions of temperature and pressure in a quiescent

environment provided by a reflected shock facility.

Note on authorship and collaborative working

The experimental work described in this chapter is a result of the collaborative efforts of the

author, Dr Rowland Penty-Gearats, Dr Laurent Le Page, Mr Christopher Wheeler, and Dr Luke

Doherty. Due to the high pressures and large volumes of gases involved with the operation of the
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shock-tube facility it is considered too dangerous for DPhil students to operate alone. The author

contributed significantly to the experimental set-up and participated in a substantial number of ‘fired

shots’ during all three campaigns, and was solely responsible for the definition of the test matrix,

cleaning methodology, data analysis and interpretation of the results presented in this chapter.

4.2 The Oxford Cold Driven Shock Tube (CDST)

The University of Oxford CDST is a bespoke, reflected shock, facility designed for characterisa-

tion of fuel sprays and the investigation of chemical kinetics under controlled engine-representative

condition of temperature and pressure in a quiescent charge, Figure 4.1 [86]. The basic principle of

operation, described in detail in §4.2.1 is to generate a reflected shock in the driven section of the

tube using a relatively low cost, unheated (hence cold driven) driver gas, typically compressed air.

The final temperature and pressure properties of the gas in the working section of the CDST are a

function of the initial gas composition and the experimental setup. Table 4.1 and Figure 4.2 detail the

specification of the CDST, describing both its geometric features and design boundary conditions.

The configuration used in this research was the area change mode, whereby the diameter of the

driver section is larger than the driven section.

The CDST has optical access via quartz windows located at the end farthest away from the driver

as shown in Figure 4.2. There are horizontal windows on either side and vertical window on the top

only. For this experiment the optical section was accessed from the LH side when viewed from the

driven end of the CDST. At the end of the driven section there was an injector mounting point or

end cap. This was modified to hold a knife blade to carry the test powders, more detail is contained

in §4.3.1 and in Figure 4.3. The CDST can be operated in either a single or double diaphragm mode.

In single diaphragm mode, the driver pressure is gradually increased until the diaphragm ruptures.

Figure 4.1: Cold Driven Shock Tube (CDST) [86]
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Table 4.1: Oxford Cold Driven Shock Tube Specification [86]

Value Unit

Driver section internal diameter 250 mm

Driven section internal diameter 100 mm

Overall length (area change mode) 10.9 m

Nominal design test condition: 60 bar

900 K

3 ms

Maximum pressure capability 150 bar

Maximum temperature capability 1500 K

Figure 4.2: CDST Schematic. STS signifies ‘shock tube station’, the numbered locations of each

pressure sensor point. The pressure signal from STS 9 was used to enact a TTL trigger for connected

devices each time a shot was fired.

Although this is a simple arrangement, which is adequate for some purposes, it does not provide

a sufficiently high level of control over the shock triggering, final test conditions or repeatability.

Minor variations in the diaphragm material or its machining can significantly affect its rupture

behaviour and thereby introduce substantial variability in the subsequent shock strength and speed.

In double diaphragm mode, the use of two diaphragms with an intermediate volume filled to an
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Figure 4.3: CDST detailed schematic of the optical section.

intermediate pressure, allows both the driven and driver sections to be filled to the target pressure.

A vacuum pump is then used to rapidly evacuate the space between the diaphragms causing the

first diaphragm to rupture, which in-turn causes the second diaphragm to rupture. The result is a

more readily repeatable incident shock wave in the driven section, as the driver pressure is fixed

rather than a variable as is the case of single diaphragm mode. Accurate pressure measurement is

vital to calculate the experimental conditions and determine the shock speed. Table 4.2 details the

type, location and description of each sensor. The sensors used to fill the tunnel with gasses were

absolute sensors, the STS sensors were relative. The sensors were calibrated using a dead weight

tester prior to fitment and were checked and recalibrated in accordance with the schedule defined

by Oxford Thermal Institute (OTI).

4.2.1 Principles of operation

The CDST is a ‘reflected’ shock facility, which utilises a high pressure gas in the driver section,

to shock-heat the gas in the driven section to a ‘design’ temperature and pressure ’condition’. The

numbered states of the conditions described in Figure 4.4 are explained as follows: (1) is the initial

state of the driven gas, based on the desired boundary conditions. State (4) describes the initial

condition of the driver gas at the start of the experiment. As stated in §4.2, the gasses are separated
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Table 4.2: CDST Instrumentation. Pressure sensor type, location and description.

Sensor
Name

Unit Brand Model Serial
Number

Comment

K1 Pa Kulite XTL-

190LM-

140-BARA

8226-12-501 Driver reservoir

K2 Pa Kulite XTL-

190LM-

140-BARA

8226-12-500 Driven fill pres-

sure

STS07 Pa PCB 113B26 LW45516 Shock pressure

STS09 Pa PCB 113B21 LW54072 Shock pressure

STS10 Pa PCB 113B21 LW54094 Shock pressure

STS11 Pa PCB 113B21 LW54096 Shock pressure

STS12 Pa PCB 113B21 LW54095 Shock pressure

by either a single or double diaphragm depending upon the experiment. (3) is the result of the

unsteady expansion of gas following the rupture of the diaphragm which causes gas to flow into the

driven section. State (2) is the result of the ‘normal’ shock-wave leaving the driver and following the

gas flowing into the driven section, which compresses the upstream gas. This shock-wave is called

the ‘incident shock’. Once the shock wave reaches the end of the driven section it is reflected. As

the reflected shock moves in the direction of the driver, the gas behind the shock wave is brought

to rest and further compressed, state (5). It is state (5) that is the desired test condition, which is

typically designed to last for 3 ms.

4.2.2 Shock speed, gas temperature and pressure

The following section details the governing principles and equations for shock tube experimen-

tation. These equations were used to calculate the shock speed and the temperature and pressure

conditions in the CDST. The fundamentals that describe the working principle of the shock tube

were taken from Anderson [87]. The ‘s’ term in each equation refers to the ‘state’ and number re-

lates to the properties of the gasses during the experiment. The initial states, prior to the shock,

are shown in Figure 4.5 and are referenced to the laboratory i.e. standing at the driver and looking

towards the driven or optical access end of the CDST. This is significant as later it was necessary to

51



4. Fundamental Investigation into Oil Detergent as the Cause of LSPI

Figure 4.4: Top: Density distribution in the specific regions of the CDST following a burst diaphragm.

Bottom: x-t schematic diagram showing the pressures in the CDST, PD refers to the primary di-

aphragm. The numbered regions are described in the text. [86]

switch to a shock based reference to calculate the gas properties moving in and out of the shock.

The driver gas was compressed air for all but the argon gas tests in the driven section, where a

mixture of argon and nitrogen was used as the driver gas. For each test the data was recorded at a

frequency of 2 MHz using a National Instruments data acquisition system, and controlled by the

LabVIEW programming software T4NIDAQ. These data was subsequently post-processed using

MATLAB script containing Equations (4.1 - 4.18) to calculate the average shock speed the gas

properties for each gas state.
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Figure 4.5: CDST Initial conditions, adapted from [87]

The first step calculates the initial gas properties for s(1) and s(4):

s(1).T = the initial temperature of driven gas, 23°, 296K.

s(1).p = The initial pressure of the driven gas measured using a dedicated pressure sensor, in Pa.

s(1).γ = Ratio of specific heats for the driven gas.

s(1).R = driven gas constant, CO2 = 189 J/kg K, N2 = 297 J/kg K.

s(4).T = the initial temperature of driver gas, 23°, 296K.

s(4).p = The initial pressure of the driver gas measured using a dedicated pressure sensor, in Pa.

s(4).γ = Ratio of specific heats for the driver gas.

s(1).R = driver gas constant, Air = 287 J/kg K.

The physical dimensions of the shock tube:

L = length of the driven section (8.456m), L1 = Length of the driver section (1.45m).

The differential pressure across the diaphragm:

dP = s(4).p− s(1).p (4.1)

The density of the gas ρ was calculated as follows:
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s(1).ρ =
s(1).p

s(1).R s(1).T
(4.2)

Equation 4.2 was also used to calculate s(4).ρ, substituting for s(4).; T, p and R.

The speed of sound was calculated as follows:

s(1).a =
√
s(1).γ s(1).R s(1).T (4.3)

Equation 4.3 was also used to calculate s(4).a, substituting s(4).; γ, p and R.

s(1).u = initial velocity of the driver gas, which is 0 as the gas is initially at rest.

s(4).u = initial velocity of the driven gas, which is 0 as the gas is initially at rest.

Figure 4.6: CDST Incident Shock Wave, adapted from [87]

When the diaphragm or diaphragms rupture, a shock wave propagates along the driven section of

the CDST. Figure 4.6 shows this diagrammatically and introduces two new ‘states’ which describe

the properties of the driver gas (state 3) and driven gas (state 2) with the contact surface in-between.

The incident shock wave develops upstream in the driver gas.
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Figure 4.7: Referencing; fixed vs. moving shock wave, adapted from [87]

Next it was necessary to switch to shock based frame of reference to calculate Mach number. Con-

sider us(1), the velocity of the gas ahead of the shock wave, relative the wave. Also ua, which was the

velocity of the gas behind the wave, relative to the wave. Where us(1) = ua, for reference purposes

‘state a’. The Mach number for ‘state a’ Ma was calculated using Equation (4.4).

Ma =
us(1)

s(1).a
(4.4)

State ‘b’ describes the properties of the gas behind the shock, relative to the shock, where (4.5);

ub = us(1)− s(2).u (4.5)

The velocity of ‘state b’ can also be calculated using Equation (4.6) ;

ub = Mb s(2).a (4.6)

Mb is determined by Equation (4.7);
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Mb =

 2

(γ − 1)
+M2

a


 (2γ)

(γ − 1)
×M2

a − 1


(4.7)

It is known that; pa = s(1).a, Ta = s(1).T, ρa = s(1).ρ, γa = s(1).γ. Therefore, knowing pa, pb

can be calculated using (4.8);

pb = pa(2 γ)M
2
a − (γ − 1)

(γ + 1)
(4.8)

Similarly knowing Ta, Tb can be calculated, Equation (4.9);

Tb = Ta

1 + (γ − 1)

2M2
a


 2 γ

(γ − 1)
M2

a − 1


 (γ + 1)2

2 (γ − 1)M2
a


(4.9)

Finally ρb can be calculated using, Equation (4.10)

ρb = ρa
(γ + 1)M2

a

((γ − 1)M2
a + 2)

(4.10)

It was then necessary to return to the lab based frame of reference; s(2).γ = s(1).γ, s(2).R =

s(1).R, the speed of sound and velocity of state (2) are obtained from Equation (4.11);

s(2).a =
√

s(2).γ s(2).T s(2).R (4.11)

and Equation (4.12);

56



4.2. The Oxford Cold Driven Shock Tube (CDST)

s(2).u = us1− ub (4.12)

The pressure, velocity, gamma and gas constants of state 2 and 3 are the same, hence: s(3).p

= s(2).p, s(3).u = s(2).u, s(3).γ = s(2).γ and s(3).R = s(2).R. Finally, the most significant aspect of this

experimental rig was the reflected shock. It’s this, coupled with the properties of the gas in the

incident shock that generates the test condition. To calculate the properties of the reflected shock

its was again necessary to move to a shock based frame of reference.

The Mach number of the shock is calculated using Equation (4.13).

Ms =
us1

s(1).a
(4.13)

And the Mach number of the reflected shock, using Equation (4.14)

Mr = −
(

Ms

M2
s − 1

)−1

.
√
1 + 2.(s(2).γ − 1).(M2

s − 1).(s(2).γ + 1)−2
(4.14)

The pressure, temperature and rho of state 5 and 2 are the same, hence: s(5).p = s(2).p, s(5).T = s(2).T

and s(5).ρ = s(2).ρ. Mb was calculated using Equation (4.7), Mr from (4.14) incorporating s(2).γ. It

was then necessary to return back to the lab based from of reference to calculate ua using (4.15) as

follows:

ua = s2.aMr (4.15)

And finally the reflected shock absolute velocity s(5).a;
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s(5).a =
√
s(5)γ s(5).T s(5).R (4.16)

ub = Mb s(5).a (4.17)

ur = ub (4.18)

The gas is stagnant after the reflected shock therefore s(5).u = 0.

4.3 Experimental methodology, set-up, and test plan

The primary objective of the experimental campaign presented in this chapter was to examine

the so-called ‘Chiba hypothesis’ [82] [83] in which the exothermic recombination of the thermally

decomposed calcium detergent in the oil with carbon dioxide is suggested as a trigger for LSPI

at a fundamental level — see §3.1.1 for details of the proposed reaction mechanism. The current

work extends the experimental study to include magnesium detergent as it is unclear from the

literature as to why magnesium detergent packs do not promote LSPI in the same way as calcium

based detergents. As a starting point for the current work, it was assumed that the first steps of

Moriyoshi’s proposed mechanism, the release of carbonate containing particles into the combustion

chamber and their subsequent thermal decomposition into their respective metal oxides and carbon

dioxide had occurred. A series of fundamental shock-tube experiments were then designed and

performed in which quantities of the metal oxides CaO and MgO (in powder form) were exposed

to elevated temperatures and pressures in the presence of CO2, N2, and argon (Ar) bath gases and

their visible light emissions observed.
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4.3.1 Powder delivery

Powder delivery was undertaken following the work of Bazyn et al. [88], who used a simple

knife-blade arrangement as a means of dispersing aluminium and nanocomposite thermite powders

in a reflected shock tube in order to observe their combustion reactions (see Figure 4.8). A plug was

manufactured that fitted the optical section of the Oxford CDST, sealed via an ‘O-ring’, and contain-

ing a knife blade secured in place with a grub screw. Figure 4.9 illustrates the finished component

and its installed position in the end of the CDST.

(a) Powder sample and incident shock (b) Dispersed powder and reflected Shock

Figure 4.8: Knife blade method for testing powder in a CDST - modified from [88]

(a) CDST Sealing Plug and knife blade (b) Knife blade – installed position in the end wall of the CDST

Figure 4.9: Knife blade design and installation within the optical section of the CDST
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4.3.2 Data acquisition

The triggering and data logging of the CDST was carried out using a National Instruments

T4NIDAQ Data Acquisition System or DAQ. The logging system was configured as follows: Pre-

trigger of 25 milliseconds (ms) and post-trigger of 150 ms, the logging rate in between triggers was

in 0.5 micro second (µs) steps. Details of the connected channels and pressure sensor type and

location can be found in §4.2.

4.3.3 Imaging system(s)

The dispersed powder was monitored for visible light emission through the quartz-windows of

the CDST’s optical test section using high-speed naturally backlit photography via a high-speed

camera system, as per Figure 4.10. A photodiode positioned as shown in Figure 4.10, was also in-

cluded to detect very low level light or light emissions outside the visible spectrum. The full test

campaign, detailed in Appendix A, was divided into three discrete campaigns carried out over a pe-

riod of 1 year 7 months. The imaging system used for the first campaign was a Photron mini UX100

and a Nikon AF (auto focus) NIKKOR lens with a 50 mm focal length, f/1.8 minimum aperture and

46°field of view. The settings of the camera and lens are important as they determine the exposure.

The shutter speed is how fast the lens shutter opens and closes, the aperture is what varied the

amount of light into the lens and the ISO is the cameras sensitivity to light. The frame rate was

10,000 frames per second, and the resolution of captured image was 1280 x 480 pixels. Campaign

two and three also used a different model high speed camera and lens; Photron Mini AX200 and a

Tamron ultrasonic silent drive. For campaigns 2 and 3 the camera and lens set up was the same as

campaign 1, shutter speed 10,000 frames per second, however the captured image resolution was

slightly different, 1024 x 672 pixels, full details are provided in Table 4.3. The camera was set in a

continuous buffering mode prior to each shot and subsequently triggered, through the DAQ, by the

incident shock reaching shock tube station 9 (STS 9). The resultant image files were analysed using

bespoke Photron Fast-camera Viewer PFV4(x64) software provided by the camera manufacturer.

Each image file was centred around the trigger point, and can be viewed retrospectively at different

frame rates. The software also had the ability to export each frame as an individual photo image,

examples of which will be shown in the results section.
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Table 4.3: Optical Systems

Campaign(s) 1 2&3

Camera Photron

FASTCAM

Mini UX100

Photron

FASTCAM

Mini AX200

Sensor 1280 x 480 1024 x 672

Type CMOS CMOS

Pixel (µm) 10 x 10 20 x20

Range (ADC) 12-bit 12-bit

Speed (fps) 10,000 10,000

Lens NIKKOR Tamron

Figure 4.10: Schematic of high speed camera set-up and photodiode. Distance between the camera

and quartz window: campaign 1, 300mm, campaigns 2 and 3, 100mm.

4.3.4 CDST test procedure

Prior to starting the experimental campaign, the initial boundary conditions – driver and

driven gas compositions and their respective initial pressures – required to produce the target

conditions of temperature and pressure were calculated using L1d4 [89]. L1d4 is an open-source

quasi-one-dimensional gas dynamics code developed by the University of Queensland for the

simulation of shock-tube or expansion-tube facilities [90] [91]. The CDST L1d4 model was created

and maintained by the OTI team, the driver and driven pressure and gas composition condition for

each test was provided by the same team.
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Having identified the desired boundary conditions, the standard method for operating the CDST

was as follows:

• The ‘plug’ containing the knife edge was removed and the CDSTwas rigorously cleaned using

a foam ‘cleaning pig’ and alcohol spray

• New diaphragm(s) were installed in the ‘diaphragm section’ of the CDST (note that both single

and double diaphragm configurations were used at times during testing)

• The predetermined quantity of metal oxide powder was placed on the knife blade and the plug

was then reinstalled into the CDST

• The driven section of the CDST was evacuated using a vacuum pump

• The driven section was filled with the test gas to the desired predetermined pressure

• The driver section was then filled with the driver gas of the desired gas type to the predeter-

mined fill pressure

• The diaphragm was ruptured by increasing the driver pressure (single diaphragm mode) or

by evacuation of the space between the diaphragms (double diaphragm mode), which in turn

triggered the DAQ and the imaging systems, when the incident shock reached STS 9.

• The captured pressure data was post-processed to calculate the test’s temperature and pres-

sure for each ’state’

4.3.5 Data post processing

The data files collected by the DAQ contain temporal pressure information logged by each pres-

sue sensor at known positions along the shock tube. The sensor locations, known as shock tube

stations, were previously defined and numbered in §4.2. For this project STS7, STS9, STS10 - 12

were used. The raw pressure data files (typically 38.7 Mb in size) and their accompanying high

speed camera files were aligned using the STS-9 trigger signal generated from the first arrival of

the incident shock. A MATLAB script was provided by the team at the Oxford Thermal Institute,

which contained the outline of how to post process shock tube data, the original being authored
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by Doherty et al. and modified by the author to suit this experiment. MATLAB contains bespoke

functions the can interpret NI DAQ data and read this in to the software for further analysis. The

primary objective of the first stage of data post processing was to extract the pressure in the driver

and driven section and to calculate the mean shock speed.

Mean Shock Speed

Using bespoke code, MATLAB aligned the vertical dashed red lines to the pressure at each STS

and by measuring the time between each rise in pressure, the shock speed can be calculated in m/s,

Figure 4.11. The trigger (STS 9), defines the 0 point in terms of a reference time. STS7 to the left of

the trigger and STS10 - 12 to the right.

Figure 4.11: Example Shock Speed Determination, shot 110.

The first visual check is that the shocks speeds are similar, repeatability checks will be covered in

a later section. The shock speed between timing stations were then averaged in order to report

a mean shock speed. It is desirable to use the maximum number of shock speed measurements

possible (in this case 5 sensors were available), as the lower the number of measurements the higher

the potential error. For example, shot 110; if only STS 11 and STS 12 are averaged the shock speed

is 18.7 m/s slower than if STS 7, 9, 10, 11 and 12 are used.

63



4. Fundamental Investigation into Oil Detergent as the Cause of LSPI

4.3.6 Experimental test plan

The starting point for the studywas the desire to examine the ‘Chiba hypothesis’ which proposes

the exothermic carbonation reaction of calcium oxide as a trigger for LSPI, at a fundamental level.

Accordingly, the combination of pressure and temperature initially considered for the shock-tube

experiments were derived from 3D CFD simulations of an engine operating condition known to

promote LSPI as shown in Figure 4.12. This simulation shows the end of compression pressure is

approximately 4.1 MPa and the temperature is 750 K for this engine operating condition.

Figure 4.12: Siemens Star-CD CFD simulation (provided by the CFD team of Jaguar Land Rover) -

1500 RPM, WOT (25 bar BMEP); LSPI conditions. Approximate in-cylinder temperature and pres-

sure, used to identify ‘engine-like’ conditions. 4-cylinder gasoline engine, 10.5:1 compression ratio.

The hypothesis proposed by Chiba University suggests that a temperature in excess of 1000 K and

an in-cylinder pressure of approximately 4 – 5 MPa is required for the thermal carbonation reaction

to occur and the corresponding exothermic heat release to trigger LSPI [82]. Although this pres-

sure range corresponds well with the predicted end of compression pressure for the LSPI operating

condition shown in Figure 4.12, the simulations predict a substantially lower in-cylinder bulk tem-

perature at the time that LSPI would be expected to occur (5–10
◦
CAD BTDC - see Figure 2.7 for a

representative example). Accordingly, the lower temperature range of the test matrix for this study

was set at a more ‘engine-like’ value of 773 K. Table 4.4 details the nominal test conditions exam-

ined during the study in order of increasing ambient gas temperature. Note here that, assuming an

engine speed of 1500 rpm, the complete compression stroke of the 4-stroke engine (180 deg crank

angle) corresponds to 20ms and that the ignition event either by spark or LSPI occurs in less that
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Table 4.4: Experimental test matrix for nominal conditions

Temperature Pressure Powder Driven gases

[K] [MPa] 0.20g ± 0.025g

773 1.90 CaO, MgO CO2, N2

873 0.85 CaO N2

1058 0.62 CaO, MgO CO2, N2, Ar

1173 0.97 CaO, MgO CO2

20 degrees CA equates to approximately 2.2 ms. The shock-tube conditions, detailed in Appendix

A, were designed accordingly to target a minimum of 3 ms at the desired constant temperature and

pressure. Figure 4.12 illustrates a typical end of compression pressure at which LSPI can occur, ap-

proximately 4.1 MPa. When the shock tube was configured for this work, limits were placed on

the experiment in terms of the pressures that were allowed. The initial testing in campaign 1 com-

menced at engine like temperature and lower pressure conditions where no light emissions were

visible or detected on the photo diode. It is typical in chemical reaction kinetics for temperature to

dominate, due to the additional energy imparted into the reactants. A practical way to achieve this

in the CDST was to increase the fill pressure, hence density of the driven gas, in order to explore

increased temperature. The result of this approach was that the test pressure reduced as the tem-

perature increased. The first test where a light emission was observed was with CaO + CO2, 1173 K

and the resultant pressure was 0.97 MPa, in contrast to 753 K and 1.9 MPa in the fired engine. The

occurrence of a light emission at lower pressure and high temperature validates the dominance of

thermal effects in lieu of pressure. On that basis the author placed emphasis on exploring the effect

of temperature, rather than matching the varying pressure in the engine. The experiments were

performed in three pure gas environments: CO2 – the particular gas of interest with respect to the

Chiba hypothesis, and N2 and Ar – both assumed to be inert with respect to the proposed reaction

mechanism. Two metal oxide powders were used, both sourced from Sigma Aldrich; Calcium Oxide

ReagentPlus 99.9% andMagnesium Oxide 99.99% trace base metals, powder. The quantity of powder

used in each experiment was 0.2g +/- 0.025g. An aspect of the Chiba hypothesis not investigated in

the current work was the impact of particle size.
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4.3.7 Image Processing

As previously stated in §4.3.3, the images were captured using Photron high-speed camera(s) in

12-bit .mraw format, and viewed/edited using bespoke Photron PFV4 (x64) software. This software

was used to sub-divide the files and export individual frames. Additional post-processing was un-

dertaken using Fiji (ImageJ), allowing the images to be cropped to the dimensions (75mm x 30 mm)

of the optical window of the CDST, and converted to 8-bit grey scale prior to applying a histogram

normalisation to enhance the contrast. In some cases, where the image was too dark or contained

faint particles, further post-processing was necessary to sharpen and/or brighten the image. The

photographs in the following sections were extracted as representative, specifically selected indi-

vidual frames, for each condition of interest. Where enhancements were required this will be stated,

as not all images required this additional level of post-processing.

4.4 Results

4.4.1 Powder dispersal

In order to verify the efficacy of the powder dispersal via the knife-blade method, the target

quantity of powder was placed on the blade while the CDST was fired. The measurement region

was simply illuminated by a suitable light source to observe the powder moving. Figure 4.13, shows

four frames from the high-speed camera file. Starting with the incident shock arrival, (a), the powder

is pushed to the back of the knife edge. The reflected shock, (b) and (c), disperses the powder into the

field of view. The residual powder is entrained by the shock wave and is shown to be well dispersed

in the CDST, (d).

(a) t=-0.25 ms (b) t=0.5 ms (c) t=3.0 ms (d) t=5.0 ms

Figure 4.13: Shock induced powder dispersal – Test #34, 4000 FPS. The test section was externally

illuminated. The timing refers to the arrival of the incident shock at the knife blade. The images

were brightened to enhance the visibility of the powder.
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4.4.2 Repeatability of test conditions

As noted in §4.2, the CDST was operated in both single and double diaphragm modes over

the full course of the experimental study described in this chapter. In both instances repeat tests

under nominally identical operating conditions (driver and driven gas compositions, temperatures

and pressures) were performed to establish the repeatability of these test conditions. The overall

repeatability in shock speed for campaigns one and two (a) in Figure 4.14 was within ± 4% of the

mean using a single diaphragm, which was deemed ‘good’. This was improved further for campaign

three to ± 2.3% of the mean, with a double diaphragm arrangement, (b) in Figure 4.14.

(a) Campaigns 1 and 2.

(b) Campaign 3.

Figure 4.14: Improved shock speed repeatability, single diaphragm (a) and double diaphragm (b). All

target test conditions N2 + CaO, target 1058 K and 6.2 bar. The error bars for (a) represent ± 4% of

the mean, similarly for (b) represent ± 2.3% of the mean.
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Figure 4.15: Desired test section gas temperature

It was found after multiple tests during campaigns 1 and 2 that the variation in burst pressure of

the single diaphragm led to larger than desired variation in shock speed, Figure 4.14. This was

illustrated in Figure 4.15, for shot 57, it can be seen that it has the fastest shock speed which in

turn leads to the second highest test (T5) temperature. In campaign 1, T5 temperatures ranged

from 1034 – 1108 K. Switching to a double diaphragm set-up led to a significant reduction in shock

speed variation, however this did not translate into lower variation in (T5) temperature. Figure

4.15, contains dashed lines indicating ± one standard deviation (σ) or (22 K). The change to double

diaphragm changed to a more consistent profile of the shock speed vs. timing station, however

as the (T5) is calculated from the mean shock speed, this did not significantly improve the overall

variation. This may be due to the lack of ‘tailoring’ of the test condition. More refinement or

‘tailoring’ could have reduced the variation further, but this was not pursued in the current work.

In a paper on chemical kinetics modelling and shock tube study, Ning et al. [92], quote a shock

tube test temperature uncertainty of ± 1 % over a test time of 1 - 2 ms. In a similar experiment to

this research, using piezo-electric transduces, Ferris et al. [93], quoted a 1- σ uncertainty of ± 0.5 %

of T5 (desired test section temperature). The expected uncertainty of this experiment, as it used a

similar both similar sensors and normal shock relation equations to calculate the temperature from

pressure, would be similar ± 0.5 %. Overall, a very small value of uncertainty in comparison to the

levels of temperatures assessed.
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4.4.3 Engine relevant temperatures (T < 750 K)

Following the proposed reactionmechanism of the Chiba hypothesis and the end of compression

gas temperatures for typical LSPI operating conditions as shown in Figure 4.12 and as evidenced in

the literature [94] , an initial set of 20 tests were performed with CaO in a 100% CO2 environment at

a target gas temperature of 763 - 773 K. It is notable that that no visible light emissions were captured

at the lowest temperatures examined with CaO in CO2 or N2 test gasses. It is also significant than

no light emissions were captured for MgO in any test gasses, at any temperatures examined.

4.4.4 In-cylinder gas hot spot temperatures (800 < T < 1100 K)

After runningmultiple shots at T < 750 K the temperaturewas increased. Thiswas done in stages,

but it was necessary to raise the temperature to in excess of 1173 K to observe an output visible on

the high speed camera. As no light emissions occurred at end of compression temperature and it was

necessary to significantly increase the temperature in the CDST, this points at an alternative source

of temperature in the engine being required to trigger pre-ignition. Literature suggests internal

residual temperatures in the range of 800 – 1100 K in SI engines, at the typical speed and load that

LSPI occurs [95], [96], [97].

4.4.5 Temperatures where light emissions occurred (873 < T < 1173 K)

The first clearly visible light emission was diffuse in form and appeared to last for a very short

duration, at approximately 2 ms. Further inspection of the camera images later identified faint

glowing particles, resulting in an overall duration of light emitted of approximately 30 ms.

Figure 4.17 charts the data collected from the STS’s in the CDST. The dashed line is STS09 which was

used to time all of the elements of the experiment. The solid line is STS12, the pressure measurement

in the optical section of the CDST. The grey shaded area of the figure illustrates the start, end and

timing of the light emission relative to the pressure signals. The legend is consistent for all of

the result charts in the following section. The inset table shows the target test conditions and the

measured results. Accordingly, T5 and P5 are the temperature and pressure during the test time

calculated using normal shock relations.
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(a) t=1.99 ms (b) t=2.24 ms (c) t=2.49 ms (d) t=2.74 ms

(e) t=2.99 ms (f) t=3.24 ms (g) t=3.49 ms (h) t=3.74 ms

Figure 4.16: High speed images, CaO + CO2, T5 = 1185 K, P5 = 0.98 MPa, campaign 1, Test #37,

frame speed 4,000 FPS, (all times were relative to the first visible light emission). The images were

brightened to enhance the visibility of the light emission.

Figure 4.17: Shot #37, CaO + CO2, 1173 K, 0.97 MPa. Camera speed 10,000 FPS. The dashed red line

indicates the period of the displayed images in Figure 4.16. The in-set image is zoomed in on STS12;

The orange circles (a) shows the incident shock, (b) shows the reflected shock/test time.

It can be seen that the light emission starts during the test time, in this case where the temperature

reaches 1193 K. The desired test time, in a well tailored shock tube experiment, would be flat for

the duration of the target test time (3 ms). There was initially a flat portion to the test time, then a

rise in pressure around 1 ms after the shock is reflected. Tailoring will be discussed in more detail

later in the chapter, however it can already be stated that this is not a well tailored condition. Of

note is that there was a significant rise in pressure during the test time which will also be examined
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in more depth later. Under the same fill conditions, the bath gas was changed to Nitrogen (N2). As

N2 is considered to be an inert gas below 1600 K and low pressure, the expectation was that the no

visible light emission would be observed. What was actually captured was unexpected.

(a) t=1.20 ms (b) t=2.60 ms (c) t=3.00 ms (d) t=6.10 ms

(e) t=8.80 ms (f) t=11.20 ms (g) t=15.90 ms (h) t=17.70 ms

Figure 4.18: High speed images, CaO + N2, T5 = 1108 K, P5 = 0.82 MPa, campaign 1, Test #39,

frame speed 10,000 FPS, (all times were relative to the first visible light emission). The images were

brightened to enhance the visibility of the light emission.

Figure 4.18 highlights an extremely bright and energetic light emission, so bright in fact that by 6.1

ms the CMOS chip in the high-speed camera was completely saturated. This condition was initially

not well adjusted for the differing gas properties between CO2 and N2, hence the T5 and P5 were

both above target, Figure 4.19. The early images in Figure 4.18 were similar to the CO2 + CaO, diffuse

and cloud-like. It was not possible to describe the characteristics during the saturation due to the

extreme brightness levels. Thereafter, a particle like appearance dominated for an extended period

of time (47 ms), until the last particle disappeared. It can be seen from Figure 4.19 that the start of the

light emission was co-incident, possibly just in advance of the reflected shock reaching the pressure

transducer STS12. This indicated that the initiation of this ‘reaction’ resulting in a light emission,

may be occurring at a lower temperature. Of note in shot #39, is the absence of plateau during the

test time, with the rise in pressure following the early light emission, occurring immediately after

the reflected shock arrived. The behaviour of CaO + N2 was investigated further, with a double

diaphragm set-up of the CDST. It should also be noted that the piezo-electric pressure transducers

were replaced and recalibrated. The range of the new sensors was targetted at improved resolution

in the test time region of the trace, lower that those previously fitted. The result was saturation of

the pressure transducers above 2.8 - 3 MPa, characterised by a horizontal line as shown in Figure

4.21.
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Figure 4.19: Shot #39, CaO + N2, 1108 K, 0.84 MPa. Camera speed 10,000 FPS.

The fill pressures were similar to the previous condition, but the introduction of two diaphragms

meant that rather than the driver pressure being a variable to burst the diaphragm, it was fixed at 4

MPa and the evacuation of the breech controlled the firing of the CDST. Shot #145 was the clearest

example of the apparent reaction between CaO + N2, Figure 4.20. The images in Figure 4.20 behave

is a manner very similar to the lower temperature back-lit images of the powder being displaced

rearward then entrained by the incident and reflected shock, Figure 4.13. As soon at the temperature

and pressure conditions reach a sufficient level, 1025 K in the case the CaO particles emit light. Of

particular note, in the case of shot #145, was that no diffuse or cloud-like light preceded the glowing

(a) t=-0.20 ms (b) t=1.4 ms (c) t=2.90 ms (d) t=3.50 ms

(e) t=4.10 ms (f) t=4.70 ms (g) t=5.50 ms (h) t=8.10 ms

Figure 4.20: High speed images, CaO + N2, T5 = 1025 K, P5 = 0.66 MPa, campaign 3, Test #145,

frame speed 10,000 FPS, (all times were relative to the first visible light emission). The images were

brightened to enhance the visibility of the light emission.
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Figure 4.21: Shot #145, CaO + N2, 1025 K, 0.66 MPa. Camera speed 10,000 FPS. The flat region of the

pressure signal is due to saturation of the pressure sensor.

particle phase. Individual or glowing groups of particles can be seen as the incident shock arrives,

then they glow very brightly as the reflected shock moves them through the optical section of the

CDST. As noted for shot #39, there is a significant rise in pressure during the test time, in this

case the rise was preceded by an initial pressure plateau, this will be explored further later in the

chapter. To investigate the significance of temperature on this occurrence further, the next condition

investigated was at a target of 873 K, Figure 4.22.

(a) t=1.10 ms (b) t=1.60 ms (c) t=3.10 ms (d) t=3.50 ms

(e) t=4.10 ms (f) t=4.60 ms (g) t=8.30 ms (h) t=10.20 ms

Figure 4.22: High speed images, CaO + N2, T5 = 869 K, P5 = 0.85 MPa, campaign 3, Test #154,

frame speed 10,000 FPS, (all times were relative to the first visible light emission). The images were

brightened to enhance the visibility of the light emission.

The last test conducted with CaO +N2 was targeting 873 K and approaching ‘engine-like’ conditions,
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Figure 4.23: Shot #154, CaO + N2, 869 K, 0.85 MPa. The flat region of the pressure signal is due to

saturation of the pressure sensor.

but still approximately 125 K above the end of compression temperature referenced in Figure 4.12.

From the timing of the light emission shown in Figure 4.23, it can be seen that light wasn’t visible

until approximately 9 ms after the test time. The significance being that the temperature was too

low during the test time to initiate a light emission. The increasing pressure and hence temperature

post-test in the CDST must have reached a level where light was able to be emitted. The particles

themselves were very dull, such that they would be very difficult to see without a level of image

brightness increase conducted in Fiji. The x-axis of this plot was increased to 60 ms, to allow for the

delayed start to light being emitted and the long duration of emission 45.2 ms.

4.4.6 Testing with Argon (Temperature Target = 1058 K)

A unexpected apparent ‘reaction’ between calcium oxide and an inert gas (N2) at a temperature

at which it should be ‘unreactive’ led to many questions. It was decided to test with a truly inert

gas, Argon (Ar). Known as the ‘lazy gas’ Ar is know to be unreactive with all known chemicals in

the temperature region of this experiment. A new condition to replicate the CaO + N2 temperature

and pressure was designed using L1d4. This required a change to the diaphragm material from

aluminium to Mylar due to the lower pressure conditions of the driver and fill condition. The nature
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Figure 4.24: Shot #166, CaO + Ar, 876 K, 0.53 MPa.

of Mylar diaphragm rupture creates additional debris in the shock tube, leading to more extensive

cleaning requirements between tests. Unfortunately, despite L1d4 suggesting that 1058 K would

be achieved, the actual calculated temperature for these tests was lower, 876 K. This was due to

the shock speed being lower than predicted and this resulted in the temperature not reaching the

target. However, as 876 K is in the vicinity of test 154 (869 K), a condition where a light emission

occurred, it can be confirmed that no light was emitted with CaO +Ar. If Figure 4.24 is examined and

number of different artefacts can be evaluated. Firstly the test time was a more defined plateau and

the test time was at target, approximately 3 ms. Moreover, the absence of a large rise in pressure

and no light emission under similar conditions to shot #154 is significant. The x and y axes we

changed for the Ar condition as the pressure was significantly lower for this shot. The time axis

was similarly shortened as the pressure after 20 ms was reducing and unremarkable. Limited time

and opportunity for further testing was available, had this not been the case and certainly for future

work, this condition could be examined further to match the precise conditions for a more extensive

comparison at this condition.
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4.4.7 Testing with MgO (Temperature Target = 1058 K)

Figure 4.25: Shot #160 and #161, MgO + N2, 968 and 1016 K, 0.53 and 0.58 MPa. Inset, zoomed in

to; -0.5 – 2.5 ms and 0 – 0.7 MPa. The flat region of the pressure signal is due to saturation of the

pressure sensor.

To test the hypothesis MgO does not emit light under the same conditions as CaO, this condition

was repeated with MgO powder. Figure 4.25 shows two tests at the same target condition. Firstly,

it can be seen that neither test met the target closely, test #160 at 965 K was 93 K below target

despite being a double diaphragm test with the same fill conditions. Similarly, but to a lesser extent,

test #161 was also below target by 42 K. This behaviour can be partially attributed to slower shock

speed in both cases, in CaO + N2 tests close to target, the average shock speed was approximately

900 m/s, whereas tests #160 and #161 were 836 and 864 m/s respectively. The inset chart in Figure

4.25, shows that although the timing of the incident shock arrival at STS09 was identical for both

tests, there was a difference in the reflected shock time of 0.05 ms at STS12, with #160 being slower.

The exact reason for this is unknown, but is most likely to be related to differences in the rupture

characteristics of the diaphragms and any non-ideal flow behaviour. The absence of images is the

result of there being no light emissions to examine, hence it was confirmed that MgO powder did

not emit light under similar conditions as CaO. For future work this condition should be examined

further to achieve fully comparable test conditions, and with many more repeat tests.
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4.4.8 Testing With and Without CaO Powder

To confirm if what had previously been observed as light emissions in the preceding subsections

was in fact not a light emission fromCaO powder, instead the result of N2 gas emitting visible light in

some way that Ar gas does not, two tests were conducted without CaO powder in the CDST. Figure

4.26 compares the ‘no-powder’ tests to several notable tests ‘with powder’ under nominally identical

test conditions (driver and driven gas compositions, pressure, temperature, targeting 1058 K and 0.62

MPa). It is immediately apparent from tests # 57 and 58, that they differ significantly from the other

tests, despite on first impressions that the absence of powder was the only difference. Examining the

driver pressure, this was significantly higher than the other tests, at 5.0 and 4.9MPa for shots #57 and

#58 respectively. This was most likely due to differences in the material properties or scoring of the

single diaphragm. The rupture characteristics have a significant effect on the flow field of the shock

wave. Figure 4.27 show an example of a new and fired diaphragms. Whilst the machining process

was as identical as it can be for a manual process, the behaviour of the diaphragms vary. The fired

diaphragm, illustrates the non-ideal behaviour seen in this experimental campaign. An ideal result

would have been for all 4 ‘petals’ to open equally and symmetrically. This was not achieved in this

testing, which could have led to undesirable variability in addition to the varying rupture pressure.

What is significant was that the calculated shock speed and P5 pressure were close to the target,

however the temperature was 50 - 117 K higher in the case of shots # 57 and #58. Moreover, the

reflected shock and post-shock pressure was very different to what should have been similar. If the

characteristics of the repeat tests, plus confirmed ‘no light emission’ MgO #160 and #161 are added

(all zoomed into the test time region), the following observations were made, figure 4.28. Firstly,

the variability in the arrival time of the incident and reflected shocks can been seen via the different

timings of each pressure rise. Starting with the shots that included powder; shot 39 (black line),

explored in detail 4.18 and 4.19, had no pressure plateau, rather a steady rise in pressure throughout

the test time.

Shots #106 and #108 are interesting as they display different pressure characteristics. Shot #106

(purple line), behaved similarly to shot #39, no defined plateau, followed by a steady rise in pressure.

This test had the lowest shock speed (865 m/s) , P5 (0.58 MPa) and T5 (1018 K) of the CaO tests. In

contrast, shot #108 (green line) had a defined plateau at the start of the test time, followed by a small
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Figure 4.26: Shots; #39, #57, #58, #106, #108, #145 CaO + N2, 1058 K, 0.62 MPa.The flat region of the

pressure signal is due to saturation of the pressure sensor. Driver pressuresmarked * represent single

diaphragm tests from campaigns 1 and 2, where the burst pressure was variable. Later (campaign 3)

double diaphragm tests had fixed driver fill pressure.

(a) New diaphragm, 2 x 0.15mm crossing scores (b) Fired diaphragm

Figure 4.27: Comparison of new and fired diaphragms

rise in pressure approximately 1 ms after the start. The results for this test have faster shock speed

(890 m/s), higher P5 (0.67 MPa) and higher T5 (1068 K). Similarly shot #145 (brown line) exhibited

almost identical behaviour to shot #108, including the small rise in pressure after 1 ms. It was also
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Figure 4.28: Shots; #39, #57, #58, #106, #108, #145, CaO + N2, nominal conditions 1058 K, 0.62 MPa.

Shots; #160 and #161 MgO + N2, nominal conditions 1058 K, 0.62 MPa. The flat region of the pres-

sure signal is due to saturation of the pressure sensor. Driver pressures marked * represent single

diaphragm tests from campaigns 1 and 2, where the burst pressure was variable. Later (campaign 3)

double diaphragm tests had fixed driver fill pressure.

considered, if the light emission was coincident with the small pressure rise after 1 ms, however this

was quickly disproved as it can be seen in 4.21 that the start of the light emission was coincident

with the start of the test time, not the small rise in pressure. To investigate if this observed pressure

behaviour was the result of an apparent reaction or simply an artefact of the flow and aerodynamic

behaviour of the experimental design, two additional tests with confirmed ‘no light emissions’, were

overlaid. Shots #160 and #161 (MgO), were examined in detail in figure 4.25 and can be seen to follow

characteristics previously described in the CaO tests earlier in this subsection. In fact, they are

different in a similar way to shots #106 and #108, in that shot #160 (magenta line) had no real plateau

and a steady pressure rise during the test time, whereas shot #161 (royal blue line), had a plateau and

a more defined pressure rise after 1 ms. It is therefore most likely that the variation in incident and

reflected shocks, hence shock speed, P5, T5 and plateau vs. steady pressure rise, must there be the
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result of test to test thermo-fluid differences and not the result of a chemical reaction. Finally, the

tests conducted without powder were revisited, namely shots #57 and #58. It was first thought that

as these tests had such a different pressure characteristic, that this was due to the absence of powder.

Moreover, if the test conditions for CaO with and without powder are considered in isolation, this

could suggest a significant and potential reaction when powder is included. However when the non-

light emitting MgO results are also considered, this disproves any hypothesis relating to a chemical

reaction being the cause. In summary, the mechanical characteristics of the diaphragm rupture and

non-ideal behaviour of the CDST are the most likely cause.

4.4.9 Repeatability of Captured Light Emissions

In §4.14, the repeatability of the experiment was explored in terms of repeatability and repro-

ducibility of the same test condition and overall precision of the methodology. It is noteworthy to

mention the repeatability of captured light emission, particularly for tests with the largest sample

sizes. The two conditions considered here are CaO + CO2 (1173 K and 0.97 MPa) and CaO + N2 (1058

K and 0.62 MPa). In total 5 repeats of the CaO + CO2 condition, resulted in 3 occurrences of captured

light emission. The sample size for the CaO +N2 wasmore widely repeated as this unexpected result

drove further investigation. A total of 20 repetitions was conducted; 8 of the repeat shots had issues

with camera synchronisation and the photodiode was not always present and working. Based on

experience working with this condition, it was highly likely that a light emission were present but

not captured by the HSC due to incorrect triggering. The ‘no-powder’ tests comprised 2 in total,

the first of the two had a small light emission, due to residual trapped in the CDST, captured on the

photodiode, but no HSC image. The second no-powder shot had no light emission present. Finally

the remaining 10 shots all had HSC images captured. After the issues with camera synchronisa-

tion were overcome, (mainly campaign 2), every CaO + N2 shot produced a light emission. It can

therefore be said that the CaO + CO2 was less repeatable than the CaO + N2 condition indicating a

potential temperature threshold or sensitivity, but for this to be conclusive a larger sample size for

the CaO + CO2 condition would be necessary.
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4.4.10 Shock Tube Tailoring

The ‘test time’ in a shock tube is the maximum time, where a quiescent slug of test gas at the

target temperature and pressure created by a reflected shock-wave interacts with the following gas

stream. So-called tailoring of the experiment, seeks to tune this behaviour to create a readily re-

peatable condition to allow the exploration of chemical kinetics in a shock tube. The shock tube is

a reactor that can instantaneously provide high temperature and pressure, ideally recreating a con-

stant volume reactor conditions post reflected shock [98]. In shock tubes that cannot be extended,

driver gas tailoring can be used to extend the test time. A well tailored driver gas, the contact inter-

face between the driver and reflected shock wave can be tailored so that no reflected wave processes

are generated in the post reflected shock region [98]. From the same paper, specifically focussing

on pressure in this example (similar behaviour can be seen with temperature), Figure 4.29 shows

examples of under-tailored, tailored and over-tailored situations.

(a) Under-tailored (b) Tailored (c) Over-tailored

Figure 4.29: Examples of shock tube pressure tailoring [98].

The CDST does not provide well tailored conditions in the present experiments. It can be seen from

4.29, that (a) under and (c) over tailoring we experienced, but no (b) tailored (with the exception of

the Argon test, which is quite close 4.24). Most of the tests in all three campaigns were over-tailored,

an interesting characteristic of this situation is that the temperature, initially peaks post-test time

then reduces dramatically due to the driver gas mixing with the driven gas. In the case of this work,

the reduction in temperature appears not to have had a significant negative impact, however this

could introduce air later in the shot. Whist this shouldn’t be a factor for the initial gas composition

and hence light emission, it could play a part in the long duration of glowing particles, analogous to

sparks in a fire. Further experiments with different gas compositions would be required to explore

this further and determine if a form of oxidation was occurring. This could be relevant particularly
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for the CaO tests where initially there was rapid cloud-like light emissions, however discovered

much later with further analysis, particle based light emissions late in the experiment which may

point to a secondary oxidation reaction with air. Other considerations, mentioned previously, were

problems due to non-idealities resulting from the creation of boundary layers and their interactions,

[99]. This can lead to errors in the reaction temperature. Variability in the diaphragm rupture has

also had a significant effect on this work, as its the likely cause of the unusual, potentially under-

tailored behaviour experiences on shots #57 and #58 (no-powder). It is recommended for any future

work that time is taken to tailor the experimental design to elongate the test time plateau, improve

repeatability and understand the effects of any post test gas mixing.

4.5 Discussion

This work set out to investigate the hypothesis introduced in Chapter 3 conceived by Moriyoshi

and co-workers [82] [83] of Chiba University, Japan. Whereby, the carbonation of CaO with CO2

leads to an exothermic reaction with sufficient heat release to trigger LSPI. Whilst light emissions

were captured a number of times at the highest temperatures tested, it was not a readily repeatable

condition and not present at lower temperatures i.e. at the end of compression stroke in an ICE, or

‘engine-like’ conditions. The images captured using a HSC were initially cloud-like in early frames,

moving to particle-like behaviour later in the experiment. Particle size was mentioned as a factor

for consideration by Moryoshi et al., but was not included in this current work. Visually at least,

the results captured using the CDST differ from the measured pre-ignition in an engine running

at a condition where LSPI could occur. Endoscopic measurements previously captured by Chiba

University illustrate examples of how LSPI manifests inside a running engine [83]. The images are

‘particle based’, rather than a glowing cloud. The upper images in Figure 4.30 marked ‘A’ show

glowing particles, in this case emanating from the piston top land crevice at approximately 10 °CA

BTDC, once established this becomes extremely bright. The lower images in Figure 4.30 marked ‘B’,

show LSPI occurring on the exhaust side of the combustion chamber.
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Figure 4.30: Endoscopic images of in-cylinder LSPI. A) Shows local luminescence around the piston

crevice 10 °CA BTDC. B) Pre-ignition occurs on the exhaust side of the engine, 12 °CA BTDC [83]

Some of the CaO +N2 tests exhibited cloud like behaviour e.g. shot #39, similar to the early frames of

the CaOwith CO2 e.g. shot #37. However in contrast, there were tests for CaO + N2 that were purely

particle based. It can be seen in figure 4.18 (shot 145) a notable example of a visible light emission

from CaO + N2; starting from a completely dark condition, follows a single, then an increasing

number of glowing and energetic particles were captured that lasted for tens of milliseconds, Figure

4.21. Once repeatable behaviour was established, the temperature was reduced to determine if light

was emitted approaching ‘engine-like’ conditions (shot 154). On first impressions, it was thought

that CaO + N2 did emit light at significantly lower temperatures than CaO + CO2, but this was later

disproved as despite the condition approaching 750 K the light emission did not occur at the target

conditions during the test time, rather not until the temperature in the CDST reached a critical level

where light could be emitted, Figure 4.20. Further images of pre-ignitionwere collected by Fang et al.

[100] from Tianjin University using a specially designed optical engine located at Brunel University,

UK. The experiment was specifically targeted at capturing oil induced PI, by injecting oil into to the

fully warm engine running a fixed speed and spark timing.

The engine has a unique optical window in the cylinder head and the intake and exhaust valves are

horizontal. This physical engine configuration presents some challenges for combustion. It can be

seen in cycle 70, in Figure 4.32 that the ‘normal’ combustion cycle has some spots of diffusive com-

bustion, probably due to poor mixing of air and fuel that would lead to increased particle emissions.

These spots are not to be confused with the oil based PI from injected oil which can be seen to trig-
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Figure 4.31: Schematic of the Brunel University optical engine and high speed imaging system [100]

ger PI 7.2 - 9.6 °CA BTDC in cycles 57 and 75, remembering that the spark timing was fixed at TDC.

It stated in the paper that some image processing was used to enhance the images to aid the calcu-

lation of flame speed. This was why the image colour differs from the PI captured in 4.30. In figure

4.32, cycle 57, the PI occurred from the location that the oil was injected, the highlighted aspect of

this image at 12 °ATDC shows some bright spots (highlighted in red) said to be exothermic centres

in the unburned zone. In cycle 75, figure 4.32 shows multiple yellow ‘particle like’ spots of burning

oil. Additionally a highlighted image at 3.6 °ATDC, was said to be an additional semi-separate com-

bustion zone formed (highlighted in red). This cycle differed from cycle 57 in that the autoignition

occurred near the expanding flame front rather than near the cylinder wall. It was also stated in this

paper that a single drop of oil, whilst confirmed to initiate PI, cannot be the only cause of the other

oil droplet or spots observed during this experiment and these are likely to be the result of pressure

waves in the combustion chamber due to the extremely fast burn rates displacing oil from the top

land crevice. In this alternative study, cloud-like areas form in addition to purely particle based light

emissions. These are more similar in appearance to both the results captured in the CDST for CaO +

CO2 and some occurrences of when CaO + N2 was tested. This suggests that there may be a level of

variability in how CaO interacts with the surrounding gasses and the resulting optical behaviour. Of

course the environment inside to combustion engine is considerable more complex than the CDST,

containing fuel and oxygen from the air, water from complete combustion and residual gas from the

previous cycle. The results presented to date, neither unambiguously disprove or prove the ‘Chiba

hypothesis’. However, a new, unexpected, vigorous reaction of CaO powder when shock heated

in a N2 gas atmosphere, does suggest the existence of an, as yet unidentified, alternative reaction

84



4.5. Discussion

pathway for CaO to trigger LSPI. The highly repeatable behaviour of CaO + N2 and nitrogen as a

pathway was confirmed by the absence of a light emission when it was replaced with argon.

Figure 4.32: Endoscopic images of in-cylinder LSPI, 1200 rpm, ignition timing fixed at TDC. Cycle

70 is the engine running ‘normal SI combustion’. Cycle 57 and 75 are PI cycles that result from oil

injection. [100]

Whist investigating the potential reasons for why the unexpected behaviour of CaO + N2 occurred,

"could oxygen be present?" was explored. Is there sufficient air leakage (O2) into the shock tube

to create an oxidation reaction between either the CO2 or N2, which in turn could cause a light

emission? The CDST was evacuated prior to each test using a vacuum, the filled with the desired

driven gas for the test. The vacuum pump has a rated power capability and can remove most of

the gas, well below atmospheric pressure, but not absolute zero pressure. The quantity that cannot

be removed is assumed not to participate in the next test as the volumetric quantity would be very

small in contrast to the test gas. The driven gas is filled to the target pressure, further increasing

the charge density of the desired gas, and displacing any residual gas. Once the CDST is ‘ready to

fire’ a number of tasks remain e.g. safety checks, which means that there was still an opportunity

for air to leak into the test section despite countermeasures e.g. bespoke sealing grease, to prevent

this (the test pressure is still below atmospheric pressure). The Oxford CDST driven section is 0.1

m diameter and 8.4567 m long, which equates to a geometric volume of 0.0664 m
3

or 66.4 L. The fill

pressure, ‘as set’ was recorded in the test logbook, then the same pressure was again recorded at the
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point of firing. Shot #109 was chosen to evaluate the estimated leakage. The set pressure was 0.0201

MPa or 20100 Pa, by the time the CDST was fired the pressure had risen to 0.0208 bar or 20800 Pa.

PV = MRT (4.19)

Using the rearranged ideal gas Equation (4.19) the mass of gas was calculated for the set condition

(N2, 15.3 g) and the pressure at CDSTfiring (N2 + leaked air, 16.4 g), and the difference equated to 1.1 g

or 7.03%. As air comprises approximately 75.523% nitrogen and 23.133% oxygen by mass (excluding

argon, CO2 and other minor elements) the mass of O2 in the CDST was therefore approximately

0.24 g. In contrast to the N2, 15.2 g at the set pressure, making the overall percentage of air in the

CDST at the point of firing 1.62%. The areas for leakage in the CDST comprise; the diaphragm(s),

the clamps at each tube connection, each pressure transducer location and the plug at the end of

the test section where the knife blade is located. Specific care is taken to reduce leakage using

sealing compounds and grease and it is felt by the author that this level of leakage is extremely

low and unlikely that O2 is taking part in the visible phenomenon that was recorded. This reduces

the likelihood of nitrogen oxides forming as the oxygen concentration and temperature during the

CDST experiment are below the levels where thermal NOx is readily formed (typically above 1573 K

[101]). The nature of the cause of a light emission remains unknown and unexpected as despite an

in-depth investigation into reference books and published literature, a plausible chemical reaction

between CO2 and N2 was not found. Nitrogen is very stable at temperatures below 1600 K due to

the triple bond between the atoms. Its possible that the nitrogen is not actually taking place in a

chemical reaction, instead creating an environment where something can enable the calcium oxide

to emit light when heated. Potential chemical compounds of calcium and nitrogen could be calcium

nitrate (4.20) [102], calcium nitride (4.21) [102] or calcium cyanamide (4.22) [103] .

CaCO3(s) + 2HNO3(l) −→ Ca(NO3)2(s) + CO2(g) +H2O(l) (4.20)

3Ca(s) +N2(g) −→ Ca3N2(s) (4.21)
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CaO(s) + 3C(s) +N2(g) −→ CaCN2(s) + CO(g) (4.22)

Calcium nitrate is a fertiliser produced by treating limestone (CaCO3(s)) with nitric acid (HNO3),

which is then neutralised with ammonia. During the process (CO2) and water (H2) are formed. As

there is no hydrogen or calcium carbonate in the experimental work, this is not a feasible outcome.

Calcium nitride is created when calcium is burnt in air which forms calcium oxide and calcium ni-

trate, based on the composition of air (79% nitrogen/21% oxygen, by volume) [104]. The only form

of calcium introduced into the experiment was in oxide form, so doesn’t fulfil the chemical reaction.

However, if with the temperatures in the CDST experiment, the calcium could form calcium nitrate,

this would be very interesting. Saltpetre is typically produced using potassium and was used in

gunpowder and as an ingredient in cigarettes to keep the tobacco alight. Lime saltpetre (calcium

nitrate) was created in medieval times as a component of gunpowder, but was claimed to not ignite

very well at ambient temperature and pressure. If this compound was heated, for example in a shock

tube, maybe it is more readily ignitable. In modern times calcium nitrate is a component used in

fertiliser as it readily reacts with water to form ammonia. Finally, calcium cyanamide is another ni-

trogen fertiliser. Produced at high temperatures (above 1273 K) in the presence of a reducing agent,

in this case coal, typically requires an electric arc furnace. Again, the absence of direct carbon is

a problem satisfying this chemical equation. The CDST tubes in the driven section are manufac-

tured from AISI 4145H low-alloy steel for hardenability, strength and toughness and considered a

medium carbon steel 0.30 – 0.60 % carbon. Whilst its not impossible, but unlikely that the chemical

reaction can access carbon embedded in crystalline structure of the steel. In summary, the similarity

of the way the CaO interacts with the N2, to the images of LSPI occurring captured with endoscopic

imaging is remarkable. To the authors knowledge, this is the first time this had been observed. Sig-

nificant focus was placed on the temperature environment for the powder – gas reactions, starting

with engine like temperatures, then increasing to temperatures where light emissions could be ob-

served. However, in contrast the test pressures were lower than ‘engine like’ conditions. This was

due to concerns of running high pressures (4 – 6 MPa) as despite the CDST being rated to 15 MPa

it hadn’t been run at those pressures. During the commissioning phase the pressures realised were

accepted as baseline and allowed to vary between tests. In future work a recommendation would be
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to control pressure to levels seen in the engine. It could be that increased pressure may reduce (or

could indeed increase) the temperature at which a light emissions could occur and important factor

in refining this causal mechanism for LSPI.

4.5.1 Advances in LSPI Research

Whilst there is general agreement in the literature that calcium concentration in the lubricant

oil promotes LSPI, more recent research by Splitter et al. [105], suggests linkages between nitrogen

compounds and oil nitration when combined with calcium detergent as a trigger for LSPI. Due to

the combustion process in an engine, oxides of nitrogen and nitric acid are formed. Exposure to,

and accumulation of, these compounds in the oil could potentially react with the oil detergent. In-

dependently, this work and the work of Splitter et al. at Oak Ridge National Laboratories (ORNL)

are converging on the significance of the role nitrogen plays in combination with calcium as a trig-

ger for LSPI. Specifically, an ORNL LSPI literature and theory review [71] highlights the following

directly linked and supporting information;

• Oxides of nitrogen, via crankcase blowby at elevated loads, could be a source of lubricating

oil nitration and an associated source of ignition energy for LSPI promotion. NO2 + heat +

fuel fragments = nitro ester

• A "Goldilocks" criterion is needed for LSPI; not too hot, not too cold, just right!

• Oil volatility has a greater influence on LSPI than reactivity

• Piston top ring zone (TRZ) sampling shows oxidation of lubricant as a function of load, hence

the TRZ is more reactive than the sump. The TRZ is a unique "reactor" in the engine. Ring

zone samples collected by Busch et al. found that the oil viscosity and TAN increased and that

there was no time to the onset of oxidation. This gives the material in the TRZ potential for

unique properties and chemistry

• Used oil from engine tests showed the presence of acid, hydroxyl, carbonyl, nitrate, and nitro

groups. There were variations in the relative intensities dependent upon the fuels used. The

ignition delay of nitro compounds is significantly reduced.
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• Nitro compounds have a strong effect on the high-temperature oxidation process, hence

strongly promote pre-ignition, Downs et al., 1950

• Nitro esters have an accelerated decomposition in the presence of alkali metal oxides (CaCO3

and MgO), Toland et al., 2003

• Increasing the quantity of CaCO3 in calcium ammonium nitrate (CAN) fertilizer reduces the

activation energy and chemical decomposition process Poplawski et al., 2016

• Zinc + acid reduces nitrate esters. The anti-wear additive zinc dialkyl dithiophosphate (ZDDP)

has been shown to reduce LSPI, Almog and Zitrin, 2009

Whilst the work reported in this thesis was not definitive in finding a clear chemical pathway to

explains nitrogens role in LSPI, it has contributed to new findings which must form a part of the

puzzle. Existing chemistry texts do not readily yield a explanation, but by testing with carbon diox-

ide and argon, isolates and confirms a link between these elements (CaO + N2) when temperature is

increased. Gas temperature was an important factor, this research proved that the end of compres-

sion temperature is insufficient to promote any form of visible output. This therefore suggests that

in a running engine trapped residual gas must be present, locally heating the in-cylinder charge to

800 – 1100 K to create a ‘Goldilocks criterion’, then a oil droplet containing thermally decomposed

calcium carbonate to calcium oxide must pass through this and ignite the premixed charge. This

would also be considered irregular and thus aligns with the stochastic nature of LSPI.

4.6 Conclusion

In conclusion, it can be seen that; the results presented to date, neither unambiguously disprove

or prove the ‘Chiba hypothesis’. Exciting new data was presented, suggesting a yet unidentified

reaction pathway between CaO + N2 as a potential causal mechanism for LSPI. This work concluded

that by this mechanism, end of compression temperature was insufficient to trigger a visible light

emission from CaO + N2. Due to the temperature dependency, local heating of the premixed charge,

most likely due to trapped internal residual gas, is required to raise the gasses in the region of 800

– 1000 K to observe a light emission from the calcium oxide. Testing with argon confirmed that
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N2 is participating in some way to the light emission from CaO, in a way that’s not present when

argon was used. The chemical kinetic timescales are very short, CDST ‘test time’ was less than 3 ms,

during and following this time, significant light emissions were observed for extended durations.

As no readily available chemical reaction was found that fits this observation, the energy released is

not quantifiable. This would have been useful to explore in terms of identifying the ignition energy

present when light is emitted to quantify if it was sufficient to trigger LSPI. It was also confirmed that

magnesium oxide, doesn’t respond in a similar manner as calcium oxide in shock heated nitrogen

or carbon dioxide gas environment, hence supports the hypothesis it does not cause LSPI.
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Chapter 5

Top Land Crevice Sampling

5.1 Introduction

In the previous chapter, shock tube experiments, introducing metal oxide powders into a range

of gasses, investigated the fundamentals of oil detergent chemical pathways in relation to LSPI. The

comprehensive literature and theory research undertaken by Splitter and co-workers [71], points to

the next area of enquiry, the accumulated material in the top land crevice (TLC), also referred to as

the top ring zone (TRZ). This area of the combustion chamber often identified as a crevice, provides a

unique space for fuel and oil to mix in a cyclic, high temperature and pressure environment. Splitter

referred to the TRZ as a unique ‘reactor’ and previous sampling reported in the literature highlights

local oil changes not seen in the oil sump. The objective of this work was to collect a sample from

the top land crevice of a running engine using oils with calcium and magnesium detergents and

analyse the composition, to build on the shock tube experiments and gain further understanding of

potential LSPI mechanisms.

5.2 Top Land Crevice Material

In previous sections of the literature review there have been many references to fuel properties

[38] and the effect of oil detergent additives [26, 33, 38, 72–77] and their proposed influence on the

likelihood of LSPI. Based on the work of Dahnz [29] and the observations of Thomason [34], control

of the oil entering the combustion chamber has a direct link to the occurrence of LSPI. So far its

has been the Author’s observation that whilst this published work substantiates these as credible
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observations, no explanation as to why this causes LSPI has been provided in almost all cases. The

papers relating to the impact of metallic detergents in the oil, leave little doubt that the treat rate

and type of additive has a strong correlation to LSPI tendency. Again no explanation as to why

this causes LSPI at the fundamental chemical kinetic or thermodynamic basis has been provided.

Kalghatgi [40] makes reference to a potential catalytic reaction of the metallic oil additives (p164),

but doesn’t provide any further explanation of a mechanism. This highlights a gap in the current

understanding of LSPI.

5.2.1 Top Land Crevice Sampling

A patent (No.# 13/718392, 19/08/2014) can be found relating to a means of dynamic sampling the

top land crevice via a bespoke valve, owned by South West Research Institute (SWRI). The purpose

of this system is to develop the understanding of the chemical mechanisms leading of LSPI, as a

function of fuel and oil reacting in the top land crevice [106]. A schematic of the layout can be seen

in Figure 5.1.

Figure 5.1: Schematic of the SWRI Crevice Sampling Valve, shown sampling from the piston top

land crevice.

An alternativemethod of crevice samplingwas used by Lee et al. [107] for tribological analysis of the

material collected for the top land. A Ricardo Hydra single cylinder engine was modified to enable

top land crevice sampling. A 0.5mmhole was drilled through the top land of the piston, above the top

compression ring. Polytetrafluoroethylene (PTFE) tubing was connected to the drilling and routed

through a steel tube mounted on the connecting rod and a lateral restraint was provided to limit
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excessive movement of the tube when the engine was running. The sample pipe was passed though

a fitting in the crankcase to allow a sample to be collected, whilst retaining the lubricating oil in the

sump. The approach was to run the engine for approximately 40 hours, determined experimentally,

to obtain a passive 25ml sample from the top land crevice. This technique relies on the pressure

differential between the ring groove, created by the in-cylinder pressure and atmospheric pressure

where the sample bottle is sited. This is considered to be a very simple alternative to the complex

SWRI alternative, however the passive system can’t sample at a selectable point in the engine cycle,

which may or may not be a drawback.

Figure 5.2: Top Ring Zone (TRZ) sampling, Lee et al. [107]

Note on authorship and collaborative working

The work described in this chapter is a result of the collaborative efforts of the author, Dr Navin

Kalian of Jaguar Land Rover, Dr Mark Barrow and Mrs Latifa Alostad of Warwick University, and

the BP-Castrol laboratories. The author conceived the methodology based on a modification of the

approach used by Lee and co-authors. Dr Kalian oversaw the running of the SCE which was con-

ducted during COVID 19 lockdown. The author defined the test matrix, operating conditions, test

durations and conducted all of the result analysis. The initial laboratory oil analysis was conducted

at BP Castrol laboratories in Pangbourne, also during lockdown. The selection of the oil analytical
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techniques was a collaboration between the author, Dr Martin Gold and Duncan Leetch, of BP Cas-

trol. Later, further oil analysis was conducted by Mrs Alostad using the Petroleomics techniques

and supervised by Dr Barrow, in the laboratory at Warwick University. Subsequent further analysis

of the results and findings was conducted by the author.

5.3 Experimental Set-up

The Ricardo Hydra single cylinder engine was chosen to collect a suitable top land crevice sam-

ple. This is due to the fact that there is relatively easy access through the crankcase and it is a more

cost effective solution compared to a multi-cylinder engine and dynamometer test cell. A schematic

of the piston modifications required to obtain an oil sample is shown in Figure 5.3.

Figure 5.3: Piston top land crevice sampling schematic

A 3 mm hole was drilled through the piston crown to access the area above the top piston ring,

highlighted in yellow in Figure 5.3. A PTFE tube was routed through the crank-case, guided by steel

tubes attached to the connecting rod and fixed to a spigot on the rear of the hole in the piston crown.

A 35ml glass vial was mounted to the crank-case and the PTFE tube was inserted into the vial. The

operating principle is that the accumulated oil flows through the hole in the piston and into the

vial outside the engine. The pressure in the combustion chamber is higher than the atmospheric

pressure for most of the engine cycle and this will drive oil into the vial.
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Engine Specification

A Ricardo Hydra single cylinder engine was fitted with a piston, liner and cylinder head with

the specification detailed in Table 5.1. The piston, connecting-rod and crankcase were modified to

facilitate top land crevice sampling, as shown in Figure 5.4. Despite LSPI occurring at high BMEP

and low engine speed, it was concluded early that the sampling system would be insufficiently

durable under these conditions to successfully and relatability collect a crevice sample. Replicating

this operating condition would have also necessitated the addition of a pressure charged system, not

possible without significant modification. Therefore, the objective became dynamically capturing

a TLC sample at 1500 rpm, 9 bar BMEP. Based on the previous experience of Lee et al. [107], it

was suggested that the engine should be run for circa 40 - 50 hours to generate a suitable sample,

targetting 50 ml.

Table 5.1: Combustion system specification

Combustion System Spray Guided, Direct Injec-

tion

Valve-train Double over-head cam, vari-

able int & exh phasing, con-

tinuously variable timing and

lift

Aspiration Naturally-aspirated

Cyl Displacement [cm
3
] 499.2

Compression Ratio 10.5:1

Bore [mm] 83.00

Stroke [mm] 92.00

Fuel [RON/Ethanol Content] 95/E10

Oil Type Castrol 0W 20

Engine Settings

Detailed operating conditions for all of the engine actuators can be found in Table 5.2. The

settings were fixed for the duration of each test, and controlled using a closed loop controllers for

both the dynamometer test bed and engine actuators.
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Table 5.2: Engine actuator settings used during testing.

Variable Set Point Units

Speed 1500 rev/min

Load (BMEP) 7 bar

Coolant Temperature 90 °C

Oil Temperature 90 °C

Ignition Timing 12 °CA [BTDC]

Start of Injection Timing 300 °CA [BTDC]

Inlet Valve Opining (IVO) at 1mm lift 23 °CA [ATDC]

Inlet Valve Closing (IVC) at 1mm lift 77 °CA [ABDC]

Exhaust Valve Opining (EVO) at 1mm lift 57 °CA [BBDC]

Exhaust Valve Closing (EVC) at 1mm lift 9 °CA [BTDC]

Intake Manifold Pressure (Abs) 920 mbar

Exhaust Back Pressure 6 mbar

(a) Trial modified piston (b) PTFE Tube attachment point

(c) PTFE Tube routing (d) Sampling system installed

Figure 5.4: Component modifications for top land crevice sampling, based on the approach taken by

Lee et al. [107]
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5.3.1 Methodology

The engine was motored at 800 rpm, no-load, to check the sampling system was robust and

the speed was gradually increased to 1500 rpm motoring with no firing. Once confident, fuel was

injected and the ignition system was fired, until the engine was running stably at 1500 rpm, 5 bar

BMEP. The engine was warmed up for 30 mins, again to assess the durability of the sampling system

when firing loads were exerted on the piston and the PTFE sample tube was moving freely in the

crankcase. With the coolant at the desired temperature of 90°C, the top land sampling trial com-

menced, with engine running successfully for 10 hours. A new sample bottle was fitted and testing

commenced, with the engine set to 1500 rpm, 9bar BMEP. The engine ran at these conditions for a

further 8.5 hours before the first sample line failure. There were multiple sample-line failures, de-

tachments from the piston crown and failures of the attachment point to the piston during the early

stages of testing, detailed are provided in Appendix B. The specific operating conditions became a

variable in successfully capturing a top land crevice sample. It was established that the temperature

of the gas flowing in the sample line was sufficient, when coupled with the movement of the tube in

the crankcase, to cause the sample line to melt or collapse due to thermoplastic behaviour of PTFE

(melting point ~327 °C). The piston was further modified to include a section of stainless steel tubing

attached to the sample hole. Figure 5.5, shows the successful sampling system that was capable of

running for a duration of approximately 50 hours. The final step necessary to gain this reliability

was to reduce the load to 7 bar BMEP, vs. the original set-point of 9 bar BMEP. An additional prob-

lem encountered was condensate management. Whist accumulating a top land crevice oil sample,

the sample line could fail multiple times. When this occurred there was a tendency to pull conden-

sate into the sample bottle. Unfortunately this meant that there was some contamination of the oil

sample with water. An aspect of the chemical analysis will establish evaluate the effect of water

contamination on the chemistry of the TLC sample. In total, ten sample bottles containing crevice

oil samples were collected and supplied to BP for analysis. Two further barrels containing the aged

sump oil (magnesium and calcium based detergent oils), were also captured, to evaluate this oil in

contrast to the top land samples. Finally, a fuel sample was also included, to allow fuel dilution of

the oil to be investigated. Details of each sample can be found in Table 5.3.
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(a) Sample tube reinforcement (b) High tensile cap-head screw

(c) Guide plates (d) Piston pipe routing

Figure 5.5: Top land crevice oil sampling - successful experimental set-up

5.4 Analytical Techniques

This section describes the laboratory tools and techniques used at BP and University ofWarwick

to analyse the samples collected from the single cylinder engine top land crevice sampling. These

techniques were chosen in collaboration with Dr Martin Gold and Duncan Leetch of BP Castrol.

The majority of the techniques are standard for elemental oil analysis e.g. ICP, XFS and CG (all

acronyms are explained in the following subsections). Additional more specialised techniques were

also employed e.g.
31

PNMR for detection of phosphorus andHT SIMDIS for determination of boiling

point of a sample. These techniques were largely the full extent of that available in the BP Castrol’s

Pangbourne laboratory. Later, more specific fuel and lubricant fingerprinting was conducted using

FTICR MS at the University of Warwick.
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Table 5.3: Sample identification

Sample Detergent/ Speed [rpm]/ Running Comments

Number Oil Type BMEP [bar] Hours

1 Calcium/0W 20 N/A N/A New oil,

batch:BOT936

2 Calcium/0W 20 1500/5 10 TLC sample

3 Calcium/0W 20 1500/9 8.5 TLC sample

6 Magnesium/0W 20 1500/7 49.5 TLC sample

7 Magnesium/0W 20 N/A N/A New oil.

Batch:

E1553A/057A

8 Calcium/0W 20 N/A N/A New oil.

Batch:

BOT936

9 Calcium/0W 20 1500/7 51 TLC sample

11 N/A N/A N/A 95 RON E10

Gasoline

Barrel 1 Magnesium/0W 20 1500/7 62 Sump oil

Barrel 2 Calcium/0W 20 1500/7 51 Sump oil

5.4.1 Inductive Coupled Plasma Spectroscopy (ICP)

ICP is an analysis technique commonly used for identifying elemental concentrations in oil.

The principle of operation is; oil is injected into a high temperature argon plasma. The atoms

are vapourised and the resulting excitation releases a light emission. The light is focussed into a

spectrometer containing a diffraction grating that splits the light into discrete wavelengths as a

result of the angle of diffraction. The intensity of light from each angle of the grating referred to as

a ‘channel’ is measured using a photodiode. The output voltage is converted into a concentration

using a calibration process. A limitation of this technique is that it can only measure particles less

than 3 microns in size. An variation of this technique is a rotating disc electrode (RDE) instrument.

It has the capability to measure larger particles in the size range 3 - 10 microns, therefore whilst

the accuracy of both machines is similar, they may give a different results as a function of the

particle size of themetals or other contaminants [108]. ICP is a frequently used technique tomeasure

oil composition and for wear metal trend analysis. In this work ICP was used to take evaluate
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the composition of new oil, sump oil and the top land crevice sample. ICP can identify individual

chemical concentrations such a zinc, however it cant speciate the type i.e. zinc oxide. Whilst ICP oil

analysis is highly effective for detecting trace elements, monitoring lubricant health and wear metal

trend analysis, its limitations mean that it is used in combination with complementary techniques

for a more comprehensive understanding of the oil condition. This analysis was conducted at BP

Castrol.

5.4.2 X-Ray Florescence Spectroscopy (XRF)

XRF is a laboratory technique also used to conduct elemental analysis. A proton beam is used to

excite the inner electrons of an element or range of elements. As the element becomes de-excited

X-rays are released (florescence), which can be absorbed by a detector. This process is described

as “electron shell resonance absorption" based on the Mössbauer effect; whereby emission and ab-

sorption gamma rays of certain atoms are embedded in certain materials [109]. The X-radiation

emitted is referred to as the X-ray florescence spectrum. This technique allows for both speciation

(channel) and concentration (counts) to be measured [110], making this suitable for both qualita-

tive and quantitative measurement. XRF can be used in addition to ICP for quantitative elemental

analysis, however in this work, XRF was used to examine the aqueous portion of the calcium TLC

sample only, due to condensate contamination (the magnesium sample was unaffected). Details of

the results will be discussed later in this chapter.

5.4.3 Phosphorus-31 Nuclear Magnetic Resonance (31P NMR)

Nuclear Magnetic Resonance (
31

P NMR) is a techniques that utilises a magnet, a radio-frequency

(RF) transmitter or oscillator and an RF detector. A sample of material will consist of atoms who’s

nuclei have, or have not, certain magnetic properties. When this sample is place between a mag-

netic pole gap and exposed to an oscillating magnetic field in the RF frequency range, absorption

(resonance) of the RF energy occurs at certain combinations of frequency which is picked up by

the detector. The output of the detector is measured at constant oscillator frequency as a func-

tion of the strength of the magnetic field [111]. Phosphorus-31 Nuclear Magnetic Resonance (
31

P

NMR) spectroscopy is a variation on the standard NMR specifically targeted at substances contain-
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ing phosphorus. When applied to engine oils, it is used to evaluate additive depletion. In this work

it was used to evauate the anti-wear additive Zinc dialkyldithiophosphates (ZDDP). According to

literature, ZDDP is considered a moderator for LSPI and its morphology in the top land crevice may

help explain its role [112].

5.4.4 Gas Chromatography (GC) and High Temperature Simulated

Distillation (HT SIMDIS)

Gas chromatography has been widely used in many fields of science for determining how many

components and in what quantity are present in a sample. In gas chromatography the sample is

introduced as molecules on a surface or as a liquid solution. As the sample is passed into the GC it

is exposed to a high temperature (200 - 300°C) so that it vaporises and is mixed with a carrier gas of

He, N2 or H2. The sample moves into a separation section called a chromatographic columnwhich is

typically a fused silica capillary covered with a thin polymer coating. As the sample passes through

this column, analyte particles are carried by the gas and separated into stationary and mobile forms

based on their chemical structure. At the end of the tube is a detector which typically detects thermal

conductivity, flame ionisation or electron capture. Each of these detectors would output an electrical

signal which is proportional to the amount of similar molecules. The result is a chromatogram

which displays this varying signal vs. time. High Temperature simulated distillation uses a Gas

Chromatograph with a high temperature vaporiser for quick determination of the boiling point

distribution of a sample or ‘simulated distillation’. The detector is typically a flame ionisation type,

and the sample is injected into the system for analysis [113]. Due to their volatility this technique is

particularly useful for analysing hydrocarbon fuels and lubricants [114]. In this work GC was used

to quantify the fuel in oil dilution of the TLC and sump samples.

5.5 Results

The oil samples were supplied to the oil analysis laboratory at BP’s site in Pangbourne. The sam-

ples were located in a cold store to prevent any degradation prior to analysis. The oil samples were

subject to ICP, XRF,
31

P NMR, GC HT and SIMDIS analysis to establish key performance indicators
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for the composition, condition and levels of wear metals/contaminants.

5.5.1 Pre-work (Calcium Detergent Oil Only)

Close to the end of the engine testing with calcium detergent there was a sample line failure

which contaminated the top land crevice sample No. 9, with condensate from combustion. The

pipe leading away from the oil sample bottle to the test cell extract system collected water and

fuel vapour due to cooling and condensation. When the top land crevice sample pipe failed, due to

melting in this case, the pipe was exposed to negative pressure from the crankcase depression. The

pressure differential caused water to flow in the reverse direction contaminating the TLCS sample.

To determine if this was a significant problem for the oil sample and if it rendered it unfit, it was

decided to investigate the condensate portion of the sample separately, Figure 5.6 (a).

(a) Calcium Detergent Sample No. 9 (b) Magnesium Detergent Sample No. 6

Figure 5.6: Visual comparison of the top land crevice samples – Effect of water contamination.

X-Ray Florescence Spectroscopy, as described in section §5.4.2, was used to analyse the condensate

portion of sample No. 9, prior to analysis of the oil portion to establish the impact of water con-

tamination. This was a problem exclusively for sample No. 9 (calcium oil detergent). The effect of

water addition has led to separation, emulsification and a change in colour of the sample, as shown

in Figure 5.6 (a), when compared to the magnesium detergent top land crevice sample (b). The XRF
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analysis found traces of the following elements; Calcium (Ca), Zinc (Zn), Sulphur (S), Phosphorus

(P), Chlorine (Cl), Nickel (Ni), Iron (Fe), Copper (Cu) and Silicon (Si), Figure 5.7.

Figure 5.7: Qualitative XRF results - Aqueous portion of sample 9 (calcium oil detergent). Uncer-

tainty ± 5% (ASTM E1621 and ASTM E177).

It must therefore be assumed that water contamination has had some effect on the properties of the

sample. There is a minimum mass requirement for the XRF machine of 0.7g, however only 0.3g of

aqueous solution was available. Therefore the BP laboratory recommended not to use the absolute

values from this analysis directly. Instead a relative qualitative comparison was made in Figure 5.7,

in terms of the concentrations relative to the overall sampled elements. It can be seen that calcium

and zinc made up 74% of the sample, followed by phosphorus and sulphur both at 9% respectively.

Calcium, zinc, sulphur and phosphorus are constituents of the additive pack, calcium as a deter-

gent and zinc/phosphorus/sulphur for their anti-wear and oxidation resistance properties. There is

a high concentration of chlorine, 5% of the sample (468 ppm). As a reference domestic tap water

has 4 ppm maximum chlorine limit, so this is surprisingly high as the water is the product of com-

plete combustion. The remaining elements; nickel, silicon, iron and copper are predominantly wear

metals and in low concentration, 1 - 2%. The impact of the water contamination will be discussed

in more detail in section §5.5.2. The positive outcome was that the oil could still be meaningfully

analysed, but care was necessary when examining the results of Sample 9.
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5.5.2 Results - Elemental Analysis

The first oil assessed was an SAE 0W 20 oil with 1850 ppm calcium carbonate detergent, batch;

BOT936. A clean oil sample was taken and stored for comparison to the used oil generated by the

engine testing. This oil was used to develop the sampling technique and generated samples No. 2

and No. 3 in Table 5.3. The remainder of this section will focus on the analysis results of sample

No. 9 (top land crevice oil sample) compared to barrel 2 (sump sample) and No.8 (clean oil). As

stated in §2.4 lubricating oil comprises a number of elements, namely the base oil and its additives,

aimed at reducing friction, wear and maintaining oil condition between services. In used oil the

base composition can be observed in addition to wear metals and contaminants. Figure 5.8 shows

the comparative results of; clean oil, sump used oil and the dynamically sampled top land crevice

oil.

Figure 5.8: ICP analysis of SAE 0W 20 oil additives (calcium based detergent)). The error bars rep-

resent an uncertainty of ± 10% (ASTM D5185).

In Figure 5.8, the blue dotted bar shows the calcium carbonate detergent in the new oil at approx-

imately 1850 ppm. The orange striped bar relates to the detergent concentration in the sump and

shows that this has only reduced slightly to 1751 ppm or by 5%. This level of change is not surpris-

ing, as the oil has only been in the running engine for 50 hours and this is a small time compared to

that in a passenger car between services, at approximately 320 hours. The significant change is in
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the calcium level in the top land crevice sample, which has reduced to 50 ppm or by 97% compared

to the new oil. As described in §5.5.1, the condensate contamination will have reduced the quantity

calcium in the TLCS. No evidence could be found in the literature to describe detergent depletion

directly, hence an alternative was required. It is known from §2.4.3, that the TBN is an indicator

of the detergency of the oil and its ability to counter the build up of acid (quantified as TAN) from

the products of combustion. It is therefore proposed to use the reduction of TBN as a surrogate to

evaluate the rate of detergent reduction. Wolak [115] analysed 5 x 5w 30 oils with varying ACEA

class and categories in a fleet of 25 vehicle, in order to characterise TBN vs. accumulated miles.

Figure 5.9. It can be seen that oils CE, ME, MS and PE that there is an initial steep linear reduction

in TBN, which then stabilises between 5,000 – 10,000 miles. PS is different in that it had a steady

continuous relatively linear reduction vs. mileage.

Figure 5.9: TBN reduction vs. vehicle mileage. Surrogate data to characterise potential detergent

depletion. CE, ME, MS, PE and PS are anonymous identifiers for 5 different 5W 30 oils with varying

base oil and additive compositions.

Further analysis shows the reduction in detergent plotted as; concentration vs. running hours for

both the calcium and magnesium TLC samples Figure 5.10. The blue dashed line represents the

measured reduction in calcium detergent in the TLC between 0 and 51 hours for the contaminated

sample No. 9. The orange dashed line shows the detergent reduction vs. running hours for the mag-

nesium oil sample No. 6. It can be seen that the consumption rate is lower than for the contaminated

calcium sample. In order to estimate the reduction rate without contamination, the reduction rate

of the magnesium sample was applied to the calcium sample. Based on the findings of Wolak [115],

a simple linear model was applied using the gradient of the magnesium reduction rate (sample No.

6) and intercept of the calcium oil (Sample No. 9) at 0 run hours. The predicted reduction resulted
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in a value at 51 hours that is approximately 8.6 times higher (432 ppm) than the actual measured

sample. The reduction in calcium concentration measured at 10 hours for sample No. 2, lies close

the predicted reduction trend line, giving some confidence that this is a reasonable approach. TBN

could not be used directly for sample No. 9 as there was insufficient quantity of oil left to satisfy the

requirements of ASTM D4739.

Figure 5.10: TLC calcium detergent reduction measured and predicted vs running hours, 1500 rpm,

7 bar BMEP. The error bars represent an uncertainty of ± 10% (ASTM D5185).

The underlying chemical composition of the oil containing calcium detergent had a very low con-

centration of magnesium, 12 ppm according to ICP analysis. The orange striped bar in 5.8 shows

the sump concentration after 51 hours running has increased to 48 ppm. This is thought to be due to

cross contamination from the testing of magnesium detergent oil prior to the testing of the calcium

detergent oil. Despite flushing of the sump and oil coolers in the engine test cell between runs, its

likely that this has accumulated in the sump. There are only small traces of magnesium in the TLCS,

2 ppm.

The second oil assessed was an SAE 0W 20 Castrol oil with approx. 2300 ppmmagnesium carbonate

detergent, batch; E1553A/507A, which was a special oil blended for this experiment. A clean oil

sample was taken and stored for comparison to the used oil generated by the engine test 5.3.
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Table 5.4: ICP analysis of the elemental components in ZDDP vs. sample location, calcium detergent

oil. Items in curved brackets describe the percentage reduction compared to the fresh oil sample.

Uncertainty ± 10% (ASTM D5185).

Sample Fresh Oil [ppm] Sump Oil [ppm] TLC Oil [ppm]

(% Reduction) (% Reduction)

Phosphorus 788 737 (6) 380 (52)

Sulphur 1856 1841 (1) 927 (50)

Zinc 873 864 (1) 5 (99)

Sample identification is as follows: No. 6 (top land crevice oil sample), barrel 1 (sump contents) and

No.7 (clean oil). Again, ICP was used to determine the elemental composition of the clean oil, sump

bulk used oil and the dynamically sampled top land crevice oil. From Figure 5.11 the following

observations can be made: the yellow vertically striped bar shows the magnesium carbonate

detergent in the new oil at approximately 2300 ppm. The blue horizontal stripped bar relates to the

detergent concentration in the sump and shows that this has only reduced slightly to 2312 ppm

or by 2%. This is not surprising as the oil has only been in the running engine for 49 hours. The

significant change is the magnesium level in the top land crevice, which has reduced to 985 ppm or

by 58% compared to the new oil. In contrast to the calcium detergent oil (sample No. 9), there was

no contamination of this sample with tail line condensate. There is no stratification of the sample

as shown in Figure 5.6. On this basis the reduction in the detergent levels are a true reflection of

the reduction rate in the TLC (approx 28 ppm/hour), as shown in Figure 5.10. There is a small

quantity of calcium present in the ICP analysis of the magnesium detergent oil, which is highest

in the sump sample. Its is likely that this is due to cross contamination of the oil samples, despite

flushing between runs. The single cylinder engine has been exclusively run on lubricating oils

containing calcium based detergent oils for many years, so despite the cross contamination, this is

seen a quite a low quantity and unlikely to have a negative effect on the results for the magnesium

detergent oil. Figure 5.8 also shows a comparison of the ZDDP elements for fresh oil and the sump,

for the calcium detergent oil. As with the calcium there have been only minor changes to the levels

in the sump oil compared to new oil (1 - 6% ) reduction. In contrast the TLCS shows significant

reductions: phosphorus (52%), sulphur (50%) and zinc (99%).
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Figure 5.11: ICP analysis of SAE 0W 20 oil additives (Magnesium Based Detergent)). The error bars

represent an uncertainty of ± 10% (ASTM D5185).

Figure 5.12: Reduction of the components in ZDDP vs. run time (1500 rpm, 7 bar BMEP). The error

bars represent an uncertainty of ± 10% (ASTM D5185).
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As with the calcium, the ZDDP components may have been affected by the water contamination de-

scribed in §5.5.1. Figure 5.12 shows the reduction of the components within ZDDP from the TLCS vs.

run time at 1500 rpm, 7bar BMEP. The question here is "have the components of ZDDP been affected

by the water contamination?" If the qualitative XRF results in Figure 5.7 are considered; zinc was

the second highest constituent in the aqueous portion of the TLCs at 33%, followed by phosphorus

and sulphur being similar at 9%. When compared to the ICP results from Table 5.4 phosphorus and

sulphur had reduced by approximately 50%. This indicatively suggests that the water contamination

has had only a minor effect on the these components. However, the zinc is almost completely gone

with only 1% or 5 ppm present in the TLCS, suggesting that the water contamination has affected

the reduction rate of zinc in a similar way to calcium. If the second points, at approximately 10

hours in the graphs in Figure 5.12, are evaluated for phosphorus and sulphur, they are very close

to the reduction trend lines vs run time. For zinc only, if the end point was removed, on the basis

that the final value was influenced by water contamination, the new equation for the line (based on

the first and second point only) would extend the run time to zinc depleted to approximately 70.4

hours. This is less than anticipated and suggests that the LSPI suppressing properties of ZDDP are

degraded in the TLC of the engine, in the absence of water contamination. As the ZDDP is exposed

to metallic surfaces the objective is for the phosphate to form a glassy smooth and tough layer so

that it can provide anti-wear protection to the engine components lubricated by the oil. As the

ZDDP encounters high temperatures and pressures within the engine, oxidation changes the ZDDP

into dithiophosphate. The additive is still available to protect the engine, but with increasing expo-

sure to oxygen at high temperature and pressures it changes into the two stages of thiophosphate

as the bonding to the oxygen increase. Hereafter, the additive has changed into phosphate which

is inactive and no longer able to provide oxidation and anti-wear protection. Further analysis of

the ZDDP was conducted using Phosphorus-31 Nuclear Magnetic Resonance (NMR) as described in

§5.4.3. This technique was able to go beyond the basic elemental analysis capability of ICP and XRF

and evaluate the compounds within the ZDDP structure. This technique is primarily used to evalu-

ate additive depletion. The compounds of interest are Phosphate (single bond with one oxygen and

double bond with another oxygen (O-P=O)), Thiophosphate (single bond between the sulphur and

phosphorus, double bond with the oxygen (S-P=O)), Thiophosphate (single bond between the oxy-

gen and phosphorus, double bond with the phosphorus (S=P-O)) and Dithiophosphate (two double
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Table 5.5: ZDDP evolution vs. sample location - Calcium detergent oil. Uncertainty ± 5% (ASTM

E386).

New oil [%] Sump Oil [%] TLC Oil [%]

ZDDP 97.1 87.3 12.3

Dithiophosphate (S=P=S) 1.8 10 73

Thiophosphate (S=P-O) 0.8 1.6 3.6

Thiophosphate (S-P=O) 0.3 0.2 5

Phosphate (O-P=O) 0 0.9 6.1

Total 100 100 100

bonds between the sulphur and the phosphorus (S=P=S).

Figure 5.13: (
31
P NMR) Review of the ZDDP additive pack vs. sample location. The error bars

represent ± 5% uncertainty (ASTM E386).

The effect on ZDDP concentration in the three samples can be seen in Figure 5.13. The clean oil

sample contains ZDDP at 97.3% of the target value which is within expected blending tolerances for

a batch of production lubricant. The ZDDP in the additive pack had not yet been exposed to the

running engine and is essentially ready for deposition on surfaces to facilitate its chemical anti-wear

and anti-oxidation properties. Table 5.5 shows that the phosphate, thiophosphate and dithiophos-

phate levels are low, or practically zero. Moving from ZDDP to phosphate (top to bottom in Table

5.5 indicates oxidation and degradation) denotes the reduced capability for ZDDP to perform is role
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in the additive pack. The ZDDP in the sump has dropped by 10 % and the dithiophosphate has

increased proportionally in turn. This indicates that there is additive capacity in the bulk oil with

the objective of delivering the benefits of this additive between services. However in the TLC there

has been a more significant effect, the ZDDP has reduced to 12.3% and the dithiophosphate has in-

creased to 73%. The other chemical compounds have increased more modestly, but this highlights

that the oil in the TLC is exposed to high temperature and pressure environment this potentially

accelerates the oxidation of ZDDP into dithophosphate. ZDDP is said to have an LSPI suppressing

properties when the oil is new, and that this degrades with time in the engine. Based on the find-

ings in this work, could be linked with the changing chemical properties of the ZDDP to phosphate

and potentially why aged oil is worse for LSPI than new oil, independent of the calcium treat rate.

The suppressing effect of ZDDP and alternative alkaline metal additives is discussed in the work

of Elliot et al. [116]. It was noted that whilst ZDDP had an LSPI reducing effect with increasing

concentration, that the total level was limited due to the negative impacts of phosphate ash on ex-

haust after-treatment. Alternative non-phosphate containing zinc compounds were also found to

have a suppressing effect on LSPI. Moreover, Takeuchi and co-workers [78] investigated the effects

of base oil composition and alkaline metal additives (various metals and anti-oxidants) namely cal-

cium, zinc dialkyldithiophosphate (ZnDTP or ZDDP), molybdenum dithiocarbamate (MoDTC) and

phenolic anti-oxidant (AO), poly-methacrylate (PMA). This work confirmed both the LSPI promot-

ing effect of calcium treat rate and the LSPI suppressing effect of ZnDTP/ZDDP and MoDTC. A

variation of this work was later repeated at SWRI [112], and whilst the findings were similar in that

the LSPI suppressing effects of Mo and Zn the effect was inconsistent and almost negligible at low

calcium concentrations. Table 5.6 shows a comparison of the ZDDP elements for fresh oil and the

sump for the magnesium detergent oil. As with the magnesium there have been only minor changes

to the levels in the sump oil compared to new oil for ZDDP (4 - 6% ) reduction. In contrast the TLCS

shows significant reductions: phosphorus (56%), sulphur (47%) and zinc (61%).

Figure 5.14, show the condition of the ZDDP vs. sample location. In contrast to the calcium detergent

oil where the ZDDPwas 97.3% in the new oil, there is only 80% ZDDP and 20% dithiophosphate. The

other forms of phosphate are essentially zero as youwould expect in new oil. This implies that either

20% dithiophosphate was intentionally added or a level of degradation due to oxidation has occurred

The sump oil has also undergone a more extensive conversion to dithiophosphate compared to the
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Table 5.6: ICP analysis of the elemental components in ZDDP vs. sample location, magnesium

detergent oil. Items in curved brackets describe the percentage reduction compared to the fresh oil

sample. Uncertainty ± 10% (ASTM D5185).

Sample Fresh Oil [ppm] Sump Oil [ppm] TLC Oil [ppm]

(% Reduction) (% Reduction)

Phosphorus 721 681 (6) 319 (56)

Sulphur 1668 1592 (5) 888 (47)

Zinc 809 775 (4) 316 (61)

calcium detergent oil (87.3%) vs. 13.5% for the magnesium detergent oil.

Figure 5.14: (
31
P NMR) Review of the ZDDP additive pack vs. sample location. The error bars

represent ± 5% uncertainty (ASTM E386).

Table 5.7: ZDDP evolution vs. sample location - Magnesium detergent oil. Uncertainty± 5% (ASTM

E386)

New oil [%] Sump Oil [%] TLC Oil [%]

ZDDP 79.3 13.5 7.9

Dithiophosphate (S=P=S) 19.6 66.8 37

Thiophosphate (S=P-O) 0.0 8.9 4.4

Thiophosphate (S-P=O) 0.5 1.8 14.6

Phosphate (O-P=O) 0.7 9.0 36.1

Total 100 100 100
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The thiophosphate (S=P-O) is considerably higher and there is phosphate present in the magnesium

oil, but only trace in the calcium oil. This indicates high levels of degradation of the ZDDP in this

oil due to oxidation, but this must also be an artifact of the oil starting life with 20% dithiophosphate

in contrast to the calcium oil (1.8%). In the top land crevice the ZDDP levels are very low at only 8%.

The dithiophosphate has reduced by approximately half, in favour of ‘depleted’ or inactive additives

comprising thiophospahte (S-P=O) 14.6% and phosphate 36%. The fact that there is a more spread in

the morphology of the ZDDP suggests that without the presence of water a more gradual depletion

is likely. Hence in the case of Calcium, the ZDDP should be present for a longer duration, and allow

more LSPI suppression whilst being gradually oxidised.

5.5.3 Fuel in Oil Dilution

Fuel in oil dilution (FiO) is the quantity of fuel present in the oil at the various sample locations

of interest. Its significance in respect to LSPI is related to the reduction in oil viscosity and hence

mobility of oil and fuel containing particles in the combustion chamber. Additionally, in §2.3.1

reference is also made to the fact that fuel properties have an affect on the propensity for LSPI and

that certain calibration approaches exist, whereby for example, the injection timing can be varied

that also have a significant effect on LSPI tendency. Figure 5.15 shows that there was no fuel in

the clean oil sample and only 0.6% (g/g) in the sump. This is low and commensurate with the low

running hours at low engine speed and load. In comparison, the TLC sample contains 23% (g/g)

fuel. At 1500 rpm, 7 bar BMEP the engine speed and load are relatively low, with a air to fuel

ratio of lambda = 1 and could be approximated to a steady cruise in a vehicle. At 23% (g/g) the

fuel in oil from the TLC sample is substantially higher than expected from sump oil measurements.

Under transient speed/load excursions where LSPI typically occurs the injected fuel mass will be

significantly higher than the examined condition to achieve the load, and until recently eradicated

by emissions legislation, enriched for higher performance potential. Therefore, potentially the fuel

in oil dilution in the TLC, under LSPI promoting operating conditions, could be significantly higher

than that measured in the current work.

Figure 5.15, also shows the FiO results for magnesium detergent oil: new oil (0%), the sump (0.6%)

an in the TLC (23.5%), which are similar to the test with calcium detergent and reflects the good
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Figure 5.15: Fuel in Oil Dilution (%, g/g), Calcium Detergent Oil - 1500 rpm, 7 bar BMEP, 50 hours

run time. Measured via Gas Chromatograph, uncertainty ± 5% (D2887).

test to test repeatability of the experiment. If the LSPI mechanism is assumed to be that proposed

by Dahnz [29], then it is useful to evaluate the effect that FiO has had on the kinematic viscosity.

There is little data in the open literature for gasoline FiO dilution (in contrast to diesel FiO dilution),

that confirms the trend for reducing KV with increasing fuel dilution. An example of such a trend

was available from the work of Kramer [117] conducted in 1915, whereby gasoline was added to

a number of oils with varying starting viscosity and increasing quantities of gasoline to 20% v/v.

These data were converted from viscosity in Saybolt Seconds at 130 °F to Centistokes (cSt) at 54.4 °C

and compared to the SAE 0W 20 oil used in this work at 50 °C, Figure 5.16. It’s important to note the

effect that the absolute viscosity of the oil has on the apparent trend when fuel is added to the oil.

Measured data from a fleet of engines running a range of durability tests using the SAE 0W 20 oil,

enabled further investigation of the effect of FiO. The engine oil from 1915, evaluated in Figure 5.16

was twice the viscosity of the modern SAE 0W 20 oil at 0% FiO dilution. There is an initial steeper

reduction in KV as the FiO dilution increases, the reduction rate then reduces with increased fuel

addition. In contrast the 0W 20, has a lower starting KV and what appears to be a relatively flat

response with increasing FiO dilution. If a similar comparison of KV is made for the 0W 20 oil, at

40 and 100 °C, Figure 5.17, a similar trend can been seen for the KV40, whereas the KV 100 appears

relatively flat.
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Figure 5.16: Comparison of KV of Measured Fuel in Oil dilution, [117]. The error bars represent ±
3% uncertainty (ASTM D445).

Figure 5.17: SAE 0W 20 Oil, Measured KV40 and KV100 vs. Fuel in oil dilution. The error bars

represent ± 3% uncertainty (ASTM D445).

Moreover, the emphasis on understanding the trend of FiO vs. KVwas to estimate of the KV resulting

from the FiO dilution measured in the TLC sample. Therefore, empirical data from 5 oil samples

collected from the measurements provided by JLR, was used to estimate the KV100 at higher FiO

levels than the measured data. An initial estimated curve fit was applied to the measured data,

then using the solver function in MS Excel, the coefficients of non linear curve fit were optimised

to minimise the residual squared errors. The equation from the optimised curve fit was then used

to predict the KV100 for the TLC sample for both oils which were in the range of approx 23 - 24%
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FiO dilution. The detergent type doesn’t influence the viscosity of the oil directly, but the level of

detergency may influence the viscosity due to the particles in suspension, this is not accounted for

in this model. The modelled curve predicted that the resultant KV100 would be approximately 3.42

cSt. When compared to the new oil the KV100 is 7.7 cSt, which indicates that the viscosity has

reduced by 55%.

Figure 5.18: Measured and modelled KV100, SAE 0W20 oil from a fleet of 2.0L 4-cyl engines under-

taking durability testing. Themeasurements were conducted at SynLab UK. The error bars represent

± 3% uncertainty (ASTM D445).

It can be seen by the shape of the curve that the gradient of the reduction in viscosity is initially

steep up to around 15% FiO, thereafter the gradient is shallower. Based on the earlier comments

regarding the fact that the speed and load conditions under which the TLC sample were collected

were significantly lower than the conditions that LSPI is known to occur, it can therefore be assumed

that the FiO dilution would be higher under LSPI conditions. This curve was then used to forecast

KV at double the FiO than that of the measured TLC sample, at 40% FiO. It can be seen that the

KV100 drops to 2.31 cSt, or by 70% compared to the new oil. Whilst the exact level of the FiO in the

TLC under the LSPI conditions is unknown, the fact that the KV100 reduces significantly, supports

the likelihood that this reduced viscosity oil can accumulate in the TLC and result in inertia driven

particle mobility. Therefore this current work supports the hypothesis proposed by Dahnz [29] for

oil droplet release due to reduced oil viscosity.

Finally, the simulated distillation (SIMDIS) analysis was evaluated for the TLC samples, it can be
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seen that they comprises: group I mineral oil, group IV polyalphaolefin synthetic oil (PAO) and

gasoline ‘heavy ends’, as shown in Figure 5.19 (the example shown is from sample No.#6 magnesium

detergent, sample No.#9 for calcium detergent oil is similar).

Figure 5.19: SIMDIS analysis, magnesium detergent oil, sample No.#6 - 1500 rpm, 7 bar BMEP, 50

hours run time. Uncertainty ± 5% (ASTM D6352 and D2887).

The fuel ‘heavy end’s’ are identified by their carbon numbers. The carbon number range for EN228

automotive gasoline, typically fall between C4 and C12 but can contain heavier compounds. The

significance for LSPI is that the heavier end’s don’t readily evaporate at the oil temperatures found

in the top land crevice and hence accumulate. Figure 5.19 provides evidence of fuel components at

carbon numbers of 12 - 17, with reducing concentration. EN590 automotive diesel comprises carbon

numbers in the range C10 to C26, so there is evidence of the presence of more diesel like compounds

in this sample although the vast majority is lubricating oil.

5.5.4 Total Base Number

The ‘total base number’ of used oil is an indication of the acidification level of the oil. A low TBN

highlights additive depletion and the inability to counteract acid formation resulting from the com-
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bustion process, §2.4.3. In this experiment TBN was assessed using a modification of ASTM D4739,

which is a standard for assessment of used oil using potentiometric hydrochloric acid titration. The

modification to this standard is a BP Castrol propriety method called the ‘TBN estimator algorithm’,

which cannot be described in this thesis for intellectual property (IP) reasons. However, this can be

used to make a relative comparison between the key sample locations, even if these values cannot

be considered for absolute external comparison.

Table 5.8: Total Base Number - 1500 rpm, 7 bar BMEP, 50 hours run time. Uncertainty ± 5% (ASTM

D4739).

New Oil Sump Oil TLC Oil

(% Reduction) (% Reduction)

TBN (Calcium detergent oil) 5.3 5.2 (1.9) 0.2 (96.2)

TBN (Magnesium detergent oil) 11.2 11 (1.8) 4.7 (58.3)

Table 5.8 shows that for the calcium detergent oil, the TBN of the new oil and the sump oil are very

similar, with only a 1.9% reduction. In contrast, the TLC sample has a very low TBN, 0.2 which

represents a 96% reduction and that locally the oil can no longer resist the acidity of combustion.

As stated previously, the environment in the top land crevice is very harsh as has a profound effect

on the additive pack in the oil. As calcium is the neutralising additive component, this implies that

it has been consumed in countering the acidity from combustion. However as this is a dynamic

system, new oil containing calcium will continually be replenished into the TLC. This could be a

factor in why LSPI is stochastic, in that any droplets released from the top land crevice must contain

calcium detergent which would not always be the case based on these results. It can also be seen

from Table 5.8 that the TBN of the new and sump samples of the magnesium detergent have reduced

by a similar amount to the calcium oil at 1.8%. The magnesium oil has a TBN in the TLC of 4.7 after

49 hours running and hence reduction of 58%. In contrast the calcium detergent oil has reduced by

96%, suggesting it is all but depleted locally in the TLC. The starting TBN of the calcium detergent

oil was significantly lower than the magnesium detergent (5.3 vs 11.2) respectively. BP Castrol were

asked for an explanation as to the reason for the differences in detergency between the Ca and Mg

additives and the following feedback was provided: The TBN calculator is based on the amount of Ca

and Mg in the oil samples and doesn’t account for the availability of detergent to do its job. Looking at
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the fresh oil results then the Ca oil is 8.3 mgKOH/g and the Mg oil is 13 mgKOH/g. Having looked at

other batches of these oils and the results are consistent so we can assume they are correct. The difference

is due to the amount of detergent present in the respective oils and the type of detergent. TBN values

vary between different detergents so their contribution to the finished oil is also different hence you are

not seeing the same TBN for the two oils here e.g. the Ca oil might have a 250BN detergent and the Mg

oil might have a 350BN detergent so even if the treat rates are the same the measured TBN of each oil

will be different.

5.5.5 Additive Treat Rate Comparison, Wear Metals and Contaminants

Whilst the detergent treat rates differ between the new oils: calcium oil 1800 ppm and magne-

sium 2300 ppm respectively, the overall additional additive content is similar at approximately 5500

ppm, Table 5.9.

Table 5.9: Total additive treat rate, new Ca and Mg oils. Uncertainty ± 10% (ASTM D5185).

New Oil Sump Oil TLC Oil

(% Reduction) (% Reduction)

Total Additive (Ca oil) 5505 5366 (3) 1408 (74)

Total Additive (Mg oil) 5582 5404 (3) 2540 (53)

These values were obtained by summing all of the additive components; Titanium (Ti), Boron (B),

Barium (Ba), calcium ormagnesium, phosphorous, sulphur and zinc. It can be seen, in a similar trend

to previous sections in this chapter that the new and sump lubricants are typically similar, with only

a minor reduction in the sump additives approximately 3% for both oils. In the TLC however, it can

be seen that the additives have been significantly reduced. In the case of the magnesium oil this has

reduced by 53%, whereas the calcium oil has reduced by 74%. Table 5.10 shows molybdenum to be

the stand-out metal in Sample No.#6, magnesium detergent oil. It was checked and confirmed that

neither oil contained molybdenum when manufactured. The only notable change was the molyb-

denum concentration in the magnesium detergent oil, starting at 3% or essentially 0% new, rising to

106 ppm in the TLC sample.
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Table 5.10: Notable wear metal, Mg oil. Uncertainty ± 10% (ASTM D5185).

New Oil Sump Oil TLC Oil

[ppm] [ppm] [ppm]

Molybdenum (Mg oil) 3 10 106

Rather than a wear metal per se, the source of molybdenum is thought to originate from assembly

grease used during the piston fitment in the engine first build, no alternative source of molybdenum

is present in the engine. No significant molybdenum concentration was detected in the calcium

detergent oil. In terms of contaminates, the main elements detected were sodium and silicon, neither

of which were added during manufacture of the oils. Neither contaminant was present in the Mg

lubricant in a significant quantity. Notable was the increase of silicon in the TLC for the Ca lubricant,

of which the exact origin is unknown, but silicon is a well known sealant that may have been used

somewhere in contact with the oil.

Table 5.11: Contaminants, Ca oil. Uncertainty ± 10% (ASTM D5185).

New Oil Sump Oil TLC Oil

[ppm] [ppm] [ppm]

Sodium (Ca oil) 3 2 10

Silicon (Ca oil) 3 16 80

There is no mention that could be found in the open literature that pointed to sodium or silicon as a

significant contributors to LSPI. Molybdenum was found to have no or a moderating effect on LSPI.

5.6 Further Oil Analysis

The oil analysis presented thus far has given valuable insight into the condition of the engine lu-

bricating oil, the engine wear metals, metallic components of the oil and fuel in oil dilution. Further

analysis was undertaken in collaboration with University of Warwick in the field of ‘Petroleomics’,

a molecular-level characterisation of the components of petroleum and petroleum products using

ultra-high resolution mass spectrometry (UHRMS) [118] [119]. The objective was to identify chem-

ical species present in the TLC sample that were not initially present in the lubricating new oil or
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fuel.

5.6.1 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

The device used for this additional analysis was a Bruker 15 T Fourier Transform Ion Cyclotron

Resonance Mass Spectrometer (FTICR MS) as shown in Figure 5.20.

Figure 5.20: Bruker 15 T Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR

MS), housed at the University of Warwick.

The operating principle of this device is a diluted sample is passed through an ionising source and the

resulting gas-phase ions are introduced into an ion cyclotron cell embedded in a constant magnetic

field. There a two main ionisation methods used in petroleomics based on the polarity and nature

of the sample: Electrospray Ionisation (ESI) and Atmospheric Pressure Photoionisation (APPI). De-

pending upon the ionisation source and polarity, the following ions are produced: radical ions (M
+

(mostly radical cations) or M
–

), protonated [M+H]
+

, and de-protonated [M–H]
–

and these species

can be detected in the spectra [119]. Each chemical element or compound is classified according

to its mass-to-charge ratio m/z, where the total charge q is equal to the number of charges z mul-

tiplied by the charge of an electron e. Therefore, the output is a spectra of signal intensity plotted

against m/z [119]. The mass spectrometry resolving power R, describes the mass spectrometers

ability to distinguish between two ions with ‘close’ mass to charge ratios m/z. The resolving power

is important, because it evaluates the performance of FTICR MS by making sure the peaks are well

121



5. Top Land Crevice Sampling

separated and it is inversely proportional to full width at half maximum and directly proportional

to acquisition time (T) as shown in (5.1).

R =
m

∆m50%

∝ qBT
mk

(5.1)

Where m is mass of the ion in Daltons and ∆m50% is the full width at half maximum of the peak

(FWHM, this defines the mass difference between two points on the peak where the intensity is

50% of the maximum), B is magnitude of the magnetic field, k is the peak width constant and T is

the acquisition time. A higher R value indicates better resolution and hence ability to differentiate

between closely spaced peaks more readily, Figure 5.21 and Equation (5.1).

Figure 5.21: Ultra-high resolving power is required to resolve the peaks for petroleum mass spec-

trometry.

In addition to resolution, the mass accuracy is another important factor, in order to distinguish

between molecular assignments within a mass spectrum and accurately assign molecular formulae,

UHR MS can achieve sub-parts-per-million (ppm) or even parts per billion (ppb) levels, Equation

(5.2) [119].

Mass error =
mexp −mcalc

mcalc

× 106 (5.2)

Once the ions are generated, the analysis categorises them according to their m/z value. In FTICR

MS, ions with the same m/z have the same cyclotron frequency (ωc) which is dependent upon the

magnetic field and is inversely proportional to m/z (5.3) [119].

ωc =
qB
m

(5.3)
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To achieve the required highmass accuracy for complex mixtures containing hundreds of thousands

molecular compositions with close mass differences the test is typically conducted over a wide m/z

range. Therefore a mass split of 0.1 mDa must be resolved to assign unique molecular compositions

up to 500 Da for samples containing C, H, N, O and S [119]. Hence, the mass resolving power of

FTICR MS is defined by equations (5.1) and proportional to the resolving time T (5.4) [119].

T =
N

f s

(5.4)

WhereN is data set size (typically in megawords e.g. 4M or 8M and so on ) and f s sample frequency,

which is defined by the cut-off for detection.

5.6.2 Categorisation

Categorisation usually includes class, carbon number, and DBE. The assignment of elemental

compositions typically take the form: Cc Hh Nn Oo Ss, where the lowercase letters indicate the

number of each element. Figure 5.22 shows an example FTICR MS spectra from a NIST crude oil

sample [119]. (a) denotes the class, which in organic chemistry defines any atoms that are not C or

H, in this case examples include: O N S P. (b) Illustrates the double bond equivalent (DBE) or level

of unsaturation, calculated using equation (5.5) .

DBE = c− h

2
+

n

2
+ 1 (5.5)

Where c, h and n are the number of carbon, hydrogen and nitrogen atoms in the molecule. This

concept is used to describe the number of rings and double or triple bonds that exist in a molecule.

Integer values can be assumed for odd electron ions and half integer values for even electron ions.

The Kendrick Mass Defect (KMD) [120] can aid the analysis of complex mixtures such as fuel and
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Figure 5.22: (a) FTICR MS of a NIST crude oil sample using APPI. (b) Petroleum species atm/z = 479,

separated by 14.01565 Da and 2.01565 Da. (c) Highlighting selected assignments, class designations

and common mass splits. The mass difference of 3.37 mDa corresponds to C3 vs. H4S and the mass

difference of 1.1 mDa corresponds to C4 vs.
13
CH4S [119].

oil sampled from the TLC. This technique uses the repeating mass defect of the 14.01565 Da CH2

alkyl, to sort members of the same heteroatom class and DBE into a homologous series. Figure 5.22

(b) shows the for H2 (red arrows separated by 2.01565 Da) CH2 (green arrows separated by 14.01565

Da). The KMD can be calculated using equations (5.6) and (5.7).

exact KMD = IUPAC mass×
(

14

14.01565

)
(5.6)

KMD = nominal Kendrick mass− exact Kendrick mass (5.7)

Where the IUPAC mass typically refers to the atomic mass of an element as defined by the Interna-
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tional Union of Pure and Applied Chemistry (IUPAC). Finally, (c) highlights selected assignments,

class designations and common mass splits. The mass difference of 3.37 mDa corresponds to C3 vs.

H4S and the mass difference of 1.1 mDa corresponds to C4 vs.
13
CH4S. In addition to the mass spec-

tra, the chemical class distribution and carbon number vs. DBE results are produced to allow for

deeper understanding of the samples chemical ‘fingerprint’. Figure 5.23 provides a sample class dis-

tribution for the NIST crude oil sample. The cyan arrow highlights the Sl chemical class, the scatter

plot represents one molecular formula per point, where the x-axis is carbon number (moving from

left to right represents the addition of CH2)) and the y-axis is DBE.

Figure 5.23: Class distribution and DBE characterisation, adapted from [119].

5.6.3 Results

To recap the objective of using FTICR MS in the field of ‘Petroleomics’ was for: new oil (Sample

8), new fuel (Sample 11) to be compared to the TLC (Sample 9), to identify any new molecules in

the TLC sample that were not present in the new fuel or oil, i.e. that had been formed in the TLC

‘reactor’. Figure 5.24 compares new oil (sample 8 – red lines) to the TLC (sample 9 – purple lines)

over a broadband range of m/z. The first observation from the new oil is the number of peaks,

intensity and m/z range occupied by its molecular composition. The mass spectrum acquired for

the TLC sample exhibit lower intensity than the new oil sample, other than at a few locations, and

a signifiant new peak around 470 Da. The basic shape characterises of the wide range Spectra 1

(a) are similar at lower m/z, this is symptomatic of reduction, depletion or contamination of the
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elements in the additive pack, described in §5.5.2. Spectra 2 (b) is a zoomed in window of m/z 354 -

365. The repeating patterns are similar between the new and TLC sample, with notable increase in

abundance in the TLC sample at approx 359.3 Da and 364.4 Da.

(a) Spectra 1: broadband range m/z. (b) Spectra 2: zoomed in window 354 - 365 m/z.

Figure 5.24: (+) APPI – FTICR MS, comparison of new 0W 20 oil (sample 8 – red lines) vs. TLC

(sample 9 – purple lines).

Figure 5.25 (a) is a zoomed window at 359 Da, with a 0.4 Da window and highlights a number

of carbon-13 isotopes and hydrogen (protonated or radicals). Isotopes are a variant of a chemical

element with the same number of protons, but and different number of neutrons in the nucleus, in

the case of carbon-13 there are 6 protons and 7 neutrons. The process of protonation is where a

molecule or atom gains a proton. Radicals are molecules or atoms that have an unpaired electron,

making them highly reactive [121]. Whilst there are a number of complex compounds in the new

oil, of note is the new isotope formed in the TLC between 359.0 – 359.25 Da, a new compound not

present in the new oil. Moreover, if Spectra 4 (b) is examined, a new compound of interest in relation

to the current work was apparent, C22H33NO3 a radical cation. Created in the TLC, this could be

a nitrate ion or a molecule containing one nitrogen atom and three oxygen atoms and part of a

function group of: esters, carboxyls or nitro compounds, potentially consistent with the work of
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(a) Spectra 3: 0.4 Da window. (b) Spectra 4: 0.05 Da zoomed in window.

Figure 5.25: (+) APPI – FTICR MS, comparison of new 0W 20 oil (sample 8 – red lines) vs. TLC

(sample 9 – purple lines). m/z range example 359.175–359.40.

Splitter [105] and the observations of an apparent nitrogen reaction in the CDST §4.4.5. A similar

analysis was completed for the fuel vs. the TLC (sample 9). It can be seen from Figure 5.26 (a), that

the fuel is ‘simpler’ in terms of it’s molecular composition, and was observed at lower m/z. The

highest intensity was centred around 200 Da, with an addition large peak at 530 Da and a smaller

one at 565 Da. In contrast the TLC oil has a much wider spread, and contains molecules not present

in the fuel sample. This is not surprising as despite both being hydrocarbons from crude oil, fuel

and oil have different carbon numbers. However, if Figure 5.26 (b) is considered, there are some

common molecules in the 208 - 218 Da range, with slight differences in the intensity of the peaks.

Figure 5.27, show two areas of interest at: 217 Da (0.016 Da window) and 218 Da (0.014 Da window).

(a) Spectra 7 highlights a number of common compounds found in both the new fuel and TLC

sample. As with the previous oil spectra, radicals, aromatic ketones, PAH’s, and pyrene were present

and all were known products of combustion. Figure 5.27 (b), highlights a notable observation, the

presence of C13H15NO2 [H] protonated. Whilst this compound itself is unremarkable and appears

to be phenylethylamine derivative from a group of psychoactive substances, the effect of nitration
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(a) Spectra 5: broadband m/z. (b) Spectra 6: zoomed in window 208 - 218 m/z.

Figure 5.26: (+) APPI – FTICR MS, comparison of new E10 Gasoline fuel (sample 11 – green lines)

vs. TLC (sample 9 – purple lines).

to create the NO2 indicates the presence of nitro compounds. The analysis presented thus far, is a

small subset of the potential capability of FTICR MS. The extremely high resolving power means

that complex hydrocarbons can be investigated in extremely fine detail, but its also helpful if you

know what you are looking for in order to refine the search into a narrower field of enquiry.

Figure 5.28 shows the number of compounds present on the mass spectra, vs. the chemical class on

the x-axis. The red bars show the molecular class distribution for the new 0W 20 oil. The majority

of the compounds are in the HC, HC [H], NxOx [H], Ox and Ox [H] classes. The components of the

additive pack, mainly the components of ZDDPwere detected in significant quantities. The blue bars

represent the TLC sample, of note are the significant effects of oxidation and nitration, enclosed by

the orange rectangle. There were large increases in NxOx [H], Ox , Ox [H], and most notably Nx Ox ,

whereby there is none present in the new oil. The oxidation and depletion of the ZDDP can also be

seen, where there are no OxPxSxZnx or OxPxSxZnx [H] classes present in the TLC sample.

The final comparison of samples 8 (new oil) and sample 9 (TLC sample) can be seen in Figure 5.29.

In sample 8, there were a total of 5311 assigned molecular formulae, whereas sample 9 had 10,859,
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(a) Spectra 7: 0.016 Da window. (b) Spectra 8: 0.014 Da window.

Figure 5.27: (+) APPI – FTICR MS, comparison of new E10 Gasoline fuel (sample 11 – green lines)

vs. TLC (sample 9 – purple lines).

Figure 5.28: Number of compounds present vs. chemical class, by L. Alostad (Warwick University).

The red bars refer to the clean oil (sample 8) and the blue bars refer to the TLC (sample 9).
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Figure 5.29: Upset plot of identical and unique compounds, by L. Alostad (University of Warwick).

almost double. There were 3567 common molecular compounds present in both samples 8 and 9

respectively. In sample 8, there were 1744 unique compounds in the new oil not present the TLC

(sample 9). Most notable were the compounds unique to the TLC (sample 9). The total number of

unique molecular compounds totalled 7292, mainly comprising: OxSx [H], Ox [H], Ox , NxOx [H] and

NxOx classes.

5.7 Discussion

A suitable sampling methodology was defined that allowed multiple top land crevice samples

to be collected from a running engine, based on the approach of [107], but with modifications to

overcome reliability issues. Analysis of the extracted samples, using advanced laboratory techniques

was conducted at BP Castrol’s Pangbourne laboratory. ICP, XRF,
31

P NMR and GC MS (inc. HT

SIMDIS). Due to an unforeseen sample line failure, the key TLC (sample 9) was contaminated with

condensate. This added uncertainty to the analysis of this sample, but somemeaningful results were

obtained. XRF analysis of the aqueous portion of sample 9 revealed larger than typical levels of Ca
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and Zn in solution and this would have very likely led to faster than normal depletion. The ICP

elemental analysis highlighted interesting data showing the changes in the additive pack that occur

locally in the TLC. This highlighted significant reductions in detergent for both oils that illustrate

how, when exposed to the combustion process, this is locally naturalised. However, by making

some assumptions and creating a simple model, it was possible to predict the potential reduction

rate that may show how detergent is depleted, had it not been contaminated with water. Based on

the work of Wolak [115], using TBN reduction rates as a surrogate to estimate the uncontaminated

detergent depletion rate. Some cross contamination was present between tests when different oils

were used, although this was minimal, despite care being taken to flush the system with the desired

oil to minimise this effect. The effects on the additive pack, specifically ZDDP were evaluated for

both oils as significant degradation/depletion was present in the TLC samples. ZDDP’s known LSPI

suppressing effect, which appears to reduce with oil ageing could be related to the observation

of local depletion in the TLC, linked to a larger effect in used oil. Another significant outcome

of this work was the quantification of fuel dilution of TLC samples. It is known from literature

that increases in fuel in oil, in particular the heavier ends of gasoline, are known to increase LSPI

tendency [122]. A simple model was created to predict the reduction in kinematic viscosity at 100°C,

vs. fuel in oil dilution quantity, based on the trends observed by Kramer [117]. This could allow a

potential future forecasting of the reduction in KV100 to bemade for fuel in oil quantified under LSPI

promoting engine conditions. It also provides further data to aid interpretation of the mechanism

for oil accumulation and release (due to local reduced viscosity in the TLC) reported as the main

recognised hypothesis for oil based LSPI proposed by Dahnz [29]. The SIMDIS analysis of the TLC

sample also confirmed that reported in literature, of the oil in the top land containing the ‘heavy

ends’ of the fuel distillation. Assessment of additional oil condition indicators, such as TBN, additive

treat rate, wear metals and contaminants of the oils were also assessed. In sample 6, TLC sample

for the magnesium detergent, contamination with molybdenum was found. This was thought to be

due to grease used during assembly of the piston and did not affect the calcium detergent oil.

In addition to the work conducted at BP Castrol, the oil samples were also subject to UHR analysis

using ‘Petroleomics’ atWarwick University. This FTICRMS ultra high resolutionmass spectrometry

technique provided insight into themolecular composition of the samples tested. A form of chemical

fingerprinting, this advanced approach of MS can be used to detect differences in compounds with
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very small mass differences at resolutions approaching ‘parts-per-billion’ levels. The objective of

this work was to identify new chemical compounds present in the TLC that were not present in the

new fuel or oil. It could be seen that the fuel was much simpler in terms of molecular composition

than the oil. Key characteristics of the TLC (sample 8) oil could also be seen in the FTICR MS

that has previously been observed in the ICP analysis. There was strong evidence to support the

oxidation and nitration of the TLC sample, which was also observed in the
31

P NMR analysis of

ZDDP, particularly for the calcium detergent oil. Finally, a macro analysis of all of the molecular

compounds present highlighted 7292 unique molecular compounds in classes present in the TLC

sample not present in the new fuel or new oil.

5.7.1 Advances in LSPI Research

Building on the the observations in §5.7.1 this work adds to the evidence relating to the presence

of nitro compounds in the oil once exposed to combustion in the TLC ‘reactor’. Examining a small

range of m/z from the FTICR MS analysis, evidence was found of nitro compounds present in the

TLC not present in either new fuel or oil. In a further publication Splitter et al. [123], described

dynamic oil sampling from the TRZ, found FiO levels in the region of 21.9%, albeit under a no-

load condition, similar to the results measured in this current work (23%). The tribological work

of Lee et al. [107], which used the same sampling technique to the current work and that used

by Splitter, suggested that the accumulation of ‘volatiles’ (fuel) in the TLC typically stabilised after

approximately 15 mins of engine running. This suggests that there is also a potential ‘time at level’

element to the accumulation of fuel in the TLC and this was a factor not explored in this current

work.

5.8 Conclusion

In conclusion, it can be seen that: A modified version of the technique used by Lee et al. [107],

was successfully used to extract a TLC sample dynamically from a running single cylinder engine.

Advanced laboratory techniques were utilised to explore in detail oil from the TLC crevice samples

for both test oils, and compared to new fuel and oil to observe the impact of exposure to com-

bustion in the TLC. This work highlighted significant differences in composition of the oil in TLC

132



5.8. Conclusion

when compared to the sump and the new lubricating oil. Specifically major changes in terms of

degradation and depletion of the additive pack, observed using
31

P NMR analysis of ZDDP. Simple

models were created to overcome issues with contamination of the TLC sample from the calcium

oil, based on the performance of the magnesium detergent oil. Also a further model was built using

empirical data to forecast FiO dilution and hence predict the reduction in KV100 in the TLC. This

provides further evidence to support the prime LSPI mechanism hypothesis proposed by Dahnz

[29], in terms of accumulation and inertial release of oil droplets into the combustion chamber due

to reduced local viscosity. HT SIMDIS of the TLC sample also confirmed the presence of fuel ‘heavy

ends’ in the TLC known to exacerbate LSPI, and consistent with the work of Jatana et al. [124].

Finally, a molecular-level characterization of the samples was performed using FTICR MS, and used

to compare the molecular composition of the TLC sample to the new fuel and oil. In total 7292 new

molecular assignments were identified in the TLC sample, that were not present in the fuel or the

oil. Of note were the nitro compounds in the TLC sample. These findings add further to a growing

body of evidence, linking to the significance of the role of nitrogen in the context of LSPI.
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Chapter 6

Multi-cylinder Engine Testing of Fuels

Containing Methylcyclopentadienyl Manganese

Tricarbonyl (MMT)

6.1 Introduction

The current work has focussed on establishing the root cause of abnormal combustion, linked to

metal oxide detergents, at a fundamental level using the CDST. This work led to sampling of the top

land crevice of a running engine. Of note was the high level of fuel in oil dilution in the TLC, when

the mechanism for oil droplet accumulation proposed by Danhz et al [29] is considered, FiO dilution

leading to local viscosity reduction of the oil may support this. The work so far has been entirely

focussed on oil and oil additives, with the discovery of FiO levels as an additional factor. Chapter

6 considers the fuel, specifically the effect of adding an alkaline metal oxide. Section §2.3 describes

the fuels properties known to exacerbate LSPI, without the addition metal oxide additives. Also, sec-

tion §2.3.3 introduced the use of metal oxide octane boosters. Methylcyclopentadienyl Manganese

Tricarbonyl (MMT) was used in gasoline fuel as an alternative to Tetra-ethyl Lead (TEL). It was

later marketed as octane booster in the late 1970’s and early 1980’s. Due to awareness of the public

heath concerns relating to use of metallic additives in road transport fuel it’s use has been steadily

reducing, today only appearing in certain (mostly developing) markets, namely Africa, Pakistan and

some parts of Asia and South America. There is very little recently published material relating to
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MMT in the literature, as in large global markets e.g. the USA it was completely phased out, due

to problems with deposits and contamination/poisoning of engine after-treatment, namely oxygen

sensors and catalysts. MMT is known to promote LSPI more readily than fuels that do not contain

MMT, although there are additional factors that must be considered, for example the underlying

fuel quality. The objective of this experimental campaign was to characterise the behaviour of fuels

known to promote LSPI, with the addition of MMT in quantities based on dedicated in-market sam-

pling. The addition of MMT octane booster increased the RON of the fuel, this was not corrected in

the base fuel. Engine testing would also allow for deposit sample collection, of specific interest was

the fuel injector tip.

6.2 Background

OEM’s observed significant engine warranty replacements due to what appeared to be abnormal

combustion, in markets with fuels containing MMT. Examination of failed engine parts indicated

evidence of LSPI and mega-knock damage similar to the photographs in Figure 2.9 in addition to

heavy carbonaceous deposits. Analysis of fuel samples highlighted high concentrations of MMT,

typically around 50 ppm. Figure 6.1 shows a world map produced by the Japan Automobile Man-

ufacturers Association (JAMA), illustrating MMT concentration in fuel samples. Pakistan had the

highest MMT concentration at 140 ppm.

Figure 6.1: JAMA – Manganese Concentration by Geographical Location - Adapted From [125]
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6.3 Properties of MMT

Figure 6.2: Chemical Structure Depiction of MMT

Figure 6.2 provides a depiction of the chemical elements and bonds for MMT. It can be seen that a

triple bond exists between the carbon and oxygen elements for the tricarbonyl, which are chemically

difficult to break.

Table 6.1: Chemical Properties of MMT.

Methylcyclopentadienyl Manganese Tricarbonyl

Chemical Formula C9H7MnO3

Molar Mass g/mol 218.09

Appearance Pale yellow to dark orange

Odour Faint, pleasant

Melting Point °C / °F / K -1 / 30 / 272

Boiling Point °C / °F / K 232 - 233 / 450 - 451 / 505 - 506

Solubility in Water ppm Low

Solubility Hydrocarbons (Gasoline), ether, alcohol

Vapour Pressure mmHg at 100 °C 7

Table 6.1 presents some the chemical and physical properties of MMT. Of note is the boiling point,

when compared to the fuel distillation curves in Figure 2.12, it can be seen that this corresponds with

the final boiling point of the ‘heaviest back-end’ distillation fuel at 235.5 °C. This could mean that
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MMT’s likely to accumulate with the fuel in the TLC, in addition to the fuel ‘heavy-ends’. As the

abnormal combustion mechanism for MMT is unknown, this would be a factor in its LSPI behaviour.

6.4 Potential Hypotheses

A link between fuel quality and MMT concentration has been proposed by Nomura et al. [56]

as a cause of LSPI. This work proposes two main mechanisms:

• The first is related to the fact that fuels using MMT as an octane booster have low base volatil-

ity as they tend to be in lower fuel quality.

• Manganese oxide in scattered droplets supplies the ignition energy to ignite the droplet, which

is a mixture of fuel and lubricating oil. Within this hypothesis, two chemical ignition mech-

anisms are proposed related to exothermic heat release from further oxidation of manganese

oxides.

MnO(s) + 1/4 O2(g) −→ Mn2O3(s) (743K to 813K) (6.1)

Mn3O4(s) + 1/4 O2(g) −→ 3/2 Mn2O3(s) (853K to 1073K) (6.2)

As limited data is available in the current body of knowledge and the linkages to the current work

regarding alkaline metal additives in oil, it was logical to evaluate the abnormal combustion be-

haviour of MMT using specially selected fuels, in combination with clean and used lubricating oils

in a multi-cylinder engine.

6.5 Experimental Set-up

A modern high specification multi-cylinder engine, test bed with an AVL Gigabit Indimaster,

combustion analyser and the ability to run barrelled fuels was available, and there was interest in

conducting the work at BP Castrol, Pangbourne. The engine specification is defined in Table 6.2.

The engine was fitted with in-cylinder pressure sensors in all cylinders and themeasurement system
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was calibrated once the engine was installed onto the engine test bed. The engine control unit (ECU)

was a development type to allow for the required modifications to the knock system, otherwise the

engine ran the production calibration. The engine was configured for temperature and pressure

measurement for both test bed controls (e.g. coolant and oil temperature) and health checks (e.g.

exhaust port temperatures, oil pressure and crankcase pressure).

Table 6.2: Multi-cylinder Engine specification

Combustion System High tumble, spray guided, direct

injection

Valve-train Double over-head cam, variable int

& exh phasing, continuously vari-

able timing and lift

Aspiration Turbocharged

Cyl Displacement [cm
3
] 499.2

Cylinder Count Inline 4

Compression Ratio 10.5:1

Bore [mm] 83.00

Stroke [mm] 92.00

Fuel [RON/Ethanol Content] See fuels matrix

Oil Type Castrol 0W 20 (New and Used)

Also available to support this work was access to laboratory facilities allowing the analysis of the

lubricants and chemical deposits in the engine. The engine calibration was practically as per the

production release, with the exception of minor modifications to the knock control retard author-

ity (determined by the first ‘aggressive’ test fuel) which was extended this to manage the severe

behaviour of the lower RON fuels, resulting is extremely retarded combustion phasing.

Figure 6.3 (a) shows the test cell equipment and (b) shows the test engine installed in the test cell

in Pangbourne. The LSPI test detailed in Figure 2.6, was used to assess all fuels, due to its ability to

provoke both particle and oil droplet based LSPI mechanisms.
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(a) Test Cell Equipment (b) Engine Installation

Figure 6.3: Test Cell Equipment and Engine Installation

6.6 Fuels Matrix

Table 6.3 show the test fuel matrix used to evaluate the effect of adding MMT to LSPI promoting

fuels. The results of in-market fuel sampling in Africa and China highlighted the fuel was generally

of ‘poor’ quality, characterised by low RON (≤ 92), elevated low, mid and back-end evaporation

temperature, high aromatic content and MMT. Varying concentrations of MMT were observed, on

average 30 ppm was typical and representative of a Senegalese (African) forecourt fuel. With ref-

erence to Figure 6.1, this concentration does not represent the highest levels of MMT recorded in

Senegal, but is acceptable to allow for characterisation of abnormal combustion due to MMT. A 95

RON E10 (10% ethanol) fuel reference used for general engine combustion system and calibration

development, based on EN228, but without seasonal volatility changes and containing 10% ethanol,

was used to baseline the engine performance. A second 102 RON E0 (0% ethanol) was also used to

characterise the baseline LSPI level and to periodically assess the health of the engine between the

LSPI testing. Analysis results for this fuel were not available for proprietary reasons and are omitted

in the following fuel analysis results.

Coryton Advanced Fuels (CAF) provide a number of LSPI promoting fuels, synthesised based on

their own fuel knowledge, market sampling, and referred to as ‘China Bad’ and ‘High LSPI’. China

Bad, is a CAF reference fuel based on in-market Chinese worst case characteristics for LSPI testing.

It had the highest final boiling point of all of the fuel at 200 °C. High LSPI is a 96 RON reference fuel

created by CAF to promote LSPI, as a result of it’s high mid and back-end distillation curve. CAF

were asked to blend a new fuel to represent African in-market fuel samples, with 30 ppm MMT,
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Table 6.3: Test Fuel Matrix

Name MMT [ppm] Description

95RON E10 0 EN228 based reference fuel, 10% ethanol

102RON E0 0 High RON reference fuel, 0% ethanol

China Bad 0 CAF Chinese market representative fuel

High LSPI 0 CAF LSPI promoting reference fuel for LSPI

testing

Africa Bad MMT 30 CAF synthesized fuel based on Senegal

market sampling

High LSPI MMT 55 CAF High LSPI fuel with added MMT

China Bad MMT 55 CAF China Bad fuel with added MMT

named ‘Africa Bad MMT’. A version of this fuel with MMT added was included to understand the

difference that the addition of MMTmade to a fuel designed to excite LSPI (China Bad MMT). Based

on in-market data from China, 55 ppmMMTwas added to China Bad to create a version with MMT.

Similarly 55 ppmMMTwas also added to LSPI High fuel to make a comparable fuel at the equivalent

MMT treat rate at the China Bad fuel.

Octane Rating

When designing a fuels matrix there are typically fuel parameters that can be fixed or varied de-

pending upon the desired outcome. When assessing LSPI, it has already been discussed in §2.3.2,

that octane number itself does not increase the propensity for LSPI, but does impact the severity of

mega-knock if this occurs. Other fuel properties such as the evaporation behaviour can also have a

promoting effect on LSPI. Figure 6.4, shows the RON, MON and AKI for the fuels in the test matrix.

No fuel analysis data was available for the 102 RON reference fuel, hence it is not included in the

analysis.

Due to the fact that RON does not have a promoting effect on LSPI, it was acceptable for the ON to

vary with the addition of MMT. The reference fuel and the High LSPI fuel has similar RON (95 - 96),

MON (85 - 86) and hence AKI (90 - 91) values. With the addition of MMT in the High LSPI fuel the

RON was increased to 99.7. The Africa Bad MMT had a relatively low RON (92), MON (84) and AKI

(88). China Bad had the lowest RON, MON and AKI at (90, 80 and 85) respectively. The addition
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Figure 6.4: Octane Rating – RON ASTM D2699, MON ASTM D2700, uncertainty for the same test

laboratory ± 0.3 RON, MON and AKI.

of MMT had the effect of increasing ON by approximately 2 - 3 RON. Across the fuel matrix the

sensitivity, calculated using equation (2.7), was in the range of 9.7 - 11.8, Figure 6.5.

Figure 6.5: Sensitivity, RON - MON, for the fuel matrix.
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Figure 6.6: Fuel evaporation curves, ASTM D86, uncertainty for the same test laboratory, at T50%

± 2 °C.

Evaporation Behaviour

As stated in §2.3.1, it has be demonstrated that the evaporation behaviour of a given fuel has

a strong link to the LSPI tendency. Fuels most likely to excite LSPI tend to have higher mid and

back-end evaporation temperatures. The worst fuels also tend to have high final boiling points 200

- 220 °C. As the maximum oil sump temperature in an engine does not generally exceed 150 °C, and

is more typically between 90 - 120°C, in some cases as much as 25% of the mid and heavier ends of

the fuel could be present in the lubricating oil. As shown in §5.5.3, from experiments conducted at

relatively low engine speed and load, the fuel in oil dilution in the top land crevice was appropriately

23%. Thus, fuel can enter the combustion chamber from the bulk sump oil via lubrication of the

cylinder liner and also the fuel caught in the TLC. It is likely and therefore consistent with the

model presented in Figure 5.18, that this could lead to a reduction in the local oil viscosity in the

top land crevice. In the market fuels (representative and worst case) the evaporation temperature

is high throughout the curve, and is generally indicative of poor base fuel quality. The high LSPI

fuel, having been deliberately designed by CAF is consistent with an EN228 or typical European

fuel until T65%, thereafter it has been chemically engineered to behave like a market fuel with high

back end evaporation temperatures.
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PIONA Analysis

Paraffins, Iso-paraffins, Olefins, Naphthenes and Aromatics (PIONA) make up the list of compo-

nents assessed in a ‘PIONA’ fuel analysis. The term alkane has replaced the term paraffin, however

for this analysis is still referred to as a PIONA for historic reasons. Fuels containing higher alkane

concentrations tend to have a lower RON and higher evaporation temperatures.

Figure 6.7: PIONA analysis, ASTM D6730 (GC MS), single laboratory uncertainty ± 0.5% v/v.

Figure 6.7, shows Africa Bad fuel has significantly higher alkane and iso-alkane concentration when

compared to the 95 RON E10 fuel. This is also evident in the evaporation curve in Figure 6.6. The

High LSPI fuel has a high iso-alkane content. All of the LSPI promoting fuels have high aromatic

content, compared to the EN228 95RON E10 fuel. As stated in section §2.3, fuels high in aromatics

tend to be worse for particle emissions, have a high final boiling point and therefore have the ten-

dency to excite a particle based or fuel/oil LSPI trigger mechanisms. Naphthenes are cyclic alkanes

that have a ring shaped structure and are desirable in the base gasoline as these tend to deliver

higher RON. The 95RON E10 and High LSPI fuels, have the highest naphthene content and both

have the highest RON (95 - 96). The market and worst case LSPI fuels have lower naphthene lev-

els in the base fuel and lower RON, the addition of MMT raised the RON by approximately 2 - 3

points. Olefins are a base building blocks for gasoline fuel and they also contribute to the base oc-

tane. Whilst some of the fuels that promote higher LSPI tendency have higher olefin levels than the
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‘better’ fuels, Africa bad has the lowest olefin content. There does not appear to be a strong trend

relating to olefin concentration as a particular benefit or penalty.

Fuels Test Sequence

The fuel test sequence is shown in Table 6.4. To evaluate the effect of used oil in addition to

MMT, tests were conduced with new (clean) and used oil.

Table 6.4: Fuel Test Sequence

Name Oil Type Description

102RON E0 Clean Oil Baseline

102RON E0 Clean Oil Baseline (repeat)

95RON E10 Clean Oil Baseline

95RON E10 Used Oil Baseline

China Bad Clean Oil

China Bad Used Oil

102RON E0 Clean Oil Re-baseline and health check

China Bad MMT Clean Oil

High LSPI Clean Oil

High LSPI Used Oil

102RON E0 Clean Oil Re-baseline and health check

High LSPI MMT Clean Oil

102RON E0 Clean Oil Re-baseline and health check

Africa Bad Clean Oil

Africa Bad Used Oil

Africa Bad MMT Clean Oil

102RON E0 Clean Oil Re-baseline and health check

Four repeat tests were targetted to enable repeatability and averaging to be assessed. Following

the initial engine performance testing and baseline to confirm that the installation was successful,

testing then moved to the ‘safe’ 102 RON fuel. The engines ‘health’ was regularly assessed using the

102 RON fuel to ensure that the affects of accumulated damage were not impacting the test results.

An additional objective of running periodic reference tests, was to utilise the potential cleaning
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effect via removal of deposits, with the objective of returning the combustion chamber surfaces to

their original condition. This was seen as a pragmatic approach to manage this in the most effective

way. Bore scope images were also collected and recorded between tests to evaluate this visually.

6.7 Engine Hardware and Lubricants

The following section details hardware considerations also evaluated in the engine testing. As

previously stated, the engine testing was planned to evaluate the behaviour of fuel containingMMT,

with both new and used lubricant.

Engine Hardware

In addition to the hypotheses proposed in §6.4, the question was raised as to whether, MMT does

not directly cause LSPI by a particle or metallic catalytic means, rather the LSPI is triggered by

component damage (injectors, spark plugs or lambda sensors). To evaluate this phenomena the

injectors, spark plugs and lambda sensors were all replaced each time the LSPI promoting fuel type

was changed.

Lubricants

A total of 140 kg of used 0W 20 oil was collected from serviced vehicles and sent to BP Castrol for

consolidation into a single batch and chemical analysis. Table 6.5 shows an analytical comparison of

new vs. used oil. The KV100 reduced by 1 cSt going from new to used oil. Using the KV100 vs. FiO

dilution model in Figure 5.18, this reduction in viscosity is consistent with the predicted reduction

in KV100 for 3.75% FiO dilution (found in the used oil), which serves as additional validation data.

ICP elemental analysis found that there were increases in typical wear metals for an ICE in terms of

aluminium, copper and iron. Of note was the 56 ppm manganese present in the used oil. UK fuel is

blended to EN228, and as such there would be no manganese present. The engine manufacturer was

consulted to identify the source of manganese from the engine and it was found to be present in the

crankshaft and timing chain material, hence in the oil due to component wear. A small reduction

of calcium was observed (1801 - 1781 ppm), indicating the detergent levels are still high and able

to counter acid formation. Minor oxidation and some nitration had occurred, but this is typical for
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used oil. Overall, the consolidated mixture used oil was in good condition and suitable for testing.

Table 6.5: Comparison of new vs. used SAE 0W 20 Castrol oil. KV (ASTM D445) uncertainty ± 3%.

Elemental analysis ICP (ASTM D5185) uncertainty ± 10%. FiO GC MS (ASTM D2887) uncertainty

± 5%. Nitration: new oil (ASTM D5762), used oil (ASTM D5763). Oxidation: new oil (ASTM D7528),

used oil (ASTM D7414). Overall uncertainty for FTIR MS ± 10%.

Description Unit New Oil Used Oil

Kinematic Viscosity at 100 °C cSt 7.6 6.6

Kinematic Viscosity at 40 °C cSt 34.1 29.1

Viscosity Index 199 195

Aluminium ppm <1 6

Iron ppm <1 50

Copper ppm <1 24

Manganese ppm <1 56

Calcium ppm 1801 1781

Magnesium ppm <1 6

Silicon ppm 3 17

Fuel Dilution % 0 3.75

Nitration (1630 FTIR Peak) Abs/cm 0 13

Oxidation (1720 FTIR Peak) Abs/cm 0 4

6.8 LSPI Classification

No consensus exists regarding LSPI classification criteria to date in industry or academia, how-

ever there are common themes between those in the literature. When making a relative comparison

of factors influencing LSPI behaviour, a set of deterministic criteria must be applied, however a

level of manual inspection is also recommended to minimise the likelihood of ‘miss detection’ of

LSPI events. Based on the known characteristics of LSPI, it is therefore a fair assumption that if an

alternative classification criteria were applied to the same data, that the absolute number of ‘events’

could be different. When a test generates large numbers of LSPI events a small difference, due to the

classification method, is not critical to the overall outcome of the experiment. In the case where the

results of two tests, with different noise factors, generated the results: 0 and 1 events, this would not

be valid as it would not be possible to interpret the results with sufficient statistical confidence. To
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account for this, where possible, four repeat tests were conducted, hence the overall quoted number

of LSPI events in the results is the average four tests. In some cases, where the LSPI observed was

so severe, it was not possible to run four repeat tests, typically either the engine or the in-cylinder

pressure sensors were damaged. The classification method chosen for the current work were those

used by Leach et al. [38], namely the BP Castrol triggers detailed in Figure 6.8. This approach al-

lowed for ‘windowing’, where events captured by early AI02 or high PMAX allowed identification

of PI events. Using a standard deviation window allowed for separation of ‘normal’ cyclic variability

from abnormal combustion.

Figure 6.8: BP Castrol abnormal combustion triggers and LSPI classification[38]

MATLAB was used to post process the Indimaster indicating files to extract the files that were

captured by these ‘triggers’. A LSPI event can trigger on one or more of criteria classed as an

LSPI event. When using less aggressive LSPI provoking fuels, adopting these triggers (as defined)

works well to identify LSPI cycles. However, with the fuels tested in this work, high levels of cyclic

variability was experienced due to the extremely advanced combustion phasing. This resulted in lots

of LSPI mis-detection due to the cyclic variability, confusing the mathematical rules implemented in

the script. The simplest way to improve this was to increase the standard deviation to 4σ (from 3σ),

for the moving average AI02 and the PMAX criteria (as shown in the list on the following page).

• Trigger if; θMFB2i < [
∑−1

i=−101
MFB2i

100
− 4 · σMFB2i]
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• Trigger if; θMFB2i < θign

• Trigger if; θPMAXi < [
∑−1

i=−101
PMAXi

100
− 4 · σPMAXi]

6.9 Results

A general summary of all of the engine testing results can be found in Figure 6.9. The first

reference test was 102 RON fuel and clean oil, and found to have an average of 6 LSPI events. The

following test was a 102 RON fuel available at BP Castrol, not in the test matrix. This result was

included as it illustrates well, the fact that two fuels with the same RON can have different LSPI

tendency (everything else being equal). The fuel was changed to 95 RON E10 and tests conducted

firstly with new oil (2 events), then followed by used oil (3 events). Whilst the test with used oil is

on average 1 event higher, this thought not significant as the absolute number of events are low.

Given the test cycle is deigned to provoke LSPI behaviour, the levels of events experienced using

these fuels was deemed good and acceptable to proceed with testing of the more extreme fuels.

Figure 6.9: Test summary - Number of LSPI events per test (average of 4 tests) using fuel from the

fuels matrix. Note, for China Bad MMT fuel with new oil (dark green bar), the engine failed in one

test, hence this result is not an average of 4 tests.

Results for the LSPI provoking fuels will be discussed in the following seperate sections of the results,

and with reference to Figure 6.9.
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Interpretation of the LSPI Result Plots

A MATLAB script was created to analyse results of files captured using the AVL Indimaster. The

combustion analyser was operated in a continuous buffer mode whilst running the LSPI test. Any

cycles that exceeded some or all of the ‘trigger’ criteria were automatically saved for later post

processing. The MATLAB script loads the raw Indimaster .dat file (also know as Ifiles), plots the

cylinder pressure from 30 °CA BTDC – 90 °CA ATDC. Filters are then applied to identify which

trigger(s) caused the file to be logged. Figure 6.10 shows an example plot where the post-processing

has been applied. The key at the top of the chart indicate which triggers and which cylinder or

cylinders have triggered.

Figure 6.10: Result plot and triggers explanation. X-axis is crank angle, Y-axis is cylinder pressure.

The significant of the lines and shaded areas are explained in the captions.

The least reliable trigger was the location of AI02. This is notoriously difficult parameter to deter-

mine, during heat release analysis, due to the very shallow gradient change at the start of combus-

tion. Its can be seen in the examples included in this chapter that the location of AI02 is after the

spark despite it being a clear LSPI cycle on manual inspection. Hence the use of all triggers was

necessary to capture as many cycles as possible without significant quantities of mis-detection. In

the example shown in Figure 6.10, it can be seen that cylinder 2 (black) has experienced pre-ignition
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and mega-knock. Examining the plot from left to right: the location of AI02 is just before the igni-

tion timing, given there is a finite ignition delay even for PI cycles, this infers that PI has occurred.

The trigger identified by the script was PMAX >120 bar. The start of the pressure rise is inside of the

AI02 moving average window, again further indication of PI. Looking at the cylinders with typical

pressure traces, it can be seen that the combustion is retarded (PMAX is approx. 40 °CA ATDC,

despite the ignition timing being 7 °CA ATDC).

China Bad Fuel

China Bad fuel, in combination with clean oil, produced very high levels of LSPI events with 168

observed, Figure 6.9, compared to the reference fuels. This was expected on the basis that this is a

fuel designed to increase LSPI tendency based on Chinese market fuels with known LSPI promot-

ing characteristics. The absence of repeated or run-away events points to this being most likely

attributed to the oil accumulation and release mechanism. The following test with China Bad fuel

and used oil. This test yielded 131 captured events, Figure 6.9, an unexpected result. Based on the

understanding thus far, the addition of used oil was expected to have increased the number of events

rather than reduce them. This fuel had a particularly low RON (90.2) in contrast to the 102 RON

reference fuel, resulting the very late combustion phasing. The effect on the calibration, was very

active knock control, increased exhaust temperature resulting from retarded ignition, which in-turn

required increased fuel enrichment. Four example LSPI cycles of particular interest were extracted

from the 168 files captured and shown is Figure 6.11.

• Example (a), shows a typical and fairly mild pre-ignition event, triggered by PMAX >120

bar. AI02 is after the ignition timing, due to the finite ignition delay the actual pre-ignition

event must have been just before the ignition. The retarded spark timing for the cylinders

with normal combustion resulted in a mean peak cylinder pressure of approximately 50 - 60

bar, in contrast to the PI cycle which has an approximate mean peak of 90 bar and acoustic

ringing from the mega-knock which peaked at 260 bar.

• Example (b), is an aggressive example of LSPI and mega-knock, when compared to similar

examples of LSPI from literature [29], [31], [126]. Cylinder 2 (black) has triggered on both

MFB02 and peak pressure >120 bar. This was a pre-ignition cycle as AI02 was 12 °CA before
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(a) Pre-ignition example 1 (b) Pre-ignition example 2

(c) Pre-ignition example 3 (d) Pre-ignition example 4

Figure 6.11: China bad fuel, clean oil, examples of pre-ignition events captured from the continuous

log file.

the ignition timing and the cylinder pressure was rising significantly before the spark timing.

The rate of pressure increase was relatively smooth until approx. 8°ATDC whereafter the rate

of pressure was vertical, leading to aggressive mega knock by 10°ATDC. Based the work of

Kalghatgi [40] on mega-knock, this is likely to be developing detonation (DD). The mean peak

pressure of the normal combustion cylinders was 60 - 70 bar, whereas the mean peak of the

abnormal cylinder was 150 bar. The acoustic ringing of the mega-knock peaked at over 300

bar.

• Example (c) is a relatively mild event pre-ignition event, this particular example was chosen

as there was only light knocking and no evidence of mega knock. The mean peak pressure
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was around 100 bar and the knocking is that described in Section 2.2.1.

• Example (d) was chosen as it characterised the vertical rate of pressure rise of DD around 18

°CA ATDC, similar to Example (b), but less aggressive in terms of the resulting mega-knock.

The pre-ignition occurred around TDC, which phased the PMAX around 20 °CA ATDC.

These results illustrate that in addition to the stochastic nature of LSPI, the output is very

variable in terms of the resulting pressure profile that occurs. This is likely to be due to a

number of factors; namely the position and number of PI initiating particles or droplets, the

position of the piston in terms of the volume of the cylinder, the timing of the PI event and

the in-cylinder conditions (temperature and pressure of the charge) at the point of ignition.

The example LSPI events (a, b & d) all have high mean cylinder pressures and the peaks of

the acoustic ringing above 250 bar. Analysis of these data suggests that their characteristics

are consistent with the mechanisms previously described in §2.2.2.

China Bad Fuel 55 PPM MMT

A reference test was conduced between each fuel to check the health of the engine, from Figure 6.9,

it can be seen from the second 102 RON reference test that 6 events occurred, which was consistent

with the baseline test and the engine health being maintained despite exposure to 315 PI event until

this point. Next test was a fuel with China Bad base fuel specification, with the addition of 55 ppm

MMT, in combination new oil. The testing commenced but had to aborted after only a quarter of

the first test was completed. Investigation of the engine hardware found that this was due to failure

of the electro-hydraulic valve-train. Oil analysis of the sump oil confirmed extremely high levels of

FiO dilution (15%), which in turn led to reduction in viscosity and hence oil film thickness which

caused the mechanical failure. FiO dilution will be discussed in more detail later in this chapter.

The prevalence of LSPI with China Bad fuel, as stated in the previous test may have triggered an

‘anti-runaway PI’ calibration strategy, that prevents this by adding significant enrichment to cool

the combustion chamber with fuel. Using the Ifiles from the 30 events that were captured it was

possible to evaluate the characteristics of the first fuel containing MMT, Figure 6.12 shows four

examples of LSPI captured before the valve-train failure.
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• Example (a) shows a fairly typical LSPI event similar in characteristic to the previous exam-

ples from literature.

(a) Pre-ignition example 1 (b) Pre-ignition example 2

(c) Pre-ignition example 3 (d) Pre-ignition example 4

Figure 6.12: China bad fuel with 55 ppm MMT. Examples of pre-ignition events captured from the

continuous Indimaster log files.

• Example (b) of note is the PI event on cylinder 4. This triggered on AI02 and PMAX >120

bar. This is believed to characterise a new behaviour for fuel containing MMT not previously

observed. The first point of note, was the extremely early start of combustion, which is around

21 °BTDC. When this is compared to the requested ignition timing, this was 28°CA before the

spark timing. This is potentially different to oil or particle based LSPI, which tend to be closer

to the spark timing. The resulting peak cylinder pressure of 160 - 170 bar occurred close to

TDC, for reference the design pressure limit of the engine is 120 bar. The peak pressure of the

acoustic ringing was 310 bar, which represents the more extreme mega-knock events.
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• Example (c) and (d)were quite similar, with (c) occurring on cylinder 4 (red) and (d) occurring

on cylinder 1 (green) respectively, both triggering AI02 and PMAX>120 bar. It is proposed that

the high pressure was the result of DD and the combustion occurring in a reducing cylinder

volume as the piston approaches TDC.

It is highly likely the available results presented do not reflect the full LSPI potential behaviour of

this fuel due to the hardware failures limiting the testing. It expected that if this was retested in the

future that the number of events would be significantly higher.

High LSPI Fuel

As detailed in §6.6, ‘High LSPI’ fuel is generated by CAF a reference LSPI fuel with known promoting

attributes. According to the test sequence, Table 6.4 clean oil was used. The result was an average

of 15 PI events observed over 4 repeat test cycles, which aligned with previous testing of this fuel

(when compared to existing data/experience). The events captured were consistent with a typical

LSPI and hence not included in the section for further discussion. The test which followed, was High

LSPI fuel in combination with used oil. Again the result was lower than with clean oil (3 events)

which was unexpected. So low in fact, that it was compatible with 95 RON E10 fuel. Moreover,

consistent with the trend from ‘China Bad’ in combination with used oil, again inconsistent with

the literature [38] and cannot be logically explained on the basis of the causal mechanism.

High LSPI Fuel 55 ppm MMT

The next set of results were the most interesting observed during the multi-cylinder testing cam-

paign. The 102 RON reference test was run prior to testing this fuel and the result of 5 events was

consistent with the engine being healthy and fit to proceed with the testing, despite having been

exposed to an approximate 374 significant PI events. During the first test the engine reached 226

PI events before having to be halted prematurely due to cooling system pressurisation. After in-

vestigation the problem was found to be due to a cracked cylinder head, cylinder-2, exhaust side

as shown in Figure 6.13. The deposits on the chamber roof on physical inspection appeared to be

‘damp’ due to coolant leakage in the region close to the visible cracks, highlighted in yellow. Also

of note, is the red discolouration of the exhaust valves, consistent with manganese oxide deposits.
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Figure 6.13: Cracked cylinder head, cylinder 2 exhaust side - High LSPI Fuel 55 ppm MMT

To the authors knowledge this is the first observed case as there have been no publicly reported

cases of cracked cylinder heads, due to LSPI, reported in the literature. Themost commonly recorded

damage due to LSPI being associated with the pistons and spark plugs as detailed in Section 2.9. It

can be seen from Figure 6.14 that very severe LSPI events were encountered with High LSPI fuel

containing MMT.

• Example (a) has triggered on cylinder 1 (green) for PMAX greater than 120 bar. The resulting

mean peak cylinder pressure was 160 - 170 bar, with a peak mega-knock pressure of 250

bar. The start of combustion was extremely early, estimated to be 28 °CA BTDC, with the

corresponding requested ignition timing of 2 °CA ATDC, 30 °CA later. The resulting rise in

pressure in the reducing cylinder volume, as the piston moves towards TDC results in a high

peak cylinder pressure, before TDC.

• Example (b) has a very similar, early start of combustion, but the curve shape ismore rounded

and the mean peak pressure is in the same range (160 - 170 bar). The resulting mega-knock is

not as severe as (a), and the peak pressure occurs before TDC.

• Example (c) is almost identical in nature to (b), but the start of combustion is a degree or two

earlier.

• Example (d) and (e) return to a more typical LSPI form, similar to (a), with a very early start
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(a) Pre-ignition example 1 (b) Pre-ignition example 2

(c) Pre-ignition example 3 (d) Pre-ignition example 4

(e) Pre-ignition example 5 (f) Pre-ignition example 6

Figure 6.14: High LSPI fuel with 55 ppm MMT, examples of pre-ignition events captured from the

continuous Indimaster log file.
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of combustion.

• Example (f) is most remarkable cycle captured. Interestingly, the start of combustion is later,

at approximately 15 °CA BTDC. When the rising cylinder pressure reaches 3 °CA BTDC a DD

occurs and the pressure rise is vertical. The mean peak pressure reached 280 - 290 bar PMAX,

the magnitude of the mega-knock is unknown, but is well in excess of 300 bar (the signal was

clipped at 310 bar), possibly up to 350 bar.

In four out of the six examples the AI02 rolling average that triggers the continuous logging to cap-

ture the LSPI event as a result of the very early start of combustion. The resulting extreme pressures

before TDC, are effectively counteracting the rotating inertia of the engine as the piston approaches

TDC. Engines aren’t designed to withstand the pressure levels recorded, not least peak pressure

regimes before TDC, likely to result in the engine damage experienced. A potential explanation for

the cylinder cracking: analogous to connecting rod bending due to LSPI, is the fact that the con-

necting rod angle is almost vertical at TDC and hence the forces will be acting through the piston

crown directly into the connecting rod, via the gudgeon pin. Assuming the piston , pin, con-rod

and crankshaft in the vertical position, there is a large upward bending moment due to the high

in-cylinder pressure. In most cases its the AI02 rolling average that triggers the continuous logging

to capture the LSPI event as a result of the very early start of combustion. A replacement cylinder

head was fitted to the engine, following inspection of the bottom-end of the engine, it was confirmed

OK to rebuild. Once the engine was re-installed on the test-bed, a 102 RON reference test confirmed

that the engine heath was deemed OK to proceed with caution, as the LSPI count was the highest

until this point at 11 events per test.

Africa Bad Fuel 30 ppm MMT

This fuel had similar behaviour to all of the fuels containing MMT, namely: very early start of com-

bustion, high mean pressure and very high acoustic ringing. The severity of in-cylinder pressure

peaks from mega-knock events of 300 - 350 bar with this fuel, were so extreme that engine failed

again after just 107 events. This was an estimate due to sensor damage, constant errors from the

indicating system and due to being a single test result does not allowing for any averaging. The

engine was inspected and after the cylinder head was removed and pressure tested it was confirmed
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(a) Pre-ignition example 1 (b) Pre-ignition example 2

(c) Pre-ignition example 3 (d) Pre-ignition example 4

Figure 6.15: Africa Bad fuel with 30 ppm MMT, examples of pre-ignition events captured from the

continuous Indimaster log file.

that again micro cracks were the cause of failure. This was surprising as this was a new cylinder

head which hadn’t accumulated the hours of damage that the previous cylinder has been exposed

to. This could lead to the conclusion that this is more likely to be caused by overload rather than

fatigue. It was determined that the frequency and severity of LSPI fuels containingMMTwas so bad,

that engine would need to be repaired or replaced after each fuel. This was not possible within the

scope of this project, at which point the investigation was ended, prior to collecting a complete data

set. A secondary observation from Africa Bad fuel testing, was the amount of damage occurring to

the in-cylinder pressure transducers. Typically, all of the pressure traces on the indicating system

are aligned during induction and compression stroke, thereafter there is a general divergence due to

the cyclic variability from SI combustion. Figure 6.15 illustrates this in examples (a - d). Whereby,
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there is a spread in the traces during compression, which is due to mechanical damage of the trans-

ducer diaphragms, affecting the pressure measurements. This error, resulting in the variability of

1 - 2 bar in 350 bar, between cylinders, is only 0.4% error deemed acceptable for the current work.

Pressure sensor robustness became an issue throughout the testing, with the sensors regularly being

replaced between tests. Assistance was sought from the sensor supplier and some higher pressure

rated motor-sport sensors were supplied free of charge for evaluation. Whist they lasted longer

than standard sensors, they also fail due to the severity of the maximum pressures experienced, in

particularly those with fuels containing MMT.

6.9.1 Run-away LSPI Events

Figure 6.16: Comparison of run-away LSPI event tendency of fuels, with and without MMT.

A stand-out feature of the fuels containing MMTwere run-away LSPI events. This phenomenon

was described in §2.2.2, where Okada et all [31] present a particle based ignition hypothesis as

the cause of LSPI. Figure 6.16 shows an approximate number of multiple LSPI events recorded. It

can be seen that no runaway events were present when using the 95 RON pump fuel. A very small

number of consecutive or run-away events were also recorded for China Bad and High LSPI fuels. In

contrast, the same fuels but with the addition of MMT, exhibit similar high numbers of consecutive

or run-away events. Unfortunately test results from the Africa bad fuel could not be included as the
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pressure sensors were damaged and the resulting number of events inaccurately captured due to

indicating system synchronisation errors, meant that most runaway events were lost or corrupted.

It is however proposed by the author, but unproven, that similar large numbers of consecutive or

run-away events would have been observed. A proposed hypothesis is that an oil or hot particle

based LSPI causes a PI event, leading to the so-called ‘snow shaker’ effect named by the author
1
,

whereby the first LSPI triggered by the release of an oil droplet resulting in LSPI, dislodges particles

on the combustion chamber surface that heat up and are retained. These particles then go on to

cause run-away behaviour. This typically does not occur for a long time thereafter, as the surface

particles would need time to reform.

6.9.2 Fuel in Oil Dilution MMT Fuels

Following the failure of the valve-train, oil samples were analysed at BP for fuel in oil dilution

using GC MS. This was only conducted for 95 RON and China bad fuel, with new and used oil,

Figure 6.17. It can be seen that fuel in oil is relatively low for a dedicated LSPI test cycle (3.5 & 3.7

respectively), due to lower levels of knock retard and fuel enrichment. In contrast, China bad fuel

resulted in very retarded ignition timing and fuel enrichment, leading to very high fuel in oil levels

(15.2 & 18.2 respectively). This would also have triggered the pre-ignition run-away protection in

the engine ECU, reducing λ to as low as 0.6 for 10s to cool the combustion chamber and regain

control of combustion. Repeated triggering of this feature would lead to high fuel in oil dilution.

Whilst the data is not available, it is anticipated the the fuel in oil levels for the other fuels test

would be at least as high as China bad, but potentially higher. An addition observation from these

data in Figure 6.9, it can be seen that the total number of LSPI events observed was lower with used

oil, despite this having the highest FiO dilution. This contradicts the expected behaviour (as with

the number of LSPI events). This remains unexplained and requires further evaluation. Based on

guidance from the manufacturer a value of 9% FiO dilution in the sump oil is considered excessive

and puts the engine at risk of severe damage due to the reduction in kinematic viscosity. The KV100

is shown in Table 6.6 for 95RON E10 and China Bad fuels, and illustrates the resulting difference

between the KV100 at the start of test vs. the end of test.

1
(named after the desk ornament which is shaken for snow particles to fall on the subject in a closed volume)
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Figure 6.17: Fuel in Oil Dilution, 95 RON vs China Bad Fuel, new and used fuel. Measured via GC

MS, uncertainty ± 5% (D2887)

Table 6.6: Comparison of 95RON E10 vs. China Bad fuels, KV100 at the start and end of test. KV

(ASTM D445) uncertainty ± 3%.

Start of Test End of Test Delta

[cSt] [cSt] [cSt]

95RON E10 + New Oil 7.7 6.6 1.1

95RON E10 + Used Oil 6.6 6.6 0

China Bad + New Oil 7.7 5 2.7

China Bad + Used Oil 6.6 4.5 2.1

It can been seen for the 95 RON E10 fuel that there is a drop of KV100 between the start of test to

the end of test of 1.1 cSt. This is due to the new oil being diluted slightly with fuel, 3.5 %, Table

6.6. It is known from Figure 6.9 that only 2 events/test occurred and the resulting FiO dilution was

comparable from the service oil (3.75%), Table 6.5. When used oil was tested with the 95 RON fuel

only 3.25 events/test occurred and there was no change in the KV100. China Bad fuel had a high PI

propensity with extremely high fuel in oil dilution. When new oil was tested there was a reduction

in KV100 to 2.7 cSt, vs used oil 2.1 cSt respectively. Whilst there was a significant reduction in

KV100 overall, the final viscosity of the used oil was only 0.5 cSt lower in the used oil than the new

oil. There is therefore no evidence in the current work that used oil is worse than new oil.
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6.10 Analysis of Indicating Data

The cylinder pressure vs. crank angle data captured via the combustion analyser, often referred

to as ‘indicating data’ was interrogated and filtered for errors and outliers. As mentioned previously,

due to the aggressive pressure behaviour of the fuels containing MMT the in-cylinder pressure

transducers experienced pressure magnitudes and frequency of events that they weren’t designed

to withstand and this resulted in damaged, unwanted breaks in pressure measurement, pressure off-

sets and ultimately failed sensors. As stated previously, in normal engine operation LSPI is stochastic

and rare in occurrence, however when a specifically designed cycle and fuels are used LSPI can be

readily encouraged to occur and does. It was concluded by the author that its not imperative to

capture all events in order to draw a conclusion and that with the data captured this was deemed

sufficiently conclusive to provide directional data for further investigation into LSPI.

Indicating Parameters

The parameters chosen were not exhaustive, but felt by the author were able to provide clear

direction as to data trends present from the testing conducted. They were as follows:

a. AI02 [CAD] - The crank angle at which 2% mass fraction of the premixed charge has burned.

This was determined via the calculated heat release curve, propriety to AVL List GmbH, the man-

ufacturer of the combustion analyser but typically using a function known as ‘Thermodynamics

1A’.

b. SPA [CAD] - The angle of spark advance which is a mapped parameter in the engine ECU. For

the reference fuels 95 RON E10 and the 102 RON fuel these parameters were fixed to reduce the

number of variables in the experiment and active knock control was disabled as the engine was

able to run the cycle safely. However, for the aggressive low RON and LSPI promoting fuels it was

necessary to allow the ECU to utilise active knock detection and an ECU controlled run-away

LSPI prevention strategy, that when triggered enriched the lambda to 0.6, adding extra fuel to

provide in-cylinder cooling the charge and reducing the likelihood of runaway LSPI.

c. PMAX [Bar] - This is the maximum cylinder pressure observed in the triggered cycle and can

be used to optimise the engines efficiency.
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d. APMAX [CAD] - This is the crank angle that the maximum pressure occurred in the triggered

cycle.

e. AI50 [CAD] - The crank angle at which 50% mass fraction of the premixed charge has burned.

This was determined via the calculated heat release curve, propriety to AVL List GmbH, the man-

ufacturer of the combustion analyser but typically using a function known as ‘Thermodynamics

1A’.

f. KPPK [Bar] - This parameter is also propriety to AVL, but is based on the difference between

a estimated notional mean pressure and the peak knocking pressure amplitude, for the cycle of

interest. Its purpose was to estimate the knock intensity, for example low levels of KPPK pressure

indicates light knock and the opposite is true for high KPPK values.

g. RMAX [Bar/°CA] - This variable is the gradient of the rise in pressure due to combustion. High

RMAX or steep rate of pressure rise is typical of aggressive combustion and is often linked to

high levels of combustion noise. Abnormal combustion, due to LSPI normally results in high

RMAX, but this is not necessarily always lead to high PMAX, other than the acoustic ‘ringing’

that is typically observed during LSPI cycles.

h. ARMAX [CAD] - ARMAX is the crank angle at which the highest rate of pressure rise is

observed. This can influence the interaction between the gas and the piston impacting piston

secondary motion.

Data Analysis

The objective of the following section was to identify trends is the combustion data captured

for the range of fuel and oil combination examined. MATLAB was used to calculate the Weibull

‘probability event analysis’ to plot the likelihood of occurrence for the parameter of interest using

Equation (6.3).

Pm =
m

N + 1
(6.3)
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Figure 6.18: Comparison of attributes characterising LSPI: 102 RON (Blue), 95 RON E10 (Red), High

LSPI (yellow), new oil.

Where m is the rank of the data point (1 for the highest, 2 for the next highest etc.), N = total

number of data points and Pm is the estimated probability of occurrence. This was also normalised

such that 1 = 100 %, and 0 °CA represents TDC for the charts with CAD x-axes. Plotted for each
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metric, a spread in the data or very early/late phasing as a result of varying fuel properties can be

identified. The data was pre-filter to remove erroneous points and obvious outliers due to known

pressure sensor issues. Figure 6.18 show a comparison between 95RON E10, 102 RON reference

fuel and High LSPI fuels (all with new oil). AI02 occurs much earlier and has higher variability

for High LSPI fuel in comparison to the reference fuels. Due to the fact this fuel was designed

to excite abnormal combustion, early and fast burning cycles are typically present. SPA was fixed

for the 95RON E10, 102 RON reference fuel so there is no variation in angle location, with knock

control active for the High LSPI there is a small variation in crank angle. PMAX, this chart shows

the distribution and prevalence of maximum cylinder pressure. All of the fuels have a wide spread

in PMAX, with High LSPI having the widest and highest pressure events, with the largest peak at

approx 310 bar. APMAX for High LSPI fuel has a large spread in occurrence, with the events biased

earlier than the reference fuels. AI50 is typically in the region of 10 – 20 °CA ATDC, whereas the

High LSPI fuel is phased earlier and larger spread. No clear trend exits for KPPK, this is spread

over a wide range of pressures. RMAX is typically bias towards lower rise rates as the majority of

events are bad but not extreme. As seen in most of the other parameters, LSPI Bad had the most

extreme events. Finally ARMAX are also spread over a range of crank angle values, with the High

LSPI followings the similar tend as with the other metrics of being phased early.

Figure 6.19 shows 102 RON reference fuel vs. High LSPI fuel with and without MMT (all with

new oil). The inclusion of MMT had a dramatic effect on the combustion parameters. Of note

was AI02 which displayed very advanced phasing and was spread over approximately 35 CAD. SPA

for 102 RON remained fixed, LSPI High had a slight spread, but with similar phasing to 102 RON

due but was 96 RON, High LSPI with MMT retarded by 5 °CA, despite the highest RON of the

aggressive fuels, Figure 6.4. PMAX, the addition of MMT had the effect of significantly increasing

the occurrence of higher pressure events. There was a particular cluster between 310 - 320 bar.

APMAX also highlighted a significant shift for High LSPI with MMT to much earlier events. AI50

similarly retarded in phasing, the large spread indicative of higher cyclic variability. KPPK shows

an increase in higher peak amplitudes, with a cluster around 150 bar. RMAX is similar to with or

without the addition of MMT. ARMAX is similar, with a slighty earlier phasing with the addition of

MMT.
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Figure 6.19: Comparison of attributes characterising LSPI - 102 RON (Blue), High LSPI (Red), High

LSPI MMT (yellow), all new oil

A similar comparison was made for China Bad fuel with and without MMT, all new oil, Figure 6.20.
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Figure 6.20: Comparison of attributes characterising LSPI - 102 RON (Blue), China Bad (Red), China

Bad MMT (yellow), all new oil.

Starting with SPA , it can be seen that the effect of lower RON China Bad fuel retards ignition 5

– 8 degrees. This can also been seen in the AI02 plot, however the addition of MMT significantly

advances this parameter due to LSPI, more so than the fuel without the addition on MMT. PMAX
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has a similar trend with or without MMT, with the exception of a small cluster at 320 bar. As seen

with the High LSPI fuel, APMAX is earlier due to the LSPI events. As with AI02, a similar trend

can be observed with AI50. There is a retardation with knock control active due to the lower RON

of this fuel, and due to abnormal combustion the phasing of this fuel with the addition of MMT

leads to more advanced combustion phasing. KPPK is similar with and without MMT, with a slight

indication of higher peak amplitudes with the addition of MMT due to a cluster around 150 bar.

RMAX is similar, again there is a slight tendency for higher gradients with the addition of MMT.

ARMAX displays again the effect RON and increased LSPI tendency with the addition of MMT.

Figure 6.21 includes the effect of new and used oil in addition to the inclusion of MMT. For the

reasons described in Figure 6.9 it was not possible to complete a test using China Bad fuel with

MMT and used oil. Hence this comparison was only made for High LSPI fuel. As Figure 6.19 already

made a comparison between High LSPI with and without MMT this will not be covered again. This

section will focus solely on the effect of used oil which was tested only with High LSPI fuel without

MMT, the effect of MMT is added for comparison purposes. In general the addition of used oil tended

to have a very similar effect on all parameters, there were no clear adverse trends (red vs. blue bars).

Why the addition of used oil did not have a promoting effect for LSPI, as detailed in the literature,

remains unknown.
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Figure 6.21: Comparison of attributes characterising LSPI - High LSPI New Oil (Blue), High LSPI

Used Oil (Red), High LSPI MMT New Oil (yellow).
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6.11 The Effect of MMT on Engine Hardware

It was proposed that the cause of LSPI with fuels containing MMT, was due to injector hardware

damage or errors in engine lambda control. An objective of the current work was to investigate this

hypothesis, hence for each fuel tested, the injectors and lambda sensorswere changed and the engine

was inspected. It was not possible to collect borescope image for all fuels, however a comparison

between 102 Ref and China bad was available. Figure 6.22 compares images of the piston crowns

for 102 RON fuel vs. China Bad fuel. It can be seen that after the 102 RON testing the combustion

chamber was clean and deposit free.

Figure 6.22: Borescope comparison of pistons, post testing: 102 RON vs. China Bad fuel.
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In contrast, post test running China Bad fuel, the piston crowns are coated in deposits. Pistons 2 – 4

have what appears to be evidence of knock damage (erosion) or bright yellow deposits. The China

bad fuel had the lowest RON at 90.2, which would result in significant knock in addition to the LSPI

propensity previously discussed. As MMT is known to create a range of coloured oxide deposits,

from yellow through to brown, yellow deposits on the piston crown are plausible. However, erosion

is of the piston material is also feasible. The quality of the pictures does not allow for a definitive

conclusion to be made. In general, knock tends to preferentially occur where the end gas is spacially

located in the cylinder [127]. In this case the location of knock appears to be on the intake side of the

engine if the bright areas on the piston crown are consistent with damage. Figure 6.23 shows images

of the thrust (intake) side of the liner. The yellow appearance was due to the light source rather than

MMT in the fuel. The 102 RON fuel resulted in a small amount of lacquering from oil consumption,

in the area above the top ring reversal (which is normal). The liner honing is visible on all four

cylinders, which confirmed the enginewas in good condition. In contrast, the China Bad fuel created

significant brown lacquer deposits in the top land crevice area, on all cylinders. The most affected

was cylinder 3 where the highest occurrence of brown deposits was present. This could indicate

that cylinder 3 had the highest liner temperatures, increasing knock tendency and promotion of

deposits. This was also consistent with the piston images in Figure 6.22, whereby piston 3 had

the highest evidence of deposit accumulation or knock damage. The remaining cylinders were in

the early stages of similar deposit accumulation. Also of note, was the removal of deposits above

the top ring reversal, a known LSPI mechanism and potential related to the run-away behaviour

detailed in Figure 6.16. Completing the borescope assessment of the engines internals, Figure 6.24

compares the intake and exhaust valves running 102 RON vs. China Bad fuel. The image quality is

not consistent in terms of viewing position as the bore-scope was turned through 180°to view the

valves. The exhaust valves are characterised by having a flat face interface with the combustion

gasses, whereas the intake valves have a ‘dish shaped’ feature in the face of the valve. The exhaust

valve have a similar colouration for both fuels and hence are unremarkable. When running on 102

RON fuel, the intake valves have light transient soot deposits. In contrast, China Bad fuel resulted

in significantly more soot deposits. Additionally, there appeared to be more soot on the combustion

chamber when running China Bad fuel. All of the LSPI promoting fuels are high in aromatic content,

Figure 6.7, and therefore have higher soot promoting tendency.
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Figure 6.23: Borescope comparison of liner (thrust side), post testing: 102 RON vs. China Bad fuel.

The deposits present in the cylinder are therefore a potential combination of manganese oxide de-

posits and soot particles. Based on the literature both particle types have the propensity to instigate

LSPI albeit via different mechanisms. The most likely cause for the soot particles is analogous to

a glowing particle from a fire. The mechanism is not clear for the manganese oxide particle, but it

has been suggested that a potential catalytic effect could be the cause of LSPI when this fuel is used.

To exacerbate the problem when using fuel containing MMT is the likelihood that the base fuel is
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low quality and has lower RON, increasing the knock tendency and opportunity to liberate particles

from the combustion chamber surfaces.

Figure 6.24: Borescope comparison of the valves, post testing: 102 RON vs. China Bad fuel.
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Examination of the Fuel Injector Tip, Africa Bad Fuel with MMT

The fuel injectors are mounted in the cylinder head with the tips exposed to the combustion process

on a cyclic basis. As a result the injector tip temperature will vary with the running condition of

the engine. This is controlled to an extent by the resulting fuel flow having a cooling function. The

fluid dynamics of the injector opening and closing behaviour, in conjunction with the geometric

features of the injector tip, result in ‘tip wetting’. Over time, the tip wetting in combination with

in-cylinder cyclic temperature and pressure variation can result in tip deposit accumulation [128].

Figure 6.25 (a) shows deposit accumulation whereby the hard sponge like structure can retain fuel,

which when burnt in a low oxygen environment results in diffusive high soot combustion and high

particle number count.

(a) Africa Bad fuel with MMT, 50 x magnification. (b) Africa Bad fuel with MMT, SEM.

Figure 6.25: Bosch HDEV5, 6-hole, injector tip coking.

The same injector was also examined using a scanning electron microscope (SEM), Figure 6.25 (b).

The SEM highlights a cellular structure of the tip deposit, the spaces being able to retain fuel. The

injector holes, when clean have a so-called ’step-hole’ or annular machining so that the outer hole

is larger than the spray hole itself. This is an anti-clogging feature, the SEM shows that deposit

has covered the inner corner of the machining to form a natural conical shape. The spray holes

themselves are clear of deposit due to the fuel pressure which was 150 bar for the majority of the the

LSPI test. To determine if there was a significant manganese deposit on the injector tip, a Scanning

Electron Microscopy with Energy Dispersive X-ray Analysis (SEM-EDX) technique was used due

to its ability to perform elemental analysis on surfaces. The SEM-EDX process produces a high

resolution images by rastering a focussed electron beam, then detecting the backscattering electron

signal [129]. Figure 6.26 upper image shows the SEM-EDXmapping pictures that provide the surface
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elemental analysis. The lower image in Figure 6.26, shows a histogram of elements, the x-axis is

Kiloelectronvolts (keV) and the y-axis is the elemental energy level in ‘counts’. It can be seen that

the dominant element is carbon, this is undoubtedly a product of combusting a hydrocarbon fuel.

The second much smaller peak of manganese and trace quantities of O, Zn, Cr, Cu, Co, C+O, F, Fe,

Al, Si, P and were also detected.

Figure 6.26: Bosch HDEV5, 6-hole injector, Africa Bad fuel: injector tip analysis via SEM-EDX.

This technique was able to detect elements from the fuel, possibly calcium from the lubricating oil

and the metallic surface of the injector itself. The SEM-EDX technique apportions a colour to each

element allowing for qualitative overlaying or mapping, Figure 6.27. The upper image shows Mn,

the brighter intensity showing the highest concentration. The middle image shows the addition of

O in blue, and the lower picture shown Fe in pink. The injector is made of stainless steel, of which

iron is the highest content element. The presence of Mn is not surprising due to its presence in the

fuel. The injector deposits are known to be transient in nature, hence could readily detach and go

on to create LSPI. Not included in the section, but available for review, are images of the injectors

and spark plugs for 95 RON E10 and China Bad fuel, which can be found in Appendix C. Of note is

the fact that the spark plugs insulators did not sustain and damage from the extreme pre-ignition
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and mega-knock experienced with this fuel.

Figure 6.27: Bosch HDEV5, 6-hole injector, Africa Bad fuel: injector tip analysis via SEM-EDX map-

ping overlay.

Examination of the Oxygen Sensor

As with the hypothesis that damaged fuel injectors cause LSPI, a similar hypothesis was pro-

posed that damage to the oxygen sensors could be the cause of LSPI when using fuels containing

MMT. This hypothesis was based on the possibility the damage to the oxygen sensor could again

result in incorrect fuel delivery for the operating condition leading to LSPI. To remove this noise

factor the oxygen sensors were replaced for each test when the fuel changed at the same time the

injectors and spark plugs were changed. It can be seen in figure 6.28 (a), that universal heated ex-

haust gas oxygen sensor (UHEGO), catalyst brick and the surrounding metal work were covered in

an orange powder, extremely likely to be manganese oxide [130]. The visible deposit on the outside

of the oxygen sensor is fairly light, in contrast the deposit accumulation on the front face of the

catalyst brick is more significant and was appearing to form in the wake of the UHEGO sensor 6.28

(b). It was not possible to have the UHEGO sensors tested by the supplier post engine test. It can

however be confirmed that there were no error codes or indications that the closed loop lambda

176



6.12. Discussion

control was adversely affected by this deposit accumulation.

(a) Pre-catalyst UHEGO sensor, High LSPI fuel. (b) Starter Catalyst, High LSPI fuel.

Figure 6.28: Mn oxide powder deposits on the UHEGO and front face of the starter catalyst.

Evidence is present in the literature regarding the long term effect Mn oxide powder has on the

UHEGO sensors, spark plugs and clogging of the catalyst brick [131]. As the total test time of the

catalysts was relatively short, despite the presence of Mn oxide deposits on the front face of the

catalyst, no increase in exhaust back pressure was observed.

6.12 Discussion

Testing of LSPI promotion fuels with and without MMT

The test cycle chosen to investigate the effect of MMT, was the LSPI test cycle detailed in §2.6,

due to the fact that this test is able to discriminate between droplet vs. particle LSPI mechanisms.

The inclusion of clean vs. used oil was to determine if there was a further aggravating effect of used

oil reported in literature. Based on the analysis in the current work, it is hypothesised by the author

that a deposit based mechanism is more likely cause of LSPI when MMT is added to the fuel, than

an oil droplet based mechanism. However, the unexplained effect of reducing LSPI tendency ob-
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served with used oil, is inconsistent with the literature. A similar hypothesis was loosely proposed

by Nomura [132], but not precisely the same, as only limited testing was conducted. The results

of the current work confirm the aggressive LSPI promoting effects of MMT. Due to the extremely

aggressive LSPI behaviour observed, there were limits as to the tested that could be completed when

MMT was present. Based on the combinations of tests that were successfully completed, a number

of observations could be made. The re-baseline using 102RON fuel after each candidate fuel test

proved decisive in monitoring engine health throughout the testing. It was noteworthy that for the

last reference test, this was successfully used to discriminate that the overall engine health had dete-

riorated and despite a new cylinder head being fitted, the engine failed prematurely. The contrast in

results between the 102RON fuel and 95 RON E10 fuels was useful to characterise the baseline knock

and LSPI behaviour, which whilst was inconsequential for these fuels, later became significant fac-

tor for the LSPI targetting fuels, resulting in modifications to the adaptive knock control strategy.

The most noteworthy findings of the current work was capturing previously unseen examples of

LSPI resulting from the addition of MMT to LSPI promoting fuels. China Bad and LSPI High fuels

were most extensively characterised, both leading to extremely high levels of LSPI occurrence the

engine experienced. The detailed analysis of the cylinder pressure indicating data highlighted key

feature of fuels containing MMT, namely extremely early LSPI events (characterised by advanced

AI02), high rates of pressure rise (RMAX ) and occurrences of APMAX on or just before TDC. This

exerted extreme levels of mechanical stress on the engine components, ultimately leading to multi-

ple mechanical failure of the cylinder head. Also of note was the unexpected and as yet unexplained

reducing effect on LSPI frequency testing with used oil. There was an significant effect of MMT that

resulted in increased levels of run-away LSPI events, not experienced in so prevalently in the fuels

without MMT. The high levels of the fuel in oil dilution observed in the fuels testing was significant.

The results presented in Figure 6.17 show post test FiO dilution levels with 95 RON E10 fuel of 3.5%

in the sump oil, however when running with fuel containing MMT this rose 5 to 6 fold, ultimately

leading to engine damage due to low oil viscosity and reduced lubricity.

Effects on engine hardware of fuels with and without MMT

Evidence of increased soot and either Mn deposits was present on the piston crowns with the addi-

tion of MMT to the fuel. There was a clear trend in deposit accumulation on the liner, and removal
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of deposits, due to knocking from the area above the top ring reversal. The intake valves appeared

to accumulate greater levels of soot deposits with MMT containing fuels, thought to be the result of

higher aromatic content in the base fuel and rich operation due to retarded combustion phasing and

run-away LSPI strategies. It was possible to disprove the hypothesis that MMT does not directly

cause LSPI, rather degraded fuel injector and oxygen sensor damage. No evidence of injector or

UHEGO damage, resulting in incorrect AFR, was present when testing fuels containing MMT, in

the presence of aggressive LSPI. Accumulation of manganese oxide in the exhaust was evident, con-

sistent with the literature. Publications reviewed, also described orange or reddish brown deposits

on engine and after-treatment components after operating on fuels containing MMT [130–133], Fig-

ure 6.29. Due to the relative short time scales in terms of catalyst life, no damage occurred to either

the UHEGO or blocking of the catalyst brick during this work.

Figure 6.29: Example deposits observed on catalysts where fuels containing MMT were used during

durability testing [130].

6.13 Conclusion

In conclusion, it can be seen that: LSPI promoting fuels with andwithoutMMTwere successfully

tested to investigate the LSPI behaviour of MMT octane booster. The frequency and magnitude

of LSPI events of fuels containing MMT was significant and led to engine damage as a result of

mechanical stress. Due to the severity of events encountered, it was not possible to test all of the

planned fuel and oil combinations in the test matrix due to the engine hardware damage, ultimately

ending the test campaign prematurely. A significant observation, was the distinct difference in
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the type and phasing of LSPI in fuel containing MMT, characterised by very early AI02 and PMAX

before TDC. In general the average levels of PMAX weren’t significantly higher than fuels without

MMT, despite the highest recorded events being when MMT was present. The gradient of RMAX

was steeper with MMT present than without. There were also occurrences of APMAX before TDC

leading to high pressure events whilst the piston was travelling upwards. The inclusion of used

oil in the testing of fuels containing MMT did not display the same effect previously presented in

literature for oil based LSPI mechanisms. Fuel in oil dilution was extremely high in tests where

MMT was added to the fuel. The resulting reduction in oil viscosity was such that mechanical

failures of the valve train components occurred. An increased tendency for run-away LSPI events

was observed when using fuels containing MMT vs no MMT. The severity of damage observed in

this test campaign has not been reported in literature and the cylinder head cracking is the first

time this has been seen by the Author. It was demonstrated with reasonable certainty that the cause

of LSPI, when MMT is included in the fuel, was not related to injector wear or mis-reading oxygen

sensors. It is possible that these factors could lead to increased LSPI tendency to occur over extended

engine lifetime, but are not the primary causal mechanism for increase LSPI frequency with MMT.
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Chapter 7

Conclusions, Claims of Originality and Further

Work

7.1 Conclusions

This thesis comprises three key areas:

Fundamental Investigation in to Oil Detergent as the Cause of LSPI

This work focussed on investigating the previously reported observation “calcium detergent pro-

motes LSPI, whereas magnesium detergent does not”, at a fundamental level away from the ICE. In

practice this proved to be far from simple and commissioning and developing the test methodology

was extremely challenging. However, this yielded new exciting observations of an as unreported

path way involving nitrogen, which whilst remaining unexplained in terms of the chemistry, was

extremely repeatable. It was also informative in examining the CaO + CO2 carbonation hypothesis

proposed by the university of Chiba as unlikely, but not conclusively disproven. Utilising Argon

a truly inert gas, it was proven that CaO powder does not simply fluoresce at high temperatures

and requires N2 for a light emission to occur. As no chemical equation could be found to describe

this observation, it was not possible to calculate the enthalpy of reaction and confirm that sufficient

heat was released to ignite the un-burnt charge in an engine. The testing completed using magne-

sium oxide power was also important, as it demonstrated that the same visible light emission was

not present with this metal oxide. This finding supports to the fact that magnesium oxide does not
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promote LSPI.

Top Land Crevice Sampling

The first task was to obtain top land crevice samples from a running engine, which was suc-

cessfully completed and led to new data being presented describing the chemical composition of

this material. A range of laboratory analytical techniques were used to understand the chemical

composition of the TLC material, giving new insight in the context of LSPI. Similarly it was the

first time that Petroleomics was used to analyse a top land crevice oil sample and present new in-

sight into compounds accumulated in the top land crevice that are not present in the new fuel or oil.

This work was generously funded by theWarwick University Seed-corn funding mechanism, which

successfully facilitated collaboration between universities in new areas, hence allowing access ‘in-

strument time’ on the Fourier transform ion cyclotron mass spectrometry and the vast expertise of

the department.

Multi-cylinder Engine Testing of Fuels Containing Methylcyclopentadienyl Manganese

Tricarbonyl

The final topic for considerationwas to utilise previously gathered data to explore the hypothesis

developed by the author; ‘could an alkalinemetal octane booster in the fuel promote LSPI in a similar

way to alkaline metal detergents in the oil?’. The engine testing produced excellent data allowing for

detailed analysis to characterise the behaviour of LSPI promoting fuels with the addition of MMT.

The new findings being that the LSPI behaviour of fuels containing MMT is quite different to LSPI

promoting fuels. The LSPI behaviour of fuels with deliberately formulated distillation characteristics

to promote LSPI, follow an expected behaviour based on multiple published papers. In contrast the

LSPI behaviour of the same fuels with the addition of MMT, led to very different behaviour. The pre-

ignition moved to very early in the combustion cycle and the aggressivity of the pressure curves are

the worst seen by the author and also in published material. The LSPI frequency was significantly

higher than when no MMT was present. When MMT was added the tendency for run-away LSPI

was increased, this is thought to be due to the first event dislodging particles similar to a ‘snow

shaker’, leading to subsequent hot spot retained particle pre-ignitions. The damage caused by fuels

containing MMT was worse than anything in the public domain, so bad in this case that the damage
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was unsustainable, leading to significant engine failures and multiple failed in-cylinder pressure

transducers.

7.2 Claims of Originality

The stated objective of this DPhil was to provide insights into abnormal combustion, investigated

at a fundamental level. The original findings were as follows:

1. Successfully conducted testing of shock-heated metal oxide powders in a range of gases:

• Light emissions were observed under the specified conditions for the Chiba hypothesis.

Whilst light emissions were present they were inconsistent and diffusive in appearance.

These results neither unambiguously prove nor disprove the Chiba hypothesis.

• This work provides the first experimental evidence of a new potential LSPI promoting

mechanism – a strong light-emitting reaction between shock-heated CaO+N2 occurring

at significantly lower temperatures than for CaO + CO2.

• The observation that no light was emitted at engine-representative temperatures, led to

the conclusion that an additional source of heat is required to trigger an LSPI event, in

addition to the presence of calcium detergent.

• In contrast to CaO, when MgO powder was shock-heated under similar conditions, no

light emissions were observed, confirming that magnesium does not take part in LSPI.

2. Successfully collected TLC samples of oils with magnesium and calcium based detergents from a

running engine:

• This work identified that the composition and evolution of the oil in the TLC was sig-

nificantly different, chemically, from the bulk sump oil due to local conditions in this

’reactor’ zone in the engine.

• The local reduction in detergency of the oil in the TLC was quantified and analysed in

contrast to the bulk sump oil.

• Characterisation of the evolution of ZDDP into its derivatives was described and quan-

tified, in contrast to the levels in the bulk sump oil.
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• Quantification the fuel-in-oil dilution provided a simple mathematical model for the re-

duction in local KV100 due to fuel-in-oil dilution, supporting the oil accumulation and

release mechanism proposed by Dahnz et al. [29].

• The new and emerging technique of Petrolomics FTICRMS was applied to the TLC sam-

ple of a passenger car engine oil for the first time. This identified chemical compounds

present in the TLC, not in either the new fuel or oil.

3. Successfully conducted multi-cylinder engine testing of LSPI-promoting fuel with and without

MMT, and with new and used oil:

• Characterised the extreme LSPI behaviour of fuels containing MMT vs. the baseline LSPI

behaviour of reference fuel and LSPI-promoting fuels without MMT.

• Identified new and unseen in the open literature LSPI behaviour of fuels containing

MMT, characterised by extremely early AI02, steep RMAX gradients, and APMAX oc-

currence before TDC.

• Presents the first evidence in the open literature of severe cylinder head damage due to

abnormal combustion when MMT was added to LSPI promoting fuels.

• Quantified extreme, damaging, levels of fuel-in-oil dilution when fuel containing MMT

was used, which led to previously unreported valve-train issues in the open literature.

7.3 Further Work

For all three experimental chapters, extensive suggestions for targeted future work has been

proposed, based on the observations and limitations of this research. Several ‘firsts’ have been put

forward by this work, but due to the complexity of LSPI even after circa 100 years of abnormal

combustion appearing and disappearing, and in the last 10 years of intensive research in this field, a

full explanation of the cause of LSPI has still not been reported. This work adds further knowledge

to the topic of LSPI, but it is felt by the Author that at least one further doctorate, building on the

foundations of this work, is necessary to develop the ideas further and explore the chemistry in

more detail.
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Oxford CDST

Whilst this work has presented new data that could be linked to the trigger for LSPI in engines,

as with most research it leaves many questions. Commissioning the CDST and developing a ex-

perimental methodology consumed a significant amount of time. A new cleaning procedure or re-

moval/sealing of crevices is required to eradicate contamination between experiments. The number

of shots conducted was significantly more that intended at the kick off for the experiment. In total

169 shots were fired, representing many months of work. In order to investigate this area further

the following gas and powder combinations could be considered:

• CaO + Air.

• CaO + NOx ·

• CaCO3 + N2 ·

• CaCO3 + Air.

• CaCO3 + Air.

• MnOx + Air.

Additional instrumentation such as gas sampling of the shock tube post test to speciate the gas

would be a very useful addition to the experiment. Optical diagnostic techniques could be part of

a future tool chain to provide further information to validate the experimental results. An analysis

technique which eluded this test campaign was a method to speciate the calcium. Whilst ICP was

used to conduct a general elemental analysis of the oil, a fairly standard test, it proved very difficult

via the avenues explored to find an appropriate measurement technique. If such an analysis had

been available then it would have been useful to have a sample of residual powder from the shock

tube post test analysed for its chemical composition. Another area the Author would have liked

to explore was introducing manganese oxide into the CDST. This would have given insight into

whether manganese oxide behaves in a similar way to calcium oxide and nitrogen. It was not possi-

ble to include this powder in the shock tube experimental campaign, although this was considered

as very desirable. To further link the CDST experiments to the ICE, a parametric analysis of particle
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sizes (shock tube – optical engine – multi-cylinder engine). This would address areas not covered in

the current CDST work, and look to identify the particle sizes of the compounds of interest. Future

work may also benefit from a researcher with a chemistry background. Despite it being typical for

a combustion and performance engineer to deal with the consequences of LSPI in an engine OEM

setting, this research topic headed in the direction of chemical specialism.

TLC Sampling

Conducting this work during COVID19 lockdown, was an unexpected added complexity to what is

already a complex topic. The limitations in the number of tests that could be completed under the

circumstances meant that issues such as oil sample contamination, due to failure of the sampling

system, had to be accepted into the analysis and overcome. This aspect of the project would have

benefited from repeat sample collection. Whilst the analysis conducted provided valuable insight

in the composition of the TLC material, the next step would be to build on this work and conduct

more focussed analysis in specific areas. As mentioned in the previous subsection, speciation of the

calcium in the TLC material would have confirmed if the detergent had thermally decomposed to

CaO as per the Chiba hypothesis. The addition of the FTICR MS Petroleomics analysis provided

valuable additional insight in to the new chemical compounds present in the TLC sample, but not

present in the new fuel or oil. A significant number of nitrogen compounds were classified, in

particular nitro compounds, which are worthy of more targetted investigation not possible in the

current work.

Testing of fuels containing MMT

As previously stated, it wasn’t possible to test all fuel and oil combinations due to the severity of

the damage that occurred to the engine. It is felt that the testing of the muli-cylinder engine in

this research project was sufficient to provide new insight in this field and characterise the extreme

combustion behaviour that occurs when MMT is present in the fuel. It was the view of the Author

that further multi-cylinder dyno test work unlikely to yield more conclusive data that would signifi-

cantly influence the understanding of this LSPI mechanism beyond the approach used. Further data

analysis could be performed on the cycles leading up to and immediately after abnormal cycles to

understand the intensities and decay rates of pressure related to PI events. There could also be a sig-
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nificant benefit from the addition of optical diagnostics, such as endoscopy, to observe and identify

the origin of the PI events. Moreover, a more fundamental approach could be beneficial to further

research this area. It would be very interesting to design a test campaign to explore the response of

Manganese oxide powder in combination with the gases used to investigate the CaO powder in the

shock tube. If MnOx powder and N2 gave a similar reaction to CaO powder and N2 this could link

the chemical kinetic mechanisms despite the difference in LSPI behaviour observed.

7.3.1 COVID 19 Statement

This research commenced in September 2018, then in 2020 the UK was subject to a series of

lockdowns to control the spread of the corona virus. The last of the lockdowns finished in March

2021. The top land crevice sampling and oil analysis occurred during this period. These factors

caused a number of restrictions and limitations to what could be carried out during this time. It

severely limited physical interaction, in the authors case leading to long periods of isolation. The

Author would like to thank his supervisor, Dr Martin Davy for his continued support throughout

this challenging time.
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Table A.1: CDST test result summary.

Campaign Test Operator Powder
Test
Gas

Target
Temperature

Actual
Temperature

Target
Pressure

Actual
Pressure Comments

No.# No.# K K MPa MPa

Shots 1 – 31 were all used for setting up the CDST, no results were recorded

1 32 RPG CaO CO2 1173 0.92 Data recording issues

1 33 RPG CaO CO2 1173 0.92 Data recording issues

1 34 RPG CaO CO2 Powder dispersal test

1 35 RPG CaO CO2 1173 0.92 Data recording issues

1 36 RPG CaO CO2 1173 0.92 Photodiode added

1 37 RPG CaO CO2 1173 1253 0.92 0.98 First recoded light emis-

sion on HSC with DAQ

data

1 38 RPG CaO CO2 1173 0.92 Aborted test

1 39 RPG CaO N2 1173 1107 0.92 0.84 Light emission with N2 at

CaO + CO2 target bound-

ary conditions

1 40 RPG CaO CO2 1173 1204 0.92 1.3 Repeat of test No. #37

2 41 LLP/LD None CO2 1173 0.92 Aborted test – pressure

too high

2 42 LLP/LD None CO2 1173 0.92 Aborted test – pressure

too high

2 43 LLP/MMc None CO2 1173 0.92 Aborted test – pressure

too high

2 44 LLP/MMc None N2 1093 1096 0.84 0.92 Fill pressure too high

2 45 LLP/MMc None CO2 1173 0.92 High speed camera didn’t

trigger

2 46 LLP/MMc None CO2 1173 1148 0.92 0.96 High speed camera didn’t

trigger

2 47 LLP/MMc None N2 1093 1053 0.62 0.64 High speed camera trig-

gering issues

2 48 LLP/MMc CaO CO2 1173 1181 0.92 0.99 High speed camera trig-

gering issues

2 49 LLP/MMc CaO N2 1093 1062 0.62 0.66 High speed camera trig-

gering issues

2 50 LLP/MMc CaO N2 1093 1064 0.62 0.60 High speed camera trig-

gering issues

2 51 LLP/MMc CaO N2 1093 1053 0.62 0.60 High speed camera trig-

gering issues

2 52 LLP/MMc CaO N2 1093 1034 0.62 0.56 High speed camera trig-

gering issues

2 53 LLP/MMc CaO N2 1093 1054 0.62 0.65 High speed camera trig-

gering issues

2 54 LLP/MMc CaO N2 1093 1046 0.62 0.61 High speed camera trig-

gering issues

2 55 LLP/MMc CaO N2 1093 1045 0.62 0.60 High speed camera trig-

gering issues

2 56 LLP/MMc CaO CO2 1173 1185 0.92 0.98 High speed camera trig-

gering issues

2 57 LLP/MMc None N2 1093 1088 0.62 0.66 High speed camera trig-

gering issues

2 58 LLP/MMc None N2 1093 1064 0.64 0.61 High speed camera trig-

gering issues

2 59 LLP/MMc None CO2 1173 1181 0.92 0.93 Camera issues resolved.

Light emission from par-

ticles half way through

the video

2 60 LLP/MMc CaO N2 1093 1066 0.62 0.65 Light emission captured

2 61 LLP/MMc CaO CO2 1173 1164 0.92 1.0 No light emission present

2 62 LLP/MMc CaO N2 773 810 1.8 1.8 No light emission present

2 63 LLP/MMc CaO N2 773 772 1.8 1.64 No light emission present

2 64 LLP/MMc CaO N2 753 756 1.9 1.94 No light emission present

Shots 65 – 89 CDST was used for an alternative project

Shots 90 – 104 CDST upgrade, new pressure transducers and DAQ configuration

Continued on next page
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Campaign Test Operator Powder
Test
Gas

Target
Temperature

Actual
Temperature

Target
Pressure

Actual
Pressure Comments

No.# No.# K K MPa MPa

3 105 LLP/TN CaO N2 1058 1096 0.62 0.69 High speed camera issues

3 106 LLP/TN CaO N2 1058 1018 0.62 0.58 High speed camera issues

3 107 LLP/TN CaO N2 1058 1054 0.62 0.65 Issue related to HSC aper-

ture, light emission cap-

tured

3 108 LLP/TN CaO N2 1058 1068 0.62 0.67 Light emission captured

Shots 109 No data collected

3 110 LLP/TN CaO N2 1058 1054 0.62 0.65 Light emission captured

3 111 LLP/TN CaO N2 1058 1054 0.62 0.62 Light emission captured

3 112 LLP/TN CaO N2 1058 1029 0.62 0.60 Light emission captured

Shots 113 – 123 No data collected

3 124 CW/MMc MgO N2 773 834 1.62 1.56 No light emission

3 125 CW/MMc MgO CO2 1179 803 0.97 0.66 No light emission

Shot 126, No data system pre-trigger

3 127 CW/MMc MgO N2 1058 1079 0.62 0.66 Light emission?, con-

firmed incorrect powder

used in error (CaO)

Shots 128 – 144, CDST being used for other experiments

3 145 CW CaO N2 1058 1025 0.62 0.59 Light emission captured

Shots 146 – 153, CDST being used for other experiments

3 154 CW CaO N2 873 870 0.62 0.85 Light emission captured

(glowing particles)

Shots 155 – 159, CDST being used for other experiments

3 160 CW MgO N2 1058 965 0.62 0.52 Light emission captured

(small number of glowing

particles), CaO contam-

ination from crevices

despite tunnel being

cleaned

3 161 CW MgO N2 1058 1016 0.62 0.58 Light emission cap-

tured (small number of

glowing particles, fewer

than previous test), CaO

contamination from

crevices despite tunnel

being cleaned, reducing

as consumed

Shots 162 – 165, set up with mylar diaphragms

3 166 CW CaO Ar 1058 876 0.62 0.53 No light emission cap-

tured, temperature did

not meet target due to

slow shock speed

3 167 CW CaO Ar 1058 876 0.62 0.53 No light emission, tem-

perature did not meet tar-

get due to slow shock

speed

3 168 CW MgO Ar 1058 866 0.62 0.53 No light emission, tem-

perature did not meet tar-

get due to slow shock

speed

3 169 CW MgO Ar 1058 873 0.62 0.53 No light emission, tem-

perature did not meet tar-

get due to slow shock

speed
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Appendix B

Failures in top land crevice sampling system

The following images were included to illustrate the type of failures encountered whilst devel-

oping a suitable TLC sampling solution. Figure B.1 (a) shows melting and detachment of the PTFE

tube. It was unsuitable to have the PTFE close to the sample point as the hot combustion gasses

exceeded the maximum temperature of the tube. The connection to the sampling point was re-

placed with 6mm stainless steel tubing, approximately 300mm long, as shown in Figure B.1 (b). This

allowed for external splash oil cooling of the tube, prior to the sample entering the PTFE section.

However, the additional mass of the stainless steel tube required a bolt into the gudgeon pin bush,

via an additional tab on the tube, and two screws in the underside of the piston crown. Initiall the

bolt used was mild steel and this failed after a short time. The final solution was the use of a high-

tensile cap-head bolt. Figure B.1 (c), is a further illustration of both melting (collapse) and potential

mechanical damage due to the moving components in the crankcase. Once the PTFE reached its

transition temperature plastic deformation occurred. This was ultimately solved by the inclusion of

a stainless steel section and guide plates, detailed in Figure 5.5 in Chapter 5.
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B. Failures in top land crevice sampling system

(a) Pipe failures (melted and detached)

(b) Broken stainless steel sample tube

(c) Melted sample tube

Figure B.1: Sample line failures and detachments
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Appendix C

Injector and Spark plug Images

The images in Figure C.1 show the baseline condition of the injector tips and spark plugs, fol-

lowing running on 95 RON E10 reference fuel. They are deemed to be in good condition with typical

levels of deposits.

Figure C.1: 95 RON E10 Injectors and Spark Plugs

Figure C.2, shows the spark plugs following the referencing, 4 tests with 3 repeats (12 total runs).

The change in lighting may impact the observation of the deposits, however it appears that they

have changed following the subsequent tests. Most notable was injector 2, which appears to have

lost some hard deposit, and injector 4 which has changed significantly both losing deposit from the
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C. Injector and Spark plug Images

spray hole region and the main deposit appears smoother. In both cases this doesn’t seem to have

impacted the LSPI testing. The spark plugs remain unchanged.

Figure C.2: 95 RON E10 Injectors and Spark Plugs, End of Referencing

Finally, Figure C.3, the injectors and spark plugs are pictured following running with China bad

fuel. Despite the extreme LSPI behaviour encountered by the injectors and spark plugs were in

good condition. No damage detailed in Figure 2.10 (b), in Chapter 2 was found on the spark plugs.

Figure C.3: Injectors and Spark Plugs After China Bad Fuel
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Nomenclature

γ Ratio of Specific Heats

λ Non-dimentional ratio of measured to stoichiometric air to fuel ratios

ρ Density

ρa ρ of State ‘a’

ρb ρ of State ‘b’

σ Standard deviation

τ
′

Time Available for Autoiginition

B Magnetic Field Strength

ξ Non-dimensional Resonance Parameter

e Electron Charge

fs Sample Frequency

k Peak Width Constant

m Mass

N Data Set Size

nR Number of crank revolutions for each power stroke

Pb Brake power

Pm Estimated Probability of Occurrence
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C. Injector and Spark plug Images

Ps Specific power

q Total Charge

R Resolving Power

T Acquisition Time

Ts Specific torque

Vd Volume displaced

z Charge

β Zeldovich Number

δ Laminar Flame Thickness

ϵ Dimentionless Reactivity Parameter

µ Dynamic Viscosity

ϕ Equivilance Ratio

τe Excitation Time for Autoignition Heat Release

Rf Critical Flame-ball Radius

ro Radius of the Hotspot

Tb Temperature of the Burned Gas

Tu Temperature of the Unburned Gas

Ua Autoignition Propogation Velocity, Relative to the Unburned Gas

Ca(NO3)2 Calcium Nitrate

Ca3N2 Calcium Nitride

CaCN2 Calcium Cyanamide
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CaCO3 Calcium Carbonate

CaO Calcium Oxide

CO2 Carbon Dioxide

CO Carbon Monoxide

H2 Hydrogen

H2S Hydrogen sulphide

HC Hydrocarbon

He Helium

MgCO3 Magnesium Carbonate

MgO Magnesium Oxide

N2 Nitrogen

NOx Oxides of Nitrogen

H Enthalpy

m Rank of the Data Point

N Total Number of Points

AI02 The angle of 2% mass fraction burned

AKI Antiknock Index

Al Aluminium

AO Phenolic Anti-oxidant

APPI Atmospheric Pressure Photoionisation

Ar Argon
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C. Injector and Spark plug Images

ASTM American Society for Testing and Materials

B Boron

B Cylinder bore

b Distance from the centre of the crank shaft to the dynamometer load cell

Ba Barium

BEV Battery Electric Vehicle

BMEP Brake Mean Effective Pressure

C Carbon

CA Crank Angle

Ca Calcium

CAF Coryton Advanced Fuels

CFD Computational Fluid Dynamics

Cl Chlorine

Co Cobalt

CR Compression ratio

CR Compression ratio

Cr Chromium

cSt Centistokes

Cu Copper

D Daltons, a unit of mass to express atomic and molecular weights

DAQ Data Aquisition System
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DBE Double Bond Equivalent

DD Developing Detonation

dP Differential Pressure Across the Diaphragm

E Activation Energy

ECU Engine Control Unit

EGR Exhaust Gas Recirculation

ESI Electrospray Ionisation

F Flurorine

F Force

Fe Iron

FiO Fuel in Oil

FPS Frames Per Second

FTICR MS Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

GC Gas Chromatography

ICE Internal Combustion Engine

ICP Inductive Coupled Plasma Spectroscopy

IP Intellectual Property

IUPAC International Union of Pure and Applied Chemistry

JAMA Japan Automobile Manufacturers Association

JLR Jaguar Land Rover

KMD Kendrick Mass Defect
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C. Injector and Spark plug Images

KV Kinematic Viscosity

L Length of the driven section

L Stroke length

L1 Distance From the Diaphragm to the Measurement Section of the Shock Tube

Le Lewis Number

LSPI Low Speed Pre-Ignition

Ma Mach Number for State ‘a’

Mb Mach Number of State ‘b’

Mr Mach Number of the Reflected Shock

Ms Mach Number of the Shock

MATLAB Matrix Laboritory Software

MFB50 50% Mass Fraction Burned

mgKOH/g milligrames of Potassium Hydroxide required to neutralise 1 g of sample (in TAN

and TBN titration)

mmHg Pressure in Millimeters of Mercury

MMT Methylcyclopentadienyl Manganese Tricarbonyl

Mn Manganese

Mo Molybdenum

MoDTC Molybdenum Dithiocarbamate

MON Motor Octane Number

N Rotational engine speed

NI National Instruments
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Ni Nickel

NIST National Institute of Standards and Technology

O Oxygen

OEM Original Eqipment Manufacturer

OI Octane Index

ON Octane Number

ORNL Oak Ridge National Laboratories

OTI Oxford Thermal Institute

P Phosphorus

p Pressure

pa Pressure of State ‘a’

pb Pressure of State ‘b’

PAO Polyalphaolefin Oil

Pn Particle Number

PPM Parts per million

Pr Prandtl Number, ratio of momentum diffusivity to thermal diffusivity

PTFE Polytetrafluoroethylene

R Universal Gas Constant

RDE Real Driving Emissions

RDE Rotating Disc Electrode Spectroscopy

RON Research Octane Number
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C. Injector and Spark plug Images

RVP Reid Vapour Pressure

S Sensitivity

S Sulphur

s(1).γ Initial Ratio of Specific Heats of Driven Gas

s(1).ρ Initial Density of the Driven Gas

s(1).a Speed of Sound of the Driven Gas

s(1).p Initial Pressure of Driven Gas

s(1).R Initial Gas Constant of Driven Gas

s(1).T Initial Temperature of Driven Gas

s(1).u Initial Velocity of the Driven Gas

s(2).γ State 2 Ratio of Specific Heats

s(2).ρ State 2 Density

s(2).p State 2 Pressure

s(2).R State 2 Gas Constant

s(2).T State 2 Temperature

s(3).γ State 2 Ratio of Specific Heats

s(3).ρ State 3 Density

s(3).p State 3 Pressure

s(3).R State 3 Gas Constant

s(3).T State 3 Temperature

s(4).γ Initial Ratio of Specific Heats of Driver Gas
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s(4).ρ Initial Density of the Driver Gas

s(4).a Speed of Sound of the Driver Gas

s(4).p Initial Pressure of Driver Gas

s(4).R Initial Gas Constant of Driver Gas

s(4).T Initial Temperature of Driver Gas

s(4).u Initial Velocity of the Driver Gas

s(5).γ Reflected Shock Ratio of Specific Heats

s(5).ρ Reflected Shock Density

s(5).p Reflected Shock Pressure

s(5).R Reflected Shock Gas Constant

s(5).T Reflected Shock Temperature

SC Supercharger

SEM Scanning Electron Microscope

SI Spark Ignited

SI Spark Ignited

Si Silicon

SWRI South West Research Institute

T Torque

t Time

Ta Temperature of State ‘a’

Tb Temperature of State ‘b’
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C. Injector and Spark plug Images

TAN Total Acid Number

TBN Total Base Number

TC Turbocharger

TEL Tetraethyl lead

Ti Titanium

TRZ Top Ring Zone

TTL Transistor-Transistor Logic (Trigger)

ua Velocity of the Gas Ahead the Shock Wave, Relative to the Shock Wave (ua is

used for State ‘2’ and State ‘5’)

ub Velocity of the Gas Behind the Shock Wave, Relative to the Shock Wave (ub is

used for State ‘2’ and State ‘5’)

ur Reflected Shock Velocity

us(1) Velocity of the Gas Behind the Wave of the Driven Gas

UHEGO Universal heated exhaust gas oxygen sensor

UHR MS Ultra High Resolution Mass Spectrometry

Us1 Average Measured Shock Speed

VI Viscosity index

WOT Wide Open throttle

XRF X-Ray Florescence Spectroscopy

ZDDP/ZnDTP Zinc Dialkyldithiophosphate

Zn Zinc

eSC Electric Supercharger
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