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Abstract

Most passenger vehicles are powered by internal combustion engines (ICE), which emit CO; and contribute to
global warming. Despite this, ICEs are forecasted to be used for decades to come, hence their CO, impact must
be reduced urgently. Three viable options for achieving this are extending the knocking limit, using advanced
combustion strategies and using low carbon fuels.

Low Temperature Heat Release (LTHR) is the phenomenon in which some of the fuel-air mixture under-
goes a slower, exothermic reaction at relatively lower temperatures, producing intermediate species prior to the
main combustion event. LTHR can be seen in fuels that exhibit two-stage autoignition, due to their negative
temperature coefficient characteristics. It has mostly be studied in homogeneous charge compression ignition
(HCCI) engines, but recently it has been observed in spark ignition (SI) engines where it is termed pre-spark heat
release (PSHR). Understanding and controlling LTHR has the potential to contribute to extending the knocking
limit and enabling advanced combustion strategies though this would be highly dependant on fuel choice and
its individual LTHR behaviour.

This thesis presents a methodology to isolate LTHR in SI engines, paving the way for new studies of many
parameters that previously were not accessible. The effect of pressure, temperature and engine speed on isolated
LTHR were investigated. For LTHR to occur, cylinder pressures must be high enough, cylinder temperatures
must fall within the LTHR region and engine speed must be low enough to provide enough time for LTHR
to occur. The effect of equivalence ratio on LTHR is also investigated. Heat released from LTHR in a direct
injection engine is found to increase linearly with equivalence ratio, up until the point where charge cooling
reduced cylinder temperatures below the LTHR threshold.

The LTHR behaviour of binary blends of n-heptane, iso-octane and ethanol is explored. Ethanol is shown
to strongly inhibit LTHR by increasing competition for hydroxyl radicals which would otherwise initiate the
low temperature oxidation of n-heptane or iso-octane. Combustion residuals, specifically nitric oxide is shown
to strongly inhibit LTHR in iso-octane. It is also found that popular chemical kinetic mechanisms were unable
to model the behaviour of nitric oxide and iso-octane at temperature relevant to LTHR.

Finally, an optically accessible SI engine is used to show formaldehyde planar laser-induced fluorescence
(PLIF) signal intensity under motored conditions is well correlated to cumulative isolated LTHR intensity. An
alternative ignition method using four side-mounted spark plugs is implemented to generate end gas close to
the cylinder axis. This enabled measurement of LTHR within the end gas during the deflagration process of a
SI engine, demonstrating the utility of formaldehyde PLIF to optically measure LTHR under conditions where

pressure-based diagnostics cannot isolate the contribution of LTHR.
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Nomenclature

°CA
CA50
CI

CO
EGR
GDI
HCCI
HTHR
ICE
KLSA
LTHR
MON
NO
NO;
NO,
NTC
PLIF
PRF
PSHR
RON
SI
TDC

Crank angle degrees

CA location at 50% heat release point
Compression ignition

Carbon monoxide

Exhaust gas recirculation
Gasoline direct injection
Homogenous charge compression ignition
High temperature heat release
Internal combustion engine
Knock-limited spark advance
Low temperature heat release
Motor octane number

Nitric oxide

Nitrogen dioxide

Oxides of nitrogen

Negative temperature coefficient
Planar laser-induced fluorescence
Primary reference fuel

Pre-spark heat release

Research octane number

Spark ignition

Top dead centre

Fuel-air equivalence ratio
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Chapter 1

Introduction

1.1 Background and Motivations

1.1.1 CO; Emissions From Internal Combustion Engines

Global warming, contributed to by CO, emissions from burning fossil fuels poses a significant threat to society.
Despite this fossil fuel-powered vehicles make up the vast majority of light-duty passenger vehicles around the
world[!]. Carbon dioxide (CO») is a product of complete combustion of hydrocarbon fuels; it is a greenhouse
gas, and accumulates in the atmosphere, contributing to global warming (>3], CO, emissions cannot be removed
from the tailpipe of ICEs without moving to carbon-free fuels such as hydrogen or ammonia; nevertheless, CO;
emissions should be reduced as much as possible, by reducing energy demand from vehicles and improving the
efficiency of ICEs. In recent years, the EU has mandated reductions in fleet CO, emissions, encouraging higher
efficiency vehicles .

In the face of growing electric vehicle sales, and increasingly bad press, it is important to justify the contin-
ued development of the ICEs and their fuels. Its low cost, development history and use of energy-dense fuels
mean that the internal combustion engine is not going away. Aside from the decline caused by the global pan-
demic, global passenger vehicle sales continue to grow, with the vast majority containing an internal combustion
engine. This is particularly relevant in low- and middle-income countries, where electric vehicle subsidies are
not available and ICE vehicles are the only feasible choice!'l.

Looking ahead, BloombergNEF predicts the global passenger vehicle fleet to contain around 900 million
ICE powered vehicles in 2040°]. Furthermore, the cars sold in 2040 will have a lasting legacy. In the EU,
the average age of the passenger car fleet is currently 11.5 years[® with some vehicles on the road being
significantly older. In the UK the current fleet of personal vehicles has an average age of 8 years, with each
vehicle being scrapped, on average, after 14 years!’]. Despite their current environmental impact, liquid-fuelled

ICEs are likely to be around for the long run; the need to further improve them is clear.
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The pressing need to reduce the environmental impact of the existing ICE fleet has given rise to a global sen-
timent of a shift away from fossil-derived liquid hydrocarbon fuels to alternative fuels, which can be produced
synthetically or from biomass. With this shift, the chemical composition of fuel blends will inevitably change,
giving rise to an opportunity to optimise the choice of fuel, fuel properties and ICE design to maximise overall
efficiency. Choosing the right fuel requires a complete and fundamental understanding of fuel behaviours and

fuel properties. This work aims to further the current understanding in this area.

1.1.2 Recent Improvements to Internal Combustion Engines

Throughout history, engineers and researchers have continuously sought to improve the efficiency of internal
combustion engines and reduce emissions. This section will outline various techniques employed so to do and

will focus specifically on gasoline-powered ICEs, for light-duty vehicles.

A combination of boosting and downsizing has become increasingly widespread in recent years. Downsizing
involves achieving a given load for a smaller displacement engine; this moves the operating point to higher
in the engine map, opening up the throttle for a given torque requirement, avoiding losses associated with
throttling. To achieve successful downsizing, a form of boosting is often employed[>®]. This is where inlet air
is compressed into order to increase mass flow rate of air into the cylinder. Increasing the amount of air in the
cylinder allows for an accompanying increase in fuel available for a given equivalence ratio, enabling increased
power output for the same displacement*>°). Boosting is achieved with either a supercharger a turbocharger
(or in some cases, both). Superchargers are directly connected to the engine, whilst turbochargers use a turbine
to recover energy from hot exhaust gases at a cost of increased back pressure and hence increased pumping
work 3], Boosting alone can often lead to efficiency gains (though it is not guaranteed) since not all losses are
proportional to power output, [5-10]

Historically, internal combustion engines used carburettors to prepare the charge mixture. Since then, fuel
injection has become widely adopted, with a recent shift to direct injection in contrast to port fuel injection
in order to increase performance and fuel economy. With direct injection, only air is drawn into the cylinder
during the compression stroke, this improves volumetric efficiency. The injection also has a cooling effect, ulti-
mately resulting in reduced end-gas temperature during combustion and reduced likelihood of knocking!. The
injection process introduces charge motion in the cylinder, allowing for improved mixing, leading to reduced
combustion variability. The improved control of direct injection allows for charge stratification in the cylin-
der, which can enable efficiency improvements and or pollutant emissions reductions. Throttling is reduced
to give an overall lean mixture, whilst ignitability is preserved by increasing the equivalence ratio near to the
spark[!!]. Direct injection can be affected by deposit build-up on the injector, resulting in poorer control of the

charge. Additionally, if these deposits ignite before the spark, the system may be subject to low speed preigni-
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tion. Poor atomisation can lead to increased soot and particulate emissions, though this can often be mitigated
with increased injection pressure. H1-12]

Increasing the expansion ratio of an engine allows for more work to be extracted from the expansion stroke.
However, in a traditional Otto cycle engine, the expansion ratio is equal to the compression ratio, which is
typically knock-limited and requires a non-negligible amount of compression work. In 1882 James Atkinson
designed a cycle with unequal compression and expansion ratios. This can be emulated in a modern ICE by
employing unconventional valve timing. Early or late intake valve closure both have the effect of reducing the

volume of air trapped in the cylinder!!3!

. This process is also referred to as a miller cycle when boosting is
employed!'*]. Whilst this method ultimately reduces power output, it increases efficiency, making it suitable
for lower loads.

More recently, cylinder deactivation techniques have been employed in consumer vehicles. Cylinder deacti-
vation increases efficiency by increasing specific load and hence the operating point on the remaining cylinders,
leading to reduced throttling losses and reduced engine friction!®). Some implementations of cylinder deacti-
vation uses a solenoid actuator to switch the cam profile of certain cylinders, effectively closing the valves,
whilst other techniques involve dynamically skipping different cylinders every cycle according to real-time
demand. [3]

Over the last two decades, hybrid vehicles have become increasingly widespread, to the point where many
manufacturers offer some form of hybrid version of the majority of their fleet. As well as hybrid vehicle’s ability
to utilise energy from regenerative breaking, the electric motors allow the vehicle to decouple the drive cycle
from the engine, narrowing the operating range that the engine is exposed to, and enabling the engine to run at
a higher efficiency operating point for a given set of conditions!®],

Exhaust Gas Recirculation (EGR) can be employed to reduce emissions and reduce part load fuel consump-
tion. Recirculating some of the exhaust gases back to the intake dilutes the oxygen and provides inert gas for

6] The dilution lowers flame temperatures and therefore reduces NO, emissions; a

the next combustion cycle
small EGR percentage (5-10%) can half NO, emissions in some cases[*). EGR is often cooled to increase its
density so that the same volume fraction makes up a greater mass-wise portion of the charge. EGR changes
the ratio of specific heats for the working gas. EGR slows combustion speeds, so it is typically limited by
combustion stability. EGR can increase wear rates, especially in the absence of a low sulphur fuel[!7-18],

To summarise, the internal combustion engine has already undergone an enormous amount of development.
However, there is still a clear need to transition away from fossil fuels, and minimise their consumption in the

meantime. As fuels and fuel blends change, it is important to ensure that the latest ICE technologies—such as

those highlighted in this section—are compatible with and optimised for the alternative fuels of the future.
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1.2 Reducing CO; Emissions of Internal Combustion Engines

It is evident that enormous progress has been made on ICE efficiency to this date, but further improvements are
essential to help reduce its contribution to global warming as rapidly as possible. The overall CO, emissions
of gasoline-powered light-duty vehicles can be reduced by increasing ICE efficiency, either with advanced
combustion techniques or extending the knocking limit, and using fuels and fuel sources that are less carbon-

[19

intensive!!°). This section will elaborate on these three strategies.

1.2.1 Low Carbon Fuels

There is a vast range of alternative ICE fuels, each with its own strengths and challenges. This section will
discuss the most important factors to consider when choosing and comparing alternative fuels and outline some

possible alternatives to fossil fuels.

Choosing the Right Fuel

Cost is very often the deciding factor for the selection of energy source when working on large scales, however,
it is very difficult to use price to quantify and compare fuels. A huge number of factors influence the consumer
price of fuel, including taxes and duties, transport costs, short timescale supply and demand fluctuations as well
as political and economic reasons. The wholesale price of oil is no better an indicator of true cost, as it is subject
to many of the same forces as pump price.

The compatibility of any potential alternative fuel with current ICEs is another important factor, due to their
prevalence and the decades of research behind them. Any cost or complexity of conversion to an alternative fuel
represents a boundary to widespread adoption. So-called drop-in fuels, fuels that can be used interchangeably
or blended with current fuels in existing engines, are desirable as they ease the transition away from fossil fuels
without forcing consumers to commit to a new type of fuel. Factors that affect fuel compatibility typically
include flammability, resistance to knocking (covered in greater detail in Section 1.2.3), emissions performance
and effects on component wear. Energy density (both by mass and by volume) is another highly important factor
when determining which fuel, or energy carrier, to use in automotive applications. Whilst, per joule, electricity
can be cheaper than liquid fuels, gasoline and diesel’s high energy densities explain why they have dominated
the automotive market for nearly a century—they are easy to transport both to, and on-board, the vehicle.

Finally, supply and infrastructure are important considerations when choosing an energy source. There must
be a stable and sufficient supply of the fuel. Supply of the feedstock should not impact land usage for growing
food crops, for example. Infrastructure is essential to enable consumption of the fuel; hydrogen fuel cell use is

held back by the lack of refuelling stations, for example.
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Since ICEs are capable of being fuelled by an almost infinite number of different fuels and fuel blends, the
considerations above can be used to narrow down the choice of a future fuel to something feasible and compatible
with production and practical applications. With the above considerations in mind, two important streams of

alternative fuels are outlined below.

Biofuels

Biofuels are fuels derived from biomass (which can be anything from sugar crops to used cooking oil to waste

¢!2%0) and contains carbon originating from CO, absorbed from the atmosphere during photosyn-

from agricultur
thesis. Whilst biofuels are often thought to be carbon neutral due to the CO, absorbed by biological processes,
any additional processing will require energy and therefore potentially net CO, emissions, which must be taken
into account. Examples of commercially used biofuels include biodiesel (which is primarily fatty acid methyl
esters), biomethane (for compressed or liquefied natural gas engines) and alcohols 2],

Ethanol is the most most commonly used biofuel in spark ignition engines, it can be derived from biomass
feedstock sources, typically plants such as wheat, sugar beet, corn, straw, and wood[?!1. Its uptake is increasing
due to its ability to aid decarbonisation and reduce fossil fuel reliance in the existing vehicle fleet, for example in
the UK where standard gasoline moved from ES5 to E10 (i.e. 5 to 10% vol ethanol) in 2021, with many modern
SI vehicles capable of accepting higher. In some markets, levels up to 85% (E85) are accepted in so-called
flex fuel vehicles and in Brazil 100% ethanol is common. Despite its slightly lower energy density, ethanol is a
suitable candidate for a drop-in fuel blend component, up to a certain volume, it can displace crude oil fractions
thanks to its high octane rating and lower combustion temperatures—this allows for higher efficiency through

the use of high compression ratios and optimised ignition timing, and reduced emissions[!%-22-23],

E-fuels

E-fuels are synthetic fuels that can be created using excess renewable energy from the fluctuations in supply from
electrical grid; they are effectively an energy storage mechanism in the form of a drop-in fuel. The term e-fuel
covers a broad range compounds, from hydrogen and methane to butanol. E-fuels benefit from the flexibility in
their synthesis, fuels can be created that perform better than fossil derived fuels across a variety of parameters.

[24

For example, a recent synthetic fuel developed by Porsche nearly eliminated soot formation!?*]. However, e-

fuels suffer from the high energy requirements of their production, leading to poor overall conversion efficiency,
especially when compared to battery or fuel cell vehicles!],

The need to reduce CO; emissions is clear, and whilst fossil fuels are being phased out, ICEs will be around

for decades to come. The ICE has been thoroughly developed this will continue as sources of fuels change.
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This change in fuels and fuel sources opens up an opportunity for ICE development that use techniques that

previously weren’t suitable for legacy fuels.

1.2.2 Advanced Combustion Techniques

This section introduces combustion techniques that are more complex than spark ignition and compression
ignition operation that have recently been or are currently being investigated for their potential efficiency or
pollutant emissions performance. The focus of the selection of techniques presented reasonable compatibility

with gasoline or gasoline-like fuels.

Homogeneous Charge Compression Ignition

(HCCI) uses autoignition to ignite a near-homogeneous mixture. HCCI engines were developed with the aim
to improve efficiency and emission over typical SI (spark ignition) and CI (compression ignition) engines by
limiting throttling losses and soot emissions The lower flame temperature of HCCI operation leads to reduced
production of soot and NO, emissions compared to standard diesel CI. HCCI operations requires careful control
of peak temperatures and pressures. As well as non-homogeneous mixing, residuals are used to limit peak
temperature and pressure.

The main drawback of HCCI is that it is very difficult to control the point of ignition, as it lacks a fully
controllable external trigger such as spark timing or injection timing. There are a number of ways that ignition
can be influenced. Control of charge temperature at induction can be effective however it is impractical in
real-world applications. Air to fuel ratio can be controlled. Compression ratio can be controlled, either with a
variable compression chamber, or controlling inlet valve timing. Valve timing can also be used to control levels
of residuals and hence the reactivity and temperature of the mixture[*]. The high level of residuals required
for HCCI operation limit the load, and therefore its effectiveness in real-world applications that require a wide
range of operating conditions.

Reactivity controlled compression ignition (RCCI) is an extension of HCCI that uses an injection of high
reactivity fuel to initiate combustion. It is effectively HCCI with a pilot injection of a fuel such as diesel that is

used to give far greater control over combustion phasing, temperatures, power output and emissions 26,

Controlled End Gas Autoignition

Autoignition can be taken advantage of when used in conjunction with spark ignition. End-gas is the last portion
of unburned fuel in a combustion chamber. When the mixture is lean or stratified, the end-gas can be difficult

to ignite—this is where autoignition can be exploited if controlled effectively.
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Whilst not an advanced combustion technique in its own right, many modern advanced combustion tech-
niques increasingly rely on controlled autoignition of the unburnt mixture (end gas), which is often triggered
by initial deflagration from spark ignition?’3% this goes by many names though it is perhaps most commonly
referred to as spark-assisted compression ignition (SACI). For optimum combustion, and to avoid knocking,
these techniques rely on curating specific thermodynamic and chemical conditions in the end gas3!.

Partial Fuel Stratification is a similar technique that can also rely on end-gas autoignition to improve overall
efficiency. In one example, a spray-guided direct injection SI engine several initial injections were combined
with a pilot injection to initiate a three-stage combustion mechanism for gasoline and E85, under certain con-

321, Intake temperature, combustion phasing and equivalence ratio were then controlled to induce a

ditions!
third combustion stage, where increased temperature and pressure induced a level of end-gas autoignition that

increased combustion and therefore thermal efficiency, without causing knock 32331,

Autoignition plays an important role in enabling successful high efficiency combustion technique. Section
1.3 of this introduction will explore the current understanding and gaps in understanding, of autoignition and in

particular, its relationship to fuel properties.

1.2.3 Extending the Knocking Limit

Knocking, the unwanted and uncontrolled autoignition of end gas (the portion of the fuel-air mixture ahead of
the flame), is one of the main factors currently limiting engine operation and efficiency**. The high-frequency,
high-pressure oscillations associated with the occurrence of knock can cause significant damage to many dif-
ferent engine components, hence it must be avoided. Knocking can occur when the pressure and temperature of
the end gas spend enough time above a certain threshold, leading to spontaneous autoignition**1. The specific
delay time, pressure and temperature at which autoignition occurs depends on the composition of the mixture
and therefore the choice of fuel and any intermediate reactions that have occurred in the meantime.

Extending the knocking limit improves Otto cycle efficiency, oo, by allowing for higher compression
ratios (and therefore expansion ratio), r, as demonstrated by Equation 1 where -y is the ratio of specific heats.

1
rr—1

(1

Tlotto = 1-

Extending the knocking limit also improve efficiency by enabling more optimal ignition timing, so that com-
bustion peak pressure occurs closer to top dead centre. This maximises the pressure exerted on the pistons,

allowing for more extraction of useful work.



CHAPTER 1. INTRODUCTION

1.3 Low Temperature Heat Release

This section introduces the main topic of this thesis—Low Temperature Heat Release. Before examining the
details of LTHR, the concept of autoignition and negative temperature coefficient behaviour must be looked at

in depth.

1.3.1 Autoignition

Autoignition is when pressure and temperature conditions cause charge to ignite without an external ignition
source. Depending on the combustion mechanism, this effect can be desired or actively avoided; it causes
ignition in diesel engines and unwanted knocking in SI engines.

The ignition delay, 7 is the time it takes for a certain charge mixture to undergo autoignition. It is highly
dependant on temperature, pressure and the fuel in question. It can be modelled by an Arrhenius-type expression
as in Equation 2. In many cases, temperature and pressure vary with time, so to predict when a mixture undergoes
autoignition one must examine the thermodynamic state history of the charge. The Livengood-Wu integral
(Equation 3) describes how temperature and pressure history contributes to causing autoignition, in a similar

fashion to cumulative fatigue damage in materials®]. Figure 1 visualises this concept!>®]

showing how, when
the integration of the ignition delay (which changes as the temperature of the mixture changes)—represented

by the area under the curve—is approximately equal to 1, knock is predicted to occur.

7= Ap "exp (?) 2
tai
/ ldt =1 (3)
0 T

Whilst autoignition is desirable and in fact necessary in a compression ignition engine, it is almost always
avoided in standard spark ignition engines. When autoignition occurs unintentionally, it can have damaging
consequences; this is known as knock—the rapid pressure rise caused by spontaneous ignition of unburned

gasses 3.

Fuel Properties and Autoignition
This section will explain how autoignition behaviour is quantified in order to compare differences across fuels.
Knock, a result of autoignition, is a complex phenomenon which depends on fuel chemistry, combustion

chamber design and engine operating conditions. To attempt to quantify a fuel’s resistance to knocking, octane

numbers were introduced. Research Octane Number (RON) and Motor Octane Number (MON) tests quantify
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Figure 1: Graphical illustration of the Livengood-Wu integral 3]

a fuel’s anti-knock quality by comparing its performance to a blend of primary reference fuels (PRF), which
are based on a blend of 2,2,4-Trimethylpentane (commonly known as iso-octane), which has good knocking
resistance and n-heptane, which has relatively poor knocking resistance 37-38!. PRF z is a blend of 2% isooctane
and (100 — x)% n-heptane as is assigned the octane number of x in both RON and MON scales.

The RON and MON scales represent two different sets of conditions. To be assigned a RON of 90 a fuel
would begin to knock at the same compression ratio as PRF 90 under RON conditions. Standardised tests for
RON and MON are carried out in a single cylinder, Cooperative fuels research (CFR) engines with a knockmeter.
In the test, the fuel-air mixture is varied until knocking intensity is maximised. The cylinder height, which
correlates with compression ratio is then adjusted until a standard reading of knocking intensity is achieved.
Test fuels are then bracket between two primary reference fuels, from which octane number can be interpolated
using the difference in compression ratios. Extrapolation can be used to award octane numbers of above 100,
previously based on PRFs blends of iso-octane and tetraethyllead 3738,

Fuels respond differently to changes in pressure and temperature conditions and often have differing values

on the RON and MON scales. The difference in RON and MON scores is defined at Sensitivity S.

S = RON — MON (4)

Kalghatgi defined Octane Index (OI) to specify the anti-knock quality of a fuel in a given operating condition.

10
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K is an experimentally derived constant for a given set of conditions**! such that OI is a linear combination of

RON and MON.

Ol = (1 — K) (RON) + K (MON) (5)

Ol = RON — K § (6)

K depends on engine operating conditions and in some cases, K is negative so that for a given RON, a fuel with
higher sensitivity (lower MON) has better anti-knock quality. The value of K decreases as the engine becomes
more prone to knock i.e. as its octane requirement increases. In terms of the end-gas properties, K decreases as
the temperature decreases for a given pressure 3%, In some markets, AKI (Anti-knock index) is used, which is
OI for K = 0.5.

RON + MON

AKI = — (7

It has since been found that the K weighting factor between RON and MON is not universally applicable.
In recent work, alternative definitions were tested to improve descriptions of knocking trends across various

(401 Whilst it is clear than octane numbers are

conditions but as of yet, no robust correlation has been found
hard to predict accurately over a range of operating conditions, the next will provide some of the explanation as

to why certain fuels behave differently so as to cause their RON and MON differ.

1.3.2 NTC Behaviour

Low temperature heat release originates from fuels that exhibit negative temperature coefficient (NTC) be-
haviour. A fuel mixture that exhibits NTC behaviour has a non-monotonically decreasing relationship between
ignition delay time and mixture temperature at certain pressures. In certain temperature ranges (depending on
fuel) mixture reactivity decreases due to unfavourable equilibrium rates of radical forming reactions, ultimately
leading to an ignition delay time that increases with temperature causes mixtures that exhibit it to have two
stages of autoignition[*!],

Figure 2 shows the results from a low temperature autoignition studies in a static reactor, where fuel and
oxidiser were added to heated reaction vessel and time required for autoignition was measured. '], Until 600K,
there is a monotonic decrease in autoignition time, which is consistent with classic Arrhenius kinetics. Between
600K and 650K, autoignition times increase with; here, reaction rates decrease with increasing temperature,
hence the term ’negative temperature coefficient’.

Two-stage ignition is synonymous with NTC behaviour and can be observed in a rapid compression machine,

11
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Figure 2: Propane exhibiting NTC behaviour between 600K and 650K [4!]

as in Figure 3. Compression occurs until point A, and the region A-B is the induction time during which
autoignition chemistry is building to the point of releasing detectable energy. There is significant energy release
during the region B—C, which causes a rapid increase in temperature and pressure, until point C where the

chemistry enters the NTC region and rate of pressure rise is significantly decreased. At point D, NTC behaviour

ends and autoignition occurs 4!,

Pressure

Time
Figure 3: NTC behaviour seen between C and D in a rapid compression machine. [4!]
LTHR is the heat released from the first stage of two-stage autoignition (i.e. region B—C in Figure 3) and it

involves a significant change in composition of the mixture, due to the reactions that occur. NTC behaviour and

hence LTHR is most often observed in fuels with low octane sensitivity, particularly straight chain alkanes such

12
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as propane and n-heptane, unlike alkenes and aromatics which have different low temperature chemistry (41431,

1.3.3 Low Temperature Oxidation of Primary Reference Fuels

The low temperature reaction pathways that cause LTHR in the two primary reference fuels, iso-octane and
n-heptane, were examined in depth by Curran et al in comprehensive modelling studies*4#3]. The reaction
pathway is depicted in Figure 4 and each reaction is outlined below, working vertically from the top to the

bottom of the figure.

high temp o
xC.H —_ olefin + R’
817 B_scission
low temp I 0o,
XC8H1762
” B/' i,jCgHyg + Héz

x(.:8H1600H-y £, olefin + aldehyde + OH
I 0, ~ cyclic ether + OH

XxC4H,;00H-yO,

|

iCzket + OH
lowT 1 branching

iC,keto-alkoxyl + OH

Figure 4: iso-octane oxidation pathways[#4]

1. The first step is hydrogen abstraction of iso-octane, usually by a hydroxyl (OH) radical to form iso-octanyl

radical plus water.

2. Then, at low temperature, the first addition of O, to the iso-octanyl radical occurs to create an iso-

octylperoxy radical.
3. The iso-octylperoxy radical undergoes isomerisation to form a hydroperoxyalkyl radical.
4. There is a second O, addition to form peroxy-alkylhydroperoxide.

5. Next, isomerisation of the peroxy-alkylhydroperoxide forms an OH radical alongside a carbonyl-hydroperoxide

molecule.

6. The carbonyl-hydroperoxide molecule subsequently decomposes to the form a carbonyl radical and a

second OH radical.

13
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Overall, two OH radicals are formed from one OH radical reacting with a stable molecule. This leads to the
chain branching process, where the low temperature oxidation of a single iso-octane molecule provides enough
radicals to initiate the low temperature oxidation of two further iso-octane molules, and so on. Alongside the
above steps, beta-decomposition of the various intermediate species leads to the formation of smaller hydrocar-

bon species, including formaldehyde.

1.3.4 Ignition Delay Contours

The relationship between pressure, temperature and ignition delay for a given fuel can be summarised by an ig-
nition delay contour, such as in Figure 5. They offer an effective method of illustrating the changing relationship
between ignition delay and temperature as pressure rises and help explain the link between engine conditions
and LTHR behaviour. The negative temperature coefficient behaviour is described in Section 1.3.2 can be seen

in Figure 5 at pressures of 18 bar and above.

40
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Figure 5: An example ignition delay contour for iso-octane, illustrating ignition delay time in ms 47,

Ignition delay contours are constructed from ignition delay time data either from experiments or simulations
where a fuel-air mixture experiences a given combination of pressure and temperature as initial conditions and
time until ignition is measured—this can be defined by a temperature inflection point, or a constant temperature
rise. As explained in Section 1.3.1, ignition delay is a function of pressure and temperature history, so (for a
system where pressure and temperature are not constant, i.e. and engine) it is useful to present the history (or
trajectory) of pressure and temperature (PT) on the contour. The PT trajectories of RON and MON conditions
(discussed in Section 1.3.1) are included in Figure 5 for additional context.

PT trajectories of cylinder contents in engines are primarily affected by inlet conditions (i.e. initial pressure

14
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and temperature), mixture properties (such as the ratio of specific heats), compression ratio and heat transfer
effects. Many modern ICEs are boosted and therefore experience relatively higher pressures throughout the
compression cycle. These conditions are commonly referred to as “beyond RON” because, for a given temper-

ature, they experience higher pressures than the RON PT trajectory.

1.3.5 LTHR in engines

Until recently, LTHR in an engine context was mostly confined to homogeneous charge compression ignition
(HCCI) engines because of higher compression ratio and therefore cylinder pressures#6-4°1 In HCCI engines,
LTHR appears as a distinct heat release event occurring before the much larger heat release from HTHR—this
is visualised in Figure 6 in the apparent heat release rate trace from an HCCI engine exhibiting a clear LTHR

event around 20°CA before top dead centre.

70 T T T T T
— 50°C
10—
60" 9+
—_ il
(m) S 7t
<€ 50 3
(@] g 6f
S i
B a0 54
© T 3t
Q °
[} g 2
T30
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6 20h CA (degrees)
[0)]
g
10
0
-40 -30 -20 -10 0 10

CA (degrees)

Figure 6: LTHR in an HCCI engine*%).

In these engines, the occurrence of LTHR has been taken advantage of to control combustion heat release
rate via partial fuel stratification[>*]. Furthermore, LTHR has been studied in reactivity controlled compression
ignition (RCCI) engines, where the low temperature reactions can have an important role in curating varying
degrees of charge reactivity and therefore help control high temperature heat release!>!=>3,

More recently, LTHR has been shown in spark ignition (SI) engines with low octane sensitivity fuels at high

[54-56

load conditions with elevated inlet temperatures ! where it is seen before the spark and hence termed pre-

spark heat release (PSHR). In these studies, PSHR was induced by retarding spark timing, revealing in LTHR
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around top dead centre (TDC) before a spark discharge triggers deflagrative combustion37-38,

Szybist and Splitter observed that PSHR was more likely to be seen in fuels with low octane sensitivity and

40]

at high load conditions with elevated inlet temperatures/*’]. Furthermore, Splitter e al. used elevated intake

temperatures to show PSHR is related to knocking chemistry 7,

= Mean 1 Standard Deviation | Spark Timing

10 T T

[ 180°C 4_:/_'
0 =" 4 10
10 L ] 0
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Apparent Heat Release Rate (J/°CA)
Apparent Heat Release Rate (J/°CA)

-20 -10 0 10 20
Crank Angle (°CA aTDC,)

Figure 7: Pre-spark Heat Release affecting knock limited spark advance as intake temperature increases>*)

Results from Splitter et al.’s study (Figure 7) showed that, for conditions without PSHR (40-80°C intake
temp), knock-limited spark advance (KLSA) required nearly linear retarding with increasing inlet temperature,
however once PSHR was observed (intake temperature above 90°C) KLSA is nearly constant, hence the occur-
rence of LTHR effectively allowed more advanced knock-limited combustion phasing!>?]. It was theorised that
when LTHR occurred, it modified the thermodynamic state of the unburned mixture, moving it into the NTC
region and therefore causing it to have a long ignition delay and hence low reactivity—this in turn inhibited
knocking 7],

Meanwhile, in a different study where intake temperature was varied, increasing intake temperature encour-

32

aged autoignition to occur, but in a controlled manor*2]. In another study, the frequency and intensity of low

speed pre-ignition have been found to correlate with LTHR magnitude!®®], and LTHR has more recently been

[61,62]

modelled at boosted conditions . It has also been hypothesised that LTHR-induced changes in mixture

composition increase its laminar flame speed, which accelerates combustion[®3], this could ultimately lead to
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improved combustion efficiency, particularly for lean operation where low flame speeds can be a limiting factor.

1.3.6 LTHR: Research Questions

With the phenomena of PSHR only recently being discovered, there are many aspects of LTHR, particuarly in SI
engines, that are not fully understood. Whilst results from the studies above involving SI engine LTHR suggest
that it is most prevalent with low octane sensitivity fuels at high inlet pressures and temperatures, factors such
as the impact of individual components in fuel blends, equivalence ratio and residuals have not been investiated
in much depth if at all.

Furthermore, Splitter et al. used ignition delay analysis in a PSHR study to show that it is possible that, for
some conditions that do not exhibit PSHR, as deflagration occurs the end gas region will traverse the same region
in pressure-temperature space as cases that do exhibit PSHR, suggesting that bulk gas LTHR reactions in the

[571, Since these reactions change the species composition ahead of the flame, understanding

end gas is probable
them could be critical for understanding knocking behaviour in SI engines. However, conventional pressure-
based heat release analysis techniques are unable to experimentally observe end gas LTHR as its contribution
to pressure rise would be indistinguishable from that of the heat released from deflagration.

Finally, the cylinder contents with the altered knocking characteristic as a result of PSHR reactions are

difficult to study because they are consumed by the subsequent deflagration (or HTHR in HCCI engines).

Summary

Section 1.1 outlined the pressing issue with CO, emissions from ICEs, and explained recent developments to
ICE that began to deal with the problem. Section 1.2 outlined three ways in which the CO, impact of ICEs could
be further improved: low carbon fuels, using advanced combustion strategies and extending the knocking limit.
Section 1.3 Introduced LTHR and highlighted how it directly relates to the knocking limit, as well as potentially
enabling better control for advanced combustion strategies. LTHR is also relevant to low carbon fuels as it
needs to be understood in the context of the next generation of fuels and engines. The work carried out in this

thesis focuses on LTHR, and aims to further understanding of it, addressing the topics raised in Section 1.3.6.
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1.4 Thesis Overview

Integrated Thesis Format

This document is an integrated thesis—it is presented as a paper-based thesis containing six closely linked
studies that were all part of the same project. As such, the research chapters (Chapters 2 3 and 4) are presented in
the format in which they were published or submitted for publication. The papers in these chapters also contain
a comprehensive literature review (in addition to Sections 1.1 to 1.3) throughout their introduction sections.
These chapters also include additional context, usually relating to the other studies in this thesis, intended to aid
the reading of the thesis as a single, coherent document. Finally the studies are further brought together by the

overall discussion conclusions in Chapter 5.

1.4.1 Thesis Objectives

There were two overarching objectives of the work in this thesis:

1. To study low temperature heat release in engines by isolating the behaviour and examining including all

the parameters that affect it.

2. To develop a new technique, that does not rely on pressure-derived apparent heat release measurements,
to observe LTHR in SI engines—then apply it to a fired engine where LTHR is possible but unobservable

with current techniques.

The six papers are deeply linked and within the topic of LTHR fit into three themes: physical effects, chemical
effects (though of course, these are interdependent) and planar laser-induced fluorescence. The studies in the
first two chapters broadly cover the first objective, and were also carried out to inform the methodology and
conditions for the final study, which addresses the second objective. Table 1 gives an overview of every topic
covered within the six studies in this thesis, and identifies the papers that cover them. The publications included
in this thesis are listed in the following section, and identified by their section number that they referenced by

in the table.

1.4.2 Publications

» Section 2.1: White, S. P., Bajwa, A. U. & Leach, F. C. P. Isolated low temperature heat release in spark

ignition engines. SAE International Journal of Advances and Current Practices in Mobility (2024)

» Section 2.2: Bajwa, A. U., White, S. P. & Leach, F. C. P. Low temperature heat release and phi-sensitivity

characteristics of iso-octane/air mixtures. Combustion Science and Technology (2023)
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* Section 3.1: White, S. P. & Leach, F. C. P. Isolated low temperature heat release from binary blends
of iso-octane, n-heptane and ethanol in a spark ignition engine. In Proceedings of the ASME 2024 ICE

Forward Conference, Internal Combustion Engine Division Fall Technical Conference (2024)

* Section 3.2: White, S. P., Bajwa, A. U. & Leach, F. C. P. Effect of ethanol and iso-octane blends on
isolated low temperature heat release in a spark ignition engine. SAE International Journal of Fuels and

Lubricants (2024)

» Section 3.3: White, S. P., Bajwa, A. U. & Leach, F. C. Effects of nitric oxide on isolated low temperature

heat release in spark ignition engines. Combustion and Flame 273, 113921 (2025)

» Section 4.1: White, S. P., Willman, C. & Leach, F. C. Observing simultaneous low temperature heat
release and deflagration in a spark ignition engine using formaldehyde planar laser induced fluorescence.

Applications in Energy and Combustion Science 21, 100321 (2025)
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Table 1: Summary of everything covered in this thesis, by paper. Key: o covered in paper, x principal subject
of paper.

Chapter Physical Effects | Chemical Effects | PLIF
Paper (by section) 2.1 2.2 3.1 132 3.3 4.1
Isolating
LTHR
Temperature
Effects
Pressure
Effects
Speed
Effects
Equivalence
Ratio
iso-Octane o o
n-Heptane
Ethanol
Residuals
LTHR
Phasing
LTHR
Indicators
LTHR
Products
Simultaneous
LTHR & *
Delfagration
Pressure-derived
Measurement
Exhaust Emission
Measurement
PLIF *
Ignition Delay
Analysis
0D Engine
Modelling
Mechanism
Sensitivity * *
Analysis

* ¢} (¢] (¢] (¢] [¢]

Topics

|k | | %

Techniques
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Chapter 2

Physical Effects on Low Temperature Heat

Release

2.1 Isolated Low Temperature Heat Release in Spark Ignition Engines

This is the first paper in the series of six. It builds upon previous experimental work on pre-spark heat release,

40.591 discussed in Section 1.3.5. Since, in their studies, LTHR was occurring

such by Splitter and Szybist!
before the spark, the logical step for attempting to isolate it was disabling the ignition system. This procedure
was developed into the isolated LTHR methodology that is reported in this paper. Preliminary experiments
highlighted the necessity to curate the inlet conditions to encourage LTHR to occur (and, equally importantly,
to avoid HTHR knocking and damaging the engine when using low-octane fuels). This was developed into a
study on the effect of temperature, pressure and engine speed (some of the fundamental physical parameters for
engines) on LTHR behaviour. For simplicity, single components fuels were used, leaving scope to explore the
effect of different fuel blends in later studies (discussed in Chapter 3).

Upon being submitted to the 2023 SAE International WCX event, this work was selected to be included in
SAE International Journal of Advances and Current Practices in Mobility for being one of the best papers of the

WCX event. Furthermore, this work won the 2023 SAE International Award for the Outstanding Student Paper

honoring Phil Myers.

Contributions

» A new methodology for isolating low temperature heat release in spark ignition engines is introduced and

used to realise isolated LTHR in n-heptane and in iso-octane in two different SI engines.

* Isolated LTHR is presented in contrast with high temperature heat release in spark ignition engines.
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* The effects of pressure, temperature and engine speed on LTHR behaviour is investigated.

* Ignition delay and Livengood-Wu analyses are used to explain the effects of the above parameters.
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Abstract

ow temperature heat release (LTHR) has been of

interest to researchers for its potential to mitigate

knock in spark ignition (SI) engines and control auto-
ignition in advanced compression ignition (ACI) engines.
Previous studies have identified and investigated LTHR in
both ACI and SI engines before the main high temperature
heat release (HTHR) event by appropriately curating the
in-cylinder thermal state during compression, or in the case
of SI engines, timing the spark discharge late to reveal LTHR
(sometimes referred to as pre-spark heat release). In this
work, LTHR is demonstrated in isolation from HTHR events.
Tests were run on motored single-cylinder engines and inlet
air temperatures and pressures were adjusted to realise LTHR
from n-heptane and iso-octane (2,2,4-trimethylpentane)

Introduction

ver-increasing global CO, emissions mean that every
effort must be made to reduce them as swiftly as
possible. One technique, which can increase the effi-
ciency of internal combustion engines (ICEs) by 10-20%, is
lean operation - where the air: fuel ratio is weak of stoichio-
metric [1]. This improves the ratio of specific heats and leads
to an efficiency improvement, provided the fuel-air mixture
can still be ignited successfully. However, NO, emissions need
to be addressed either in-cylinder [2] or by exhaust aftertreat-
ment (both of which can come with an efficiency penalty).
One potential enabler for this technology, improving the
ignition of the fuel-air mixture, is low temperature heat
release (LTHR).
Certain fuels are known to possess two-stage autoignition
(AI) chemistry, with non-monotonic relationships between
mixture temperature and ignition delay due to negative
temperature coefficient (NTC) behaviour [3]. The first heat
release (HR) stage for such fuels, commonly referred to as low
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without entering the HTHR regime. LTHR was observed for
a lean n-heptane-air mixture at inlet temperatures ranging
from 60°C to 100°C and inlet pressures of 0.9 bar (absolute).
For temperatures below 60°C LTHR was not detected and
for temperatures above 100°C measurements could not
be taken due to the presence of HTHR. No LTHR was
detected for iso-octane at 0.9 bar inlet pressures for the same
conditions. Following predictions from chemical kinetics
modelling in CHEMKIN (and previous studies), intake pres-
sures were increased to 1.1 bar and 1.5 bar, which successfully
led to the realisation of LTHR from iso-octane. The effect of
temperature, pressure, and engine speed on the presence,
intensity and phasing of LTHR are presented alongside pres-
sure-temperature trajectories of the in-cylinder gases to
explain the trends.

temperature heat release as it occurs at relatively low tempera-
tures (< 850 K), has garnered interest recently because of its
potential to promote clean and efficient combustion. Straight
chain fuels like n-heptane and n-hexane exhibit stronger
LTHR behaviour than branched chain species like iso-
octane [4].

LTHR has been observed in internal combustion
engines such as in controlled autoignition engines, where
thermal conditions and fuel metering were managed to
realise LTHR before the main volumetric autoignition stage
[5, 6]. LTHR has also been observed in spark ignition (SI)
engines as ‘pre-spark heat release’ (PSHR) induced by
retarding spark timing, resulting in LTHR around top dead
centre (TDC) before a spark discharge triggers deflagrative
combustion [5, 7, 8].

A notable challenge in conducting experimental LTHR
research is the coupled nature of low and high temperature
heat release (HTHR) stages, whereby the former is obscured
(to varying degrees) by the more dominant HTHR stage under
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2 ISOLATED LOW TEMPERATURE HEAT RELEASE IN SPARK IGNITION ENGINES

‘firing’ engine conditions. It has been suggested that LTHR
could occur during deflagration [7], though distinguishing it
from concurrent HTHR would require methods beyond pres-
sure-based heat release analysis.

Strategies have been devised to bridge this gap: heuristic
post-processing approaches have been used to isolate LTHR
and HTHR portions from concurrent LTHR-HTHR data.
Splitter et al. [7] used ‘spline fitting’ to estimate LTHR and
HTHR contributions in an SI engine undergoing intermediate
HR (when LTHR is partially revealed and lacks a distinct NTC
drop). Waqas et al. [5] used heat release rate thresholds to
define ‘early heat release’ in a controlled auto ignition (CAI)
engine undergoing intermediate HR.

LTHR could potentially be controlled and harnessed to
improve overall efficiency of internal combustion engines via
the following methods:

¢ Improved understanding of end gas AI chemistry can
help avoid abnormal combustion events like knocking
and low-speed pre-ignition (stochastic pre-ignition) in
spark ignition (SI) engines. This can enable engine
operation at high boost levels, allow design of high
compression ratio engines, and permit engine operation
at thermodynamically efficient (advanced) spark
timings. For fuels with significant NTC behaviour LTHR
has been found to make knock onset less sensitive to
inlet temperature by moving the mixture’s
thermodynamic state into a long-ignition-delay region
[Z]. Moreover, low-speed pre-ignition frequency and
intensity have been found to be correlated to LTHR
magnitude [9].

* Control of advanced compression ignition combustion
by utilising the thermal and chemical couplings between
LTHR and HTHR processes in CAI engines, Shibata
et al. [6] found LTHR and HTHR 50% mass fraction
burned points (CA50) to be linearly related. Controlled
autoigition has been shown to enable stable ultra-lean
combustion [10] and so better control of autoignition
using through improved understanding of the LTHR
chemistry could expand the range of fuels and scenarios
where ultra lean combustion can be utilised.

* Combustion efficiency improvements by tailoring end
gas conditions to consume fuel via LTHR. It has also
been hypothesised that LTHR-induced changes in
mixture composition increase its laminar flame speed,
which accelerates combustion [11]. This, if found to
be true, can be another mechanism through which
LTHR can improve combustion efficiency. Such
improvements can promote ultra-lean combustion in
spark ignition engines.

Isolated LTHR investigations can offer the
following benefits:

* Chemical kinetics model validation and development to
better represent the thermokinetics of LTHR reactions as
emissions measured from isolated LTHR experiments
will not be confounded by HTHR reactions. DelVescovo
et al. [8] reported that existing chemical mechanisms
have high levels of discrepancy even for a well-studied
fuel such as iso-octane.

¢ Using appropriate ignition delay (ID), pressure and
temperature surfaces, pressure-temperature (P-T)
trajectories that lead to anomalous HTHR events can
be studied and the underlying thermodynamic reasons
for the breaches can be investigated.

* Relatively extreme LTHR conditions, which if
accompanied by HTHR can be detrimental in SI
engines, can be investigated. Improved understanding of
chemical and thermodynamic conditions in the lead up
to damaging HTHR events.

* For conditions where LTHR is weak, heat release based
indexing of LTHR (for example, finding the crank angle
at 2% mass fraction burned [7]) may not be sensitive
enough to detect its onset. Studying LTHR in isolation
allows weak LTHR to be detected using alternative
methods, such as measurements of emissions or
exhaust temperature.

® By separating LTHR from autoignition and deflagration,
it can be investigated with minimal chemical and charge
heating effects from residual gases.

This work demonstrates an experimental technique that
decouples the two heat release regimes and allows the realisa-
tion of LTHR without a following HTHR stage. This is
achieved by motoring a relatively low compression ratio
gasoline direct injection (GDI) engine at elevated intake
temperatures and, if need be, pressures to induce
LTHR reactions.

Methodology

Quantifying LTHR

To measure and quantify the amount of energy release from
low temperature heat release, net apparent heat release rate

(AHRR), dQ, (defined as the heat release rate dQu less the
o dQu 0

heat transfer rate ) was calculated in MATLAB using the

crank angle (6) based pressure p and volume V (calculated
from engine geometry) traces according to Equation 1 [12],
using a constant ratio of specific heats y = 1.35:

d&z thr _ tht — 14 pdl+
do6 d6 do y-1" d6

1, dp

y—1 do o

To isolate heat release Q,, measurements originating from
LTHR from heat transfer Q,, effects and other assumptions,
the calculated AHRR trace for a corresponding unfuelled,
motored case was subtracted from the fuelled case. Start of
LTHR (SoLTHR) was determined by finding points around
top dead centre (TDC) where either the AHRR of the fuelled
and unfuelled cases deviated from each other or there was a
noticeable inflection in the fuelled curve indicating HR onset.
End of LTHR (EoLTHR) was identified as the point where the
fuelled and unfuelled AHRR curves intersected again. The
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difference in AHRR was then integrated between these bound-
aries to find the total heat release in Joules per cycle, as shown
in Figure 1.

Cylinder temperature was calculated using the ideal gas
law with measurements of cylinder pressure, cylinder volume
and estimations of cylinder contents.

Experimental Facility

The experimental work was conducted on two single cylinder
internal combustion engines, one naturally aspirated, and
another with the capability for boosted inlet air.

Single Cylinder Engine with Optical Access For
naturally aspirated inlet pressure conditions, a single
cylinder, GDI research engine with the capability for optical
access was used. The engine is referred to as the ‘optical
engine’ due to the engine’s capabilities, despite the fact that
no optical diagnostic techniques were used in this work; its
technical specifications are summarised in Table 1 and the
engine has been fully described in previous work [13]. The
engine was coupled with a Control Techniques motoring
dynamometer, to control engine speed. Fuel was injected at
160 bar, with injection timing and duration controlled by
a Berkeley Nucleonics BNC725 unit. Ignition was disabled
by disconnecting the ignition coil’s power supply and
control signal. The optical engine uses polyamide-imide
piston rings to achieve an oil-free combustion chamber;
engine coolant was controlled to its standard operating
temperature of 45°C (to minimise the risk of melting the
piston rings). The inlet air heater was controlled using a
relay connected to a West 6100+ temperature controller; the
inlet temperature fluctuated by up to + 3°C at the higher
temperature operating points. The test cell was controlled
by a Taylor DynPro2 system, which was also used for contin-
uous data logging at 1 Hz. Cylinder pressure data was
measured using a Kistler Type 6041A high speed pressure
transducer, at a resolution of 0.1 °CA (crank angle), recorded

m The difference between the apparent heat
release rate fuelled and unfuelled test, with the quantity of

LTHR highlighted in the shaded region

5 T T T T T T T T T
= = No fuel
— ]
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Apparent Heat Release Rate (J/CA)
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25

TABLE 1 Engine specifications.

Parameters Optical Thermal

Bore [mm] 89.0 83.0

Stroke [mm] 90.3 92.0

Displacement [cm?] 561.9 500.0

Compression ratio 1.1:1 10.56:1

Valves per cylinder 2 intake, 2 exhaust

Fuel injection system Direct Direct injection
injection production injector

centrally mounted in
cylinder head

with an AVL X-ion high speed data acquisition system. The
cylinder pressure signal was pegged every cycle to a barrel
pressure transducer, which was exposed to the combustion
chamber around TDC. High speed data was collected for
300 cycles, with three independent runs conducted per
operating point. If the live pressure trace readings indicated
HTHR via visibly high peak pressures, fuel injection was
disabled immediately to avoid engine damage.

Single Cylinder Engine For studying high inlet pressure
conditions, a single cylinder, GDI engine based on a Ricardo
Hydra bottom end was used. The engine is referred to as the
‘thermal engine’ and its technical specifications are
summarised in Table 1. The engine was coupled to a 57 kW
AC motoring dynamometer (Vascat MAC-Q with ABB power
electronics) that maintained required speed (+ 1 rpm). Fuel
injection settings (timing, duration, rail pressure) were
controlled by a Schaeftler Protronic ECU via an ETAS INCA
interface. As with the optical engine study, ignition was
disabled. The engine was operated at wide open throttle and
intake pressure was increased to desired levels using a closed
loop external boosting rig. Intake air was heated using a 10 kW
electric heater (OSRAM Sylvania) installed upstream of the
throttle valve and intake plenum.

The test cell has been fully described in previous publi-
cations [14, 15, 16]. Inlet pressure was measured around
35 cm upstream of the inlet ports using a Druck UNIK
5000 series sensor and logged at a frequency of 1 Hz using
a Sierra-CP CADET engine control system. Temperatures
(measured using 3mm k-type thermocouples), fuel flow
rate (measured using a coriolis flow meter, Siemens FC
Mass 2100), air flow rate (measured using a hot wire flow
meter, Sierra-CP Airtrak 628S), and exhaust composition
(measured using a Horiba MEXA-ONE) were also recorded
at 1 Hz. Cylinder pressure was measured using a water-
cooled piezoelectric transducer (Kistler-6041B) and was
logged, along with other high-speed measurements
(manifold pressures, valve lift), at a resolution of 0.1°CA
using a high-speed data acquisition system (AVL Indiset).
Data post-processing was performed using AVL Concerto
and custom MATLAB scripts.

Engine coolant and oil temperatures were maintained at
90°C during experiments using closed loop temperature
control systems within 2 and 1°C, respectively. Slow and high-
speed data were recorded for 30 seconds and 300
cycles, respectively.
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Operating Conditions

N-Heptane Tests Engine parameters used are listed in
Table 2. Inlet temperature sweeps were carried out with inlet
pressure and injection duration held constant. As a result air
mass flow rate and hence equivalence ratio varied with inlet
temperature. Equivalence ratio (¢) was estimated by using
fuel flow rate measurements from a calibration of the injector,
using a lambda sensor close to its stoichiometric operating
point.

Iso-Octane Tests Tests were performed with iso-octane
ata constant equivalence ratio of 0.5 at three speeds, four inlet
temperatures and two inlet pressures (Table 2). Equivalence
ratios, calculated from fuel and air flow measurements and
verified from exhaust emissions using the ‘Spindt’ method
[17], were maintained between 0.48 and 0.5. Inlet temperatures
were maintained within + 2°C and pressure within + 0.01 bar.

Modelling

Ignition delay simulations were performed in CHEMKIN,
using the closed homogeneous ignition delay model with a
constant volume. The simulations modelled 200 ms of reac-
tions, and reported ignition delay defined by a 50 K rise in
temperature, in order to detect the relatively small changes in
temperature due to LTHR. Mixtures of air and both n-heptane
and iso-octane were modelled at an equivalence ratio of 0.5
using a reduced Lawrence Livermore National Laboratory
gasoline surrogate mechanism [18].

TABLE 2 Engine settings.

Parameters Optical Thermal

IVO [°CA aTDC] -336 -352

IVC [°CA aTDC] -86 -165

EVO [°CA aTDC] 16 159

EVC [°CA aTDC] 366 359

Speed [rpm] 100 1000, 1500, 2000

Injection pressure [bar] 160 140

Injection timing [°CA aTDC] -270 -300

Inlet temperature [°C] 40, 60, 80, 60, 80, 100, 120
100

Inlet pressure [bar 0.9 11,1.5

(absolute)]

Equivalence ratio (¢) 0.5 0.5

Fuel n-heptane iso-octane (>99%

(>99% purity) purity)
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Results and Discussion

Isolated LTHR

Isolated LTHR from n-heptane the optical engine is shown
Fig. 2. The figure shows calculated apparent heat release rate
for the optical engine with heated intake at 100°C for cases
with and without n-heptane injected. Heat release for the case
with n-heptane deviates from the motored air case, exceeding
4]/°CA around 8 °after TDC (@I’ DC). Fig. 3 shows the pressure
rise due to the heat release, from which AHRR was calculated.
Peak cylinder pressure was only marginally higher than the
non-fuelled case, but occurred at a later crank angle. There
was no evidence of HTHR, i.e. there were no rapid pressure
rises and the overall magnitude of heat release remained low.

m AHRR traces for an engine motored with and
without n-heptane, with inlet air heated to 100°C
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m Pressure traces for an engine motored with and
without n-heptane, with inlet air heated to 100°C
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Temperature Effects on LTHR
in N-Heptane

LTHR was virtually non-existent when near-ambient (40°C)
inlet temperatures (T;,) were used at the same conditions as
in Fig. 2 and Fig. 3; This can be seen in Fig. 4 where the heat
release trace of the fuelled case closely follows the non-fuelled
case, and in Fig. 5 where the cylinder pressure was lower in
the fuelled case. The slight difference in pressure may
be accounted for by charge cooling effects of the direct
injected fuel.

The effect of inlet temperature on the pressure traces of
mixtures exhibiting LTHR can be examined in Fig. 6. The T},
=40°C case, and to a lesser extent the T;, = 60°C case resemble
a typical unfuelled, motoring pressure; however, as inlet
temperature increases, the traces deviate from motoring after
TDC, as a result of the pressure rise due to the heat released
by low temperature reactions. The effect of LTHR on pressure

m AHRR traces for an engine motored with and
without n-heptane, with inlet air heated to 40°C

Apparent Heat Release Rate (J/CA)

20
CA (°aTDC)

30 40 50 60 70

m Pressure traces for an engine motored with and
without n-heptane, with inlet air heated to 40°C

Pressure (bar)

-30

-20 20

CA (°aTDC)

30 40 50 60 70
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m Pressure traces for an engine motored with
n-heptane at range of inlet temperatures
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m Temperature traces for an engine motored with
n-heptane at range of inlet temperatures
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traces is most noticeable for the T;, = 100°C case, where
pressure rises and peaks after TDC.

Cylinder temperature traces are shown for the increasing
inlet temperatures in Fig. 7. For the cases T;, = 100°C and T},
= 80°C, a second peak in cylinder temperature occurs after
TDC, caused by LTHR.

Fig. 8 shows the clear effect of increasing inlet tempera-
ture on LTHR. The graph shows the difference in heat release
rate compared to an unfuelled, motored case at the different
inlet conditions. The magnitude of heat release increases from
negligible at T;, = 40°C to 4.5 J/°CA at the highest inlet
temperature. The integral of apparent heat release rate, cumu-
lative heat release (CHR) is shown in Fig. 9, which gives an
indication of the increased magnitude of heat release from
LTHR and advanced LTHR phasing as inlet
temperature increases.

The effect of inlet temperature on on total heat release
from LTHR is shown in Fig. 10. There is a clear trend in
increasing quantity of heat release with increasing inlet
temperature, from near zero at T;, = 40°C to around 65 ] per
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m Apparent heat release rate traces for an engine
motored with n-heptane at range of inlet temperatures
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m Cumulative heat release traces for an engine
motored with n-heptane at range of inlet temperatures
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m Pressure-temperature trajctories of cycles from
an engine motored with n-heptane at range of inlet
temperatures superposed onto an ignition delay contour for
n-heptane, defined by 50 K rise in temperature
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cycle for T;, = 100°C. This can be explained by the analysing
pressure-temperature (P-T) trajectories through the ignition
delay contour in Fig. 11, which shows a contour of n-heptane
ignition delay as defined by a 50K rise in temperature [7]. For
the T;, = 40°C case, the P-T trajectory only traverses portions
of the ignition delay contour with ignition delay less than 0.1
s for a brief period, and in that brief period the value of the
ignition delay is relatively long. As inlet temperature increases,
the respective P-T trajectories shift right into higher tempera-
ture regions where ignition delay is reduced. The longer the
time the mixture’s thermodynamic state resides in the shorter
ignition region, the more opportunity there is for chemical
reactions that result in LTHR. The compression trajectory of
the T, = 100°C case takes it into regions of very short ignition
delay, explaining the earlier and greater LTHR. The effect of
LTHR on the trajectory can be seen in the plots: there is a clear
rise in temperature at near constant pressure for the Tj, =
100°C case and a more delayed and gradual rise in temperature
for the T;, = 80°C case as pressure decreases during its
expansion stroke.

The time (t) spent traversing through the contour of
varying ignition delay (r) can be summarised by the
Livengood-Wu (LW) integral, to give an estimate of overall
progression towards the ignition delay time (Equation 2).

t
LWZIL
0

(1)) ®

This is represented by the solid lines in Fig. 12. A LW
score of above unity suggests that, on average, the mixture
reached its ignition point (as defined by a 50 K rise in tempera-
ture) and measurable heat release as a result would be likely.
The two cases where the LW score did not reach 1 (T}, = 60°C
and T;, = 40°C) also exhibited some heat release; this may
be explained by two factors: temperature stratification and
the possibility of autoignition reactions that lead to a tempera-
ture rise of less than 50 K that are not accounted for by the
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m Livengood-Wu (LW) integral score traces for an
engine motored with n-heptane at range of inlet temperatures
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ignition delay contour upon which the calculation is based.
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1
ignition delay of the mixture, (—) and give an indication of
T

when during the cycle the mixture was traversing through
regions of short ignition delay.

The effect of inlet temperature on LTHR phasing can
be shown in Fig. 13. One of the data points for T;, = 40°C is
omitted as no LTHR was detected. Increased inlet temperature
resulted in more advanced phasing of the 50% LTHR point
(the point at which half of the energy from LTHR has been
released). This can be explained by analysing P-T trajectories

through the ignition delay contour in Fig. 11 and by Lin Fig.

12; the thermodynamic state of the mixtures that beé-an with
higher inlet temperatures reach the short ignition delay region
sooner and therefore LTHR begins sooner, when compared
to the lower inlet temperature cases.

m Phasing of 50% LTHR from n-Hepate against
inlet temperature

A A
170 A .
16 .
S 15t .
2
g i A .
T 13f .
p A
£ 2t A -
- A
R
St A
10 A
9t A

8 1 I 1 I 1 1 1
40 50 60 70 80 90

Inlet Temperature (°C)

29

LTHR vs HTHR

Data collection was hindered for inlet temperatures above
100°C due to the onset of high temperature heat release. Fuel
injection had to be cut to avoid damage to the apparatus.
However, some cycles were captured for a case (T}, = 140°C)
at the same inlet pressure and with shorter injection duration
compared to the rest of the data (0.85 ms versus 1 ms) that
contain a period of around 60 consecutive HTHR cycles
amongst 300 LTHR cycles. Figs. 14, 15 and 16 show the cycles
plotted separately alongside a corresponding unfuelled case,
and highlights the difference between the two phenomena.
The two distinct periods of heat release, peaking at -12 °CA
and 10 °CA can be seen in the HTHR + LTHR trace in Fig.
14; these separate heat release events originated from a single
fuel injection and no external ignition source. HTHR + LTHR
trace closely resembles traditional HCCI heat release behav-
iour from Urushihara et. al [19]. The phasing of the LTHR was
earlier in the cycles where HTHR was present (-12 °CA vs 3
°CA); reasons for this could include higher cylinder tempera-
tures from previous HTHR cycles, or residual combustion
products changing the chemical pathways and accelerating
the LTHR onset. The temperature traces in Fig. 16 clearly show
the two-stage autoignition behaviour commonly exhibited by
alkane fuels such as n-heptane; two rapid rises in temperature
can be seen at -12 °CA and 10 °CA, with the NTC region
occurring at 925 K. Fig. 15 shows the pressure traces for the
two cases, with peak pressure for LTHR only occurring
approximately 2 °CA after the unfuelled case at 14.5 bar, whilst
the HTHR case peaked much later at 14 °CA with a peak
pressure of 21.5 bar. The onset and retreat of HTHR cycles
were both sudden. The sudden onset was likely caused by
minor variations in residuals and slightly unsteady inlet air
temperature which led to the initial cylinder temperature
crossing an HTHR threshold during a given cycle. This may
have become unsustainable when HTHR stopped due to the
unsteady inlet air temperatures decreasing again.

IGITLIEZE AHRR traces of HTHR vs isolated LTHR

25 T T T T T T T T
HTHR + LTHR

Apparent Heat Release Rate (J/CA)
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m Pressure traces of HTHR vs isolated LTHR
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Isolated LTHR with Iso-Octane

Isolated LTHR was successfully observed with iso-octane on
the thermal engine at 1000 rpm with boosted inlet conditions
(1.5 bar) at an inlet temperature of 60°C. Sample LTHR results
are shown in Fig. 17 and Fig. 18 as cylinder pressure and heat
release curves, respectively.

Estimated cylinder temperature and measured pressure
for the above data point are shown in Fig. 19 with various
LTHR milestones marked. The cylinder mixture’s thermal
state rests in the LT region (first region of short ID, T < 800
K) at the start of HR. The P-T trajectory shows that ID initially
decreases but progressive HR causes it to increase despite the
accompanying rise in cylinder temperature (i.e. NTC behav-
iour), which eventually causes HR to cease. In following
sections, the effect of changing engine inlet conditions and
speed on iso-octane LTHR is discussed by analysing shifts in
P-T trajectories.

30
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LTHR Vs HTHR LTHR experiments at 1000 rpm and
boosted conditions were prone to extreme and inconsistent
HTHR events, especially as inlet temperatures increased
beyond 70°C. Sample HTHR results are shown in Fig. 20,
which contains 25 consecutive HTHR cycles and 25 HTHR-
preceding LTHR cycles. Once HTHR started, combustion did
not return to the LTHR regime and fuel injection had to
be stopped to prevent damage to the engine. Therefore, only
alimited amount of iso-octane LTHR data is available at 1000
rpm, which is used in the next section to to discuss the effects
of time availability on LTHR.

The occurrence of HTHR can be attributed to the simul-
taneous (volumetric) HR across the cylinder for a relatively
long period of time that increased cylinder temperature sufhi-
ciently to shift the mixture state rightward in the P-T space
from the LT to the HT region. It can be speculated that after
the onset of HTHR, compression P-T trajectories shifted to
further higher temperatures because of the presence of hot
residual gases. This might explain the apparent irreversible
nature of the shift from LTHR to HTHR. Chemical reforma-
tion during the relatively long LTHR period could have also
changed mixture ID characteristics and contributed to HTHR
occurrence. The observed extreme HTHR cycles can be cate-
gorised as low-speed pre-ignition, which is known to exhibit
LTHR [9] and will be investigated further in future studies
using engine chemical kinetics simulation models. LTHR
experiments at 1000 rpm in Splitter et al. [7] were also limited
to 90°C T;, by pre-ignition events.

Temperature Effects on LTHR
in Iso-Octane
Inlet temperatures were swept from 60 to 120°C at an inlet

pressure of 1.5 bar and engine speed of 1500 rpm. Increasing
inlet temperatures increased compression temperatures and

m Sample iso-octane HTHR results at T;, = 80°C,

P, = 1.5 bar, and ¢ = 0.75. Bottom subplot is a magnified
version to highlight LTHR cycles
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1500 rpm, ¢ = 0.5)
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decreased compression pressures as shown in Fig. 21 and Fig.
22, respectively. Consequently, the mixture’s P-T trajectories
moved rightward (Fig. 23) and entered the LTHR short ID
region earlier as marked by the red line in Fig. 21. The compres-
sion P-T trajectories for the high temperature cases, however,
had longer effective ID (i.e. low LW score), which pushed their
SoLTHR points close to the NTC region, causing them to land
in the NTC region relatively quickly. Resultantly, the amount
of energy released via LTHR at high inlet temperatures was
limited as shown in the CHR results in Fig. 24. The measured
increase in exhaust temperature, shown collectively for two
inlet pressures in Fig. 25, demonstrates the same trends. The
LTHR intensity trends are consistent with chemical kinetics
modelling results from Pan et al. [20] that studied LTHR for
n-heptane at different initial temperatures.

Figure 24 also shows that increasing inlet temperatures
advances LTHR phasing (CA location at 50% heat release
point - CA50). This observation is consistent with iso-octane
PSHR experiments by Szybist and Splitter [21] in which rela-
tively advanced LTHR, characterised by a distinct NTC drop

m Cylinder pressure during compression and

initial portion of LTHR at four inlet temperatures (P, = 1.5 bar,
1500 rpm, ¢ = 0.5)
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m P-T trajectories during LTHR at four inlet

temperatures (P, = 1.5 bar, 1500 rpm, ¢ = 0.5)
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in exhaust temperature) with inlet temperature changes (P, =
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and absence of merged LT-HT HR (intermediate HR), was
observed at inlet temperatures above 90°C. The trends
regarding the magnitude of LTHR (LTHR weakening at higher
temperatures) are, however, opposite. This could be because
in the PSHR experiments, a portion of LTHR was obscured
by deflagrative HR. In a following study by Splitter et al. 7],
inlet temperatures were increased to 180°C, and LTHR inten-
sity was found to reduce beyond 120°C while the advancement
of LTHR phasing continued. Waqas et al. [5] reported
decreasing LTHR with increasing inlet temperature from 52
to 80°C in a cooperative fuel research engine at relatively low
LTHR pressures (< 15 bar) for a PRF-90 fuel (a mixture of 10%
(v/v) n-heptane and 90% iso-octane). At elevated temperatures
(T}, > 60°C), SOLTHR temperatures are nearly constant (Fig.
23). Temperatures at end of heat release are in close proximity
as well. These observations might provide support to the idea
that fuels with two-stage chemistry ‘self-regulate’ temperature
rise during LTHR, which reduces SI engine knocking sensi-
tivity to inlet temperature [7]. More data including at higher
CHR levels will be needed to investigate this thoroughly.

Pressure Effects on LTHR in
Iso-Octane

Inlet temperature sweep was repeated at an inlet pressure of
1.1 bar to assess the low pressure limits of iso-octane LTHR.
LTHR was still observed but with significantly diminished
intensity as shown in Fig. 25 and Fig. 26 by exhaust tempera-
ture and CHR results, respectively. The LTHR weakening can
be attributed to elongation of the effective ID time (low LW
scores) resulting from lowering of the P-T trajectories to low
ID regions in Fig. 27. The trends with inlet temperature varia-
tions are the same as for 1.5 bar and can be explained using
the same line of reasoning. At 120°C, no HR was detected from
HR analysis but exhaust temperature results (Fig. 25) indicate
weak signatures of LTHR, pointing at the limitations of AHRR
based LTHR indexing. Exhaust based measurements and

m Cumulative LTHR at four inlet temperatures at

P, =11bar, 1500 rpm, and ¢ = 0.5.

Note: The Motoring AHRR Difference Based Method Produced
Unrealistic Results At Such Weak LTHR Conditions, Therefore,
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m P-T trajectories during LTHR or compression in
cases with no LTHR at four inlet temperatures (P, = 1.1 bar,
1500 rpm, ¢ = 0.5)
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‘effective’ ID time metrics like the LW score can potentially
help provide higher resolution LTHR strength indexing.

Engine Speed Effects on
LTHR in Iso-Octane

Tests were performed at 1.5 bar inlet pressure and inlet
temperatures of 60 and 80°C at 1000, 1500 and 2000 rpm.
Fig. 28 and Fig. 29 show the cylinder temperature and
pressure for the three speed points, respectively. Increasing
engine speed increased cylinder temperature because of reduced
wall heat losses. The effect on pressure was less pronounced
because of accompanying reductions in volumetric efficiency.
The resulting effect on the mixture thermal state in the P-T space
(Fig. 30) was a rightward shift whereby the compression P-T
trajectories entered the LTHR short ID region earlier in the cycle
(marked by the red line in Fig. 28). However, the time spent in
the LTHR ID region was shorter for the higher speed cases

m Cylinder temperature during compression and
initial portion of LTHR at three engine speeds (P,, = 1.5 bar, T;, =
60°C, ¢ = 0.5)
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which caused SOLTHR to occur at higher temperatures despite
the mixture state traversing the low ID contours that initiated
LTHR at 1000 rpm. In other words, though the cylinder
mixture’s thermal state existed in relatively low ID regions, it
did not rest there long enough for sufficient LT reactions to
‘build up’ to yield sensible LTHR, i.e. the LW score was low.

The location of the SOLTHR points in Fig. 30 for the high
speed cases was closer to the NTC region edge, and their
respective post-SOLTHR P-T trajectories traversed relatively
long ID regions. Resultantly, the total heat release amount was
reduced, as can be seen from the AHRR results in Fig. 31. The
LTHR intensity observations are also supported by measured
rise in exhaust temperatures relative to motoring temperatures
(Fig. 32). Such independent experimental indexing of LTHR
strength is not possible in combined LTHR-HTHR experi-
ments. Fig. 32 also contains results for 80°C inlet temperature
experiments, which indicate a weakening effect of inlet
temperatures increase on LTHR as discussed above. The retar-
dation of LTHR phasing (CA50 in Fig. 31) with speed increase
can also be explained by the differences in the effective ID
times for the three speeds.
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m Cumulative (left) and rate of apparent heat 3. The magnitude of heat release originating from LTHR
release (right) at three engine speeds (P,, = 1.5 bar, T;, = 60°C, can be measured by comparing the pressure derived
$=0.5) AHRR measurements from a fuelled LTHR case to an
unfuelled, motored case.
100 — — 4. The effect of inlet temperature on isolated LTHR
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characteristics, and the pressure and temperature
conditions that the mixture traverses throughout its
cycle. The more time the mixture resided in the short
ignition delay (by 50 K rise) region, the more energy
was released by LTHR.

5. The net effect of increasing inlet temperature for
n-heptane and iso-octane were strengthening and
weakening of LTHR, respectively. The changes in
LTHR intensity for iso-octane are opposite to what
has been reported in PSHR studies.
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The above paper introduced the islated LTHR methodology, a valuable tool for studying LTHR in engines
and this is used in the five remaining papers in this thesis. The conclusions on the effects of temperature,
pressure and speed on LTHR are used in subsequent work to help determine which parameters to modify to
induce LTHR in various scenarios (different compression ratios, boosting capacities, etc.). Furthermore, this
study introduced ignition delay analysis, including the Livengood-Wu integral, to isolated LTHR experiments

to explain the causes of the physical effects observed in the experiments.

2.1.1 Limitations of the AHRR Technique for Measuring LTHR

As presented in the paper, an AHRR based method, assuming a constant ratio of specific heats (v) was applied
to measure LTHR. Heat transfer effects were imperfectly accounted for by measuring AHRR for the equivalent
motoring case of a given test point and subtracting the motoring measurement from the fuelled measurement. In
reality, -y is not constant—in fact it changes with the mixture composition (and therefore factors such as equiv-
alence ratio), temperature and, critically, changes as LTHR progresses due to the chemical reactions occurring.
The specific composition of intermediate species that were generated was not known and therefore an accurate y
could not be determined. Additionally, the physical differences in heat transfer behaviour between the cylinder
wall and just air, compared to the wall and a mixture of air and fuel, are not able to be taken into account with
this method.

This method was chosen for its simplicity and because it did a satisfactory job of measuring LTHR. Ulti-
mately, in this work the method only needed to demonstrate the existence of LTHR and be rigorous enough for
comparing similar test points—which it was. Whilst the methodology was being developed, more complicated
iterations of the technique, which used variable y, were trialled but were unsuccessful. If an accurate, quantified
LTHR was required, further work and different techniques and instrumentation would be required to improve
confidence in the precise measurement. Alternatively, a LTHR indicator that is unaffected by the uncertainties

in the heat transfer effects could be discovered and applied.

2.1.2 Measurement Uncertainty

The figures containing ignition delay contours and pressure-temperature trajectories are subject to a level of
measurement uncertainty that is not fully elucidated in the paper (or any of the subsequent papers in this the-
sis). The trajectories are comprised of data points, each with a measured pressure and an associated calculated
temperature. The cylinder pressure was measured with highly precise instrumentation, with an error of 0.3%.
Meanwhile, the temperature calculation used the ideal gas law, which incorporated the same pressure measure-
ment, the volume of the cylinder calculated using knowledge of its geometry, and an estimation of the trapped

mass inside the cylinder. The trapped mass estimation was based on relatively precise measurements of fuel
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flow rate and air flow rate, but also included a term estimating the residual mass fraction, which was based on
previous work carried out at similar engine conditions; this estimate is likely to be the largest single source of
error. The uncertainty in the temperature estimates for the pressure-temperature plots is hence a compound of
the individual uncertainties of the various measurements and assumptions that it is comprised of. It would be
beneficial for future reports on this topic to contain error bars or regions to represent the level of uncertainty in

the plotted pressure-temperature trajectories.

2.2 Low Temperature Heat Release and @-Sensitivity Characteristics of Iso-

Octane/Air Mixtures

This paper builds upon the work in Section 2.1 by exploring a physical effect not covered in the previous paper—
equivalence ratio. The study uses the methodology from Section 2.1 and builds upon the LTHR measuring
technique with exhaust CO measurements that were available in the test cell that was used for these tests,
which was also chosen for its relatively high inlet air boosting capacity and fine control and measurement of
equivalence ratio by measuring air and fuel flow rates (as opposed to lambda sensor which is designed to be

operated around stoichiometric firing).

Contributions

» The relationship between equivalence ratio and isolated LTHR intensity is investigated experimentally

and computationally.

» Exhaust carbon monoxide measurements from isolated LTHR are presented as an effective indicator for

LTHR intensity.

» The relationship between heat release phasing from LTHR and equivalence ratio is explored.
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ABSTRACT ARTICLE HISTORY
Chemical energy release from high octane number fuels via low tem- Received 2 May 2023

perature heat release (LTHR) can help develop high-efficiency gasoline Revised 11 July 2023
engines by promoting ultra-lean combustion in spark ignition engines ~ Accepted 27 July 2023

and improving combustion control in gasoline compression ignition KEYWORDS
engines. A recently developed experimental technique that permits Low temperature heat
isolated LTHR investigations in motored engines was used to charac- release; ¢-sensitivity; HCCl;

terize the LTHR behavior of iso-octane/air mixtures ranging in strength ultra-lean combustion
from ¢ ~ 0.02 to 1.6 at multiple inlet temperature conditions (60 to
120°C). LTHR changes were studied by observing variations in exhaust
CO emissions and exhaust temperature increase. Observed heat
release results were explained using cylinder mixture pressure-
temperature histories alongside supporting chemical kinetics model-
ing estimates of mixture reactivity in the form of chemical ignition
delay (ID) time. The effects of fuel enrichment on iso-octane/air mix-
ture reactivity were found to be non-uniform and dependent on
mixtures’ thermal state trajectories in the LTHR ID peninsula. LTHR
intensity measurements were used to discuss changes in mixture
¢—sensitivity at different engine inlet conditions. It was shown that
by appropriately adjusting mixture thermal conditions via charge cool-
ing from direct fuel injection and intake air heating, reactivity
enhancements could be exploited maximally; and strong, positive,
linear ¢—sensitivity of around 10 J per 0.1 increase in ¢ could be
realized across a wide range of equivalence ratios from 0.05-1.2. It
was also found that dominance of charge cooling effects at rich
conditions resulted in negative and zero ¢—sensitivity regions.

Introduction

Certain fuels exhibit two-stage auto-ignition (AI) chemistry, where mixture tempera-
ture and ignition delay (ID) are non-monotonically related due to the existence of
a negative temperature coefficient (NTC) thermal band (Leppard 1990). In internal
combustion engines, such fuels release energy through low (<850 K), intermediate
(850-1200 K) and high temperature (>1200 K) reactions (Waqas et al. 2019). Heat
released via low temperature reactions is known as low-temperature heat release
(LTHR) and depends on the reacting mixture’s NTC characteristics. The two-stage
chemistry of straight chain, diesel-like, low octane number fuels such as n-heptane
(Pan et al. 2016; Saisirirat et al. 2009) is well established and LTHR has been
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demonstrated to improve emissions and performance of controlled auto-ignition
(CAI) engines fueled by such fuels (Bajwa, Leach, and Davy 2023), for example by
serving as an ignition trigger and promoting main heat release (Borgqvist, Tunestal,
and Johansson 2013), making combustion more resilient to changes in charge state
(Sjoberg and Dec 2006), or smoothing heat release and reducing NO, emissions via
staged Al (Sjoberg and Dec 2006; Yang et al. 2011).

Similar benefits can be extended to engines fueled by high octane number, gasoline-like
fuels if LTHR can be reliably realized and controlled. This is, however, difficult to achieve as
such fuels generally exhibit weak two-stage AI chemistry at typical engine inlet conditions
(Saisirirat et al. 2009). If realized, the benefits of LTHR can be exploited in various gasoline-
based engines ranging from conventional spark ignition (SI) engines to different gasoline
fueled CAI embodiments like partially premixed compression ignition (Kalghatgi, Risberg,
and Angstrém 2007) and spark-assisted compression ignition engines (Olesky et al. 2013).
Gasoline LTHR can help improve combustion control and extend operating envelopes of
CAI engines, and enable thermally efficient ultra-lean operation in SI engines because of its
low temperature and spatially distributed (“volumetric”) nature (Collin et al. 2003).
Approximately 80% of the global light-duty vehicle fleet is powered by gasoline engines
(Senecal and Leach 2021, Ch. 9), therefore, the potential for reducing road transport CO,
and pollutant emissions is significant. Some benefits of gasoline LTHR have already been
demonstrated for SI engines by pre-spark heat release studies as improved knock resistance
(Splitter et al. 2019; Szybist and Splitter 2017), and the promise of improved combustion
control for gasoline CAI engines has been explored through ¢-sensitivity studies (Alemahdi
et al. 2022; Dec, Yang, and Dronniou 2011; Pintor, Dec, and Gentz 2019).

This paper investigates the LTHR characteristics of iso-octane, used often as a gasoline
surrogate (DelVescovo et al. 2020; Pintor, Dec, and Gentz 2019), to help advance the
understanding of low-temperature chemistry of such fuels under engine-like conditions.
The LTHR potential for different gasoline fuels can vary depending on the particular fuel’s
octane sensitivity (Alemahdi et al. 2022; Szybist and Splitter 2017), which indirectly captures
the extent of its underlying two-stage chemistry (NTC) characteristics. Iso-octane, being
a primary reference fuel (PRF), has zero octane sensitivity by definition, and possesses
relatively pronounced, for a high octane number fuel, NTC characteristics. Its NTC and
reactivity (ID) attributes are similar to those of conventional gasoline fuels (Pintor, Dec,
and Gentz 2019). Other reference fuels like ethanol or toluene-ethanol blended reference
fuels have non-zero octane sensitivities and exhibit weaker LTHR (Alemahdi et al. 2022;
Shahanaghi et al. 2022).

Previous engine studies using iso-octane have identified the following effects of changes
in compressed mixture thermal and chemical states on LTHR behavior:

(i) Increasing compression pressure generally supports LTHR onset and increases its
intensity by making the mixture’s thermal state traverse low ID regions (Szybist and
Splitter 2017; White et al. 2023).

(if) Depending on the operating pressure and equivalence ratio, which determines the
mixture’s thermal state relative to the NTC region, increasing compression tem-
perature can weaken (White et al. 2023) or strengthen LTHR (Szybist and Splitter
2017) even though the effect of solely changing mixture temperature is to increase
reactivity (Pintor, Dec, and Gentz 2019).
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(iii) Increasing compression time by reducing engine speed strengthens LTHR by
allowing more time for chain-branching exothermic reactions to occur, and can
even lead to high temperature heat release if the mixture state resides in low ID
regions for a prolonged period (Shahanaghi et al. 2022; Splitter et al. 2019; White
et al. 2023).

(iv) Under suitable thermal conditions, increasing the fuel-air equivalence ratio (¢)
enhances mixture kinetics (i.e. shortens ID) and increases LTHR (Dec and
Sjoberg 2004; Pintor, Dec, and Gentz 2019; Sjoberg and Dec 2006).

This enhancement is weaker than for lower octane number fuels. Another factor that can
influence LTHR is the presence of residual gases, which can have varied net effects
depending on the interplay between their diluting, heat capacity, chemical, and charge
heating influences. DelVescovo et al. (2020) predicted that the presence of NO in residual
gases can significantly strengthen iso-octane LTHR.

A mixture property which has been used to study the effects of changing ¢ on reactivity
is ¢-sensitivity, which can be expressed in general terms as:

d(ReactivityIndex)

d(¢)

(1)

¢ — sensitivity =

The Reactivity Index can be any quantifier of a mixture’s propensity to combust in an
engine, e.g. ignition delay computed from chemical kinetics models (Pintor, Dec, and Gentz
2019), or empirically determined auto-ignition or combustion indices like crank angle
location of 10% (Dec, Yang, and Dronniou 2011; Yang et al. 2011) or 50% (Sjoberg and
Dec 2006) mass fraction burned point, pressure at start of heat release (Alemahdi, Garcia,
and Tunér 2022), or compression ratio in a cooperative fuel research engine needed to keep
combustion phasing constant for different ¢ mixtures (Alemahdi et al. 2022).

Dec and Sjoberg (2004) attempted to smooth heat release in gasoline CAI engines by
using ¢-sensitivity to create a LTHR intensity distribution corresponding to a mixture ¢
distribution generated via partial fuel stratification. It was hypothesized that richer strata
would have significantly enhanced reactivity and would thus release more energy via “pre-
ignition” reactions (i.e. LTHR), compared to leaner, less reactive strata. Consequently,
LTHR would take place in stages across the cylinder (“sequential auto-ignition”) and
cumulative heat release would be milder. Desired smoothing was achieved for a two-stage
AI chemistry fuel (PRF-73, a mixture of 73% iso-octane and 27% n-heptane), but not for
iso-octane, which at the naturally aspirated conditions studied did not exhibit NTC
behavior. This led the authors to conclude that mixtures exhibiting single-stage AI chem-
istry could not sequentially auto-ignite as their reactivity did not increase appreciably with
¢, i.e. they had weak ¢-sensitivity. For the iso-octane mixtures, the thermal effects of
increased direct fuel injection (charge cooling and reduction in the compressed mixture’s
ratio of specific heats, y) dominated the mild chemical effects.

Later studies by Dec and coworkers (Dec, Yang, and Dronniou 2011; Pintor, Dec, and
Gentz 2019) on boosted CAI engines found that weak NTC fuels like iso-octane exhibited
noticeable ¢-sensitivity when compression pressures were increased, and could thus poten-
tially be used for sequential auto-ignition. The ¢-sensitivity of gasoline and iso-octane was
reported to increase significantly as inlet pressures were increased to 2.5 bar. Chemical
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kinetics modeling using a detailed (2027 species) Lawrence Livermore National Laboratory
(LLNL) mechanism revealed that highest ¢-sensitivities existed in the NTC region, espe-
cially near the “cold side of the NTC zone.” The emergence of ¢-sensitivity at high pressures
was, however, attributed to intermediate (850-1200 K), not low, temperature heat release
reactions based on a categorization approach that used H,O, as a combustion tracer.

This work will explore, in-depth, the reactivity effects of iso-octane and the potential for
promoting LTHR via fuel enrichment, as well as managing the intensity and phasing of
LTHR by controlling mixture thermal conditions. Previous iso-octane LTHR and ¢-
sensitivity studies (Alemahdi et al. 2022; Dec and Sjoberg 2004; Sjoberg and Dec 2006;
Yang et al. 2011) have been limited in their explorations by difficulties in observing
reactivity effects on LTHR in isolation because of confounding effects of high-
temperature reactions, which change the thermal and chemical properties of the com-
pressed mixture. Dec and Sjoberg (2004) used a sequenced firing technique to partially
isolate chemical kinetics effects from thermal effects where every 19" cycle had a richer
mixture than the preceding 18 cycles. Previous studies have experimentally looked at
mixture strengths up to ¢ ~ 0.47 (Sjoberg and Dec 2006; Yang et al. 2011), likely because
of high-temperature heat release intensity and pressure rise rate limitations.

A recently developed experimental technique (White, Bajwa, and Leach 2023) that
enables isolated investigation of LTHR is used here to study the LTHR and ¢-sensitivity
characteristics of iso-octane/air mixtures ranging in strength from ¢ = 0.02 - 1.6. The
technique realizes isolated LTHR by motoring a moderate compression ratio gasoline direct
injection engine at elevated intake temperatures and, if need be, pressures to induce LTHR
reactions without triggering high temperature heat release. It thus captures the net effects of
the mixture’s thermal state and chemical reactivity on LTHR. The contributions of the two
changes are then isolated by using chemical kinetics simulations to compute mixture ID and
cylinder pressure measurements to estimate the compressed mixture’s pressure-
temperature (P-T) histories.

Methodology
Experimental facility

A single cylinder, gasoline direct injection engine based on a Ricardo Hydra bottom
end was used for the experimental investigations. Its technical specifications are
summarized in Table 1. The engine was coupled to a 57 kW AC motoring dynam-
ometer (Vascat MAC-Q) that maintained the required speed (1 rpm). Fuel injec-
tion settings (timing, duration, rail pressure) were controlled by a Schaeffler
Protronic ECU via an ETAS INCA interface. Ignition was disabled during the

Table 1. Engine specifications.

Bore [mm] 83.0

Stroke [mm] 92.0
Displacement [cm?] 4978
Compression ratio 10.56:1

Fuel injection system Production direct injector

centrally mounted in
cylinder head
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LTHR testing using the ECU. The engine was operated at wide open throttle and
intake pressure was maintained at desired levels using an external boosting rig.
Intake air was heated using an electric heater installed upstream of the throttle
valve and intake plenum. Engine coolant and oil temperatures were maintained at
90°C during experiments using closed loop temperature control systems.

Inlet pressure and temperature were measured around 35 cm upstream of the inlet
ports using a flexible silicon pressure sensor (Druck UNIK 5000) and a 3 mm k-type
thermocouple, respectively. Fuel and air flow rates were measured using a Coriolis
(Siemens FC Mass 2100) and a hot wire (Sierra-CP Airtrak 628S) flow meter,
respectively. A Horiba MEXA-ONE emissions analyzer was used to measure exhaust
composition. These “slow-speed” parameters were recorded at a frequency of 1 Hz
using a Sierra-CP CADET system. A water-cooled piezoelectric transducer (Kistler-
6041B) was used to measure cylinder pressure, which was logged at a resolution of
0.1°CA using an AVL Indiset data acquisition system. Slow speed data was logged
for 30 seconds, while high-speed measurements were recorded for 300 cycles. AVL
Concerto and custom MATLAB scripts were used for data post-processing. More
details about the test cell can be found in previous publications (Leach, Davy, and
Terry 2021; Papaioannou et al. 2019).

Operating conditions

Tests were performed at a constant speed of 1500 rpm, with the exception of some
preliminary test points to demonstrate the difference between LTHR and HTHR that
were at 1000 rpm (Figures 2 and 3). The inlet pressure was maintained at 1.5 bar (absolute),
and mixture strengths were varied from very lean (¢ ~ 0.02) to very rich (¢ =1.2-1.6)
conditions at five inlet temperatures (40-120°C). Equivalence ratios were calculated from
fuel and air flow measurements, and verified from exhaust emissions using the “Spindt”
method (Bresenham, Reisel, and Neusen 1998) up to ¢ = 0.55. Beyond that, the unburned
hydrocarbon sensor started to saturate and only the air and fuel flow measurements were
used for determining ¢. Inlet temperature was maintained within +2°C and pressure within
+0.01 bar. Engine settings are listed in Table 2 and a summary of all the test points (174 in
total) is shown in Figure 1.

Table 2. Engine settings.

Parameters Values
IVO [°CA aTD(C] —352
IVC [°CA aTD(] -165
EVO [°CA aTD(] 159
EVC [°CA aTDC] 359
Speed [rpm] 1500
Injection pressure [bar] 140
Injection timing [°CA aTDC] -300
Inlet temperature [°C] 40, 60, 80, 100, 120
Inlet pressure (Pin) [bar] 1.5
Equivalence ratio (®) 0.02-1.6
Fuel iso-octane

(>99% purity)
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Figure 1. Summary of experimental test points.

Apparent heat release analysis

Net apparent heat release rate (AHRR) was calculated from measured cylinder pressure as
described in (White, Bajwa, and Leach 2023). A heuristic feature identification-based method,
adapted from Saisirirat et al. (2009), was then to determine LTHR duration, magnitude, and
phasing. Start of LTHR (SoLTHR) was defined as the positive inflection point in the AHRR
curve and end of LTHR (EoLTHR) was defined as the point when AHRR returned to the
SoLTHR level. Start of high-temperature heat release (SOHTHR) was determined similarly.
LTHR duration was defined as the difference between EoOLTHR and SoLTHR, and the center
of combustion (median of LTHR crest, CA50) was used to index LTHR phasing.

Modelling

Ignition delay simulations were performed in CHEMKIN using the closed homogeneous
ignition delay model with a constant volume. The simulations modeled 200 ms of reactions,
and reported ID defined by a 50 K rise in temperature in order to detect the relatively small
rises in temperature caused by LTHR. The approach has been successfully used in previous
engine LTHR studies (Splitter et al. 2019; Szybist and Splitter 2017) for indexing LTHR ID
times. Note, however, that the LTHR ID calculated here is slightly different from the first-stage
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ID calculated in the literature from the temperature rise rate (Pan et al. 2016; Tao et al. 2019).
The LTHR ID definition was selected to manage the computational expense of indexing low
temperature reactivity at the wide range of mixture temperature, pressure, and ¢ points
studied. Mixtures of air and iso-octane were modeled at multiple equivalence ratios ranging
between 0.064 and 1.3 using a reduced Lawrence Livermore National Laboratory (LLNL)
gasoline surrogate mechanism with 165 species and 839 reactions (Wu et al. 2017).

P-T trajectories were generated using measured cylinder pressure and calculated average
cylinder temperature. The cylinder temperature was calculated using the ideal gas law with
measured cylinder pressure, calculated cylinder volume, and estimated trapped cylinder mass.

Results
Low vs high temperature heat release

Figure 2 shows pressure-temperature (P-T) traces on an ID map for two types of LTHR cycles —
one (the orange solid line) which led to high-temperature heat release (HTHR) and one which
terminated after LTHR, i.e. exhibited isolated LTHR (the blue dashed line). The corresponding
AHRR curves are shown in Figure 3. The results demonstrate the distinct nature of the two heat
release stages, whereby the first stage exists in the LTHR band (700-800 K), referred to here as the
LTHR peninsula; and the high temperature stage takes place in the so-called HTHR peninsula.
The end of LTHR and the subsequent start of HTHR in the HTHR cycle are characterized by the
NTC-induced drop in cylinder pressure, followed by a rapid rise in mixture temperature
resulting from high temperature combustion. Whereas, for the isolated LTHR cycle, the pressure
and temperature drop after the end of LTHR because of expansion. Based on these distinct
LTHR and HTHR characteristics it is reasoned that the measurements from isolated LTHR
experiments carry signatures of only LTHR. Note that the results in Figures 2 and 3 are from

40 r0.018
{0.016
35
{0.014
30 LTHR + HTHR _
= {00122
e 3
g o5 LTHR Peninsula 10.01 8
7 5
3 =
x| 0.008 &
20+
HTHR Peninsula 0.006
15 © SoLTHR 0.004
- B EoLTHR :
¥ SoHTHR
1 - o 0.002

0
650 700 750 800 850 900 950
Temperature (K)

Figure 2. P-T trajectory for ¢ = 0.7 mixtures at T;, = 60°C and 1000 rpm undergoing isolated LTHR and
LTHR + HTHR with research octane number (RON) and motor octane number (MON) trajectories shown
for reference.
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Figure 3. Apparent rate of heat release for ¢ = 0.7 mixtures at T;, = 60°C and 1000 rpm undergoing
isolated LTHR and LTHR + HTHR.

a 1000 rpm case because HTHR was not observed at higher speeds, as has been discussed in
White, Bajwa, and Leach (2023).

LTHR strength indices

To discuss the effects of changes in mixture state and reactivity on the strength of
LTHR, high sensitivity heat release indicators are needed. The isolated LTHR experi-
mental approach makes available multiple parameters to choose from - some directly
measured ones like exhaust gas temperature (EGT), exhaust emissions, engine torque
and indicated mean effective pressure (IMEP); and some indirectly computed ones like
cumulative heat release (CHR) and integrated Livengood-Wu (LW) type progress
variables (Pan et al. 2016).

The following parameters were compared using the entire experimental data set
(Figure 1) to select appropriate LTHR indicators: IMEP, CHR, EGT rise relative to motored
EGT, and exhaust CO, CO,, NO,, and O, concentrations. LW scores, which have been
shown to be high-sensitivity indicators of LTHR intensity (Pan et al. 2016; White, Bajwa,
and Leach 2023), were not considered because their computation requires accurate quanti-
fication of cylinder temperature, which was difficult to accomplish for the current engine
because of uncertainty associated with its residual gas fraction. Rough bulk cylinder
temperatures computed using an estimated residual gas fraction of 10% are, however,
used throughout the paper for qualitative discussions of “effective” ID times. These discus-
sions assume that the shorter the effective ID for a given process, as computed by the LW

progress variable score ( muﬁiftw))’ the stronger will be the resulting LTHR.
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Figure 4. LTHR indexing using CHR and exhaust CO concentration.
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Figure 5. LTHR indexing using CHR and EGT rise.

Exhaust CO and temperature rise exhibited consistent trends with and high sensitivity to
changing LTHR intensity, as shown in Figures 4 and 5, respectively, which makes them
promising LTHR intensity indicators. Both increased monotonically with CHR beyond an
initial weak LTHR region (CHR <3 J) at approximate rates of 40 ppm/J and 0.5°C/],
respectively. The initial CHR insensitivity to heat release intensity highlights limitations
of the apparent heat release rate based LTHR indexing method used when very small
quantities of energy are released.

EGT rise results presented a wider spread in the weak LTHR (CHR = 0) band because,
unlike exhaust CO, the effects of evaporative cooling from fuel vaporization (charge cool-
ing) were directly captured. These effects were particularly pronounced for the very rich
cases (see color bar to right) where there was no sensible LTHR as per the CO and CHR
results. EGT results can also be influenced by variations in heat release phasing as they
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Figure 6. LTHR indexing using exhaust CO, and CO concentration.

depend on the cylinder temperature and pressure at the point of exhaust valve opening,
whereas post-LTHR CO concentrations can be assumed to be “frozen.” Therefore, CO was
considered to be a more robust LTHR indicator and is thus preferred in the following
discussion.

Exhaust CO, also captures LTHR intensity changes as can be seen from the exhaust CO,
vs CO scatter plot in Figure 6. It, however, has lower sensitivity than CO (11 vs 40 ppm/])
and is, therefore, a weak LTHR indicator. An inconsistency in trends can be observed at rich
cases in the CO, results, whereby CO, concentrations do not return to motoring levels
(440-470 ppm) even when CO results indicate cessation of LTHR reactions. This likely
represents a limitation, for very rich mixtures, of the non-dispersive infrared type analyzer
used. Notwithstanding this, all LTHR indicators considered (CO, CO,, CHR, EGT rise)
showed consistent trends between 0.2<¢ <1 and had correlation coefficients greater
than 92%.

Equivalence ratio effects

LTHR intensity effects
The effects of changing ¢ on LTHR intensity are shown in Figure 7 by exhaust CO
concentration measurements at the constant inlet temperature of 60°C. LTHR can be
observed at very lean conditions, outside of the typical lean flammability limits of deflagra-
tive combustion, which for iso-octane/air mixtures have been reported to range between
¢ = 0.55 and 0.625 (Liu, Akram, and Wu 2020). CO concentration of 75 ppm was recorded
at ¢ = 0.055, which is indicative of oxidation reactions taking place in the very lean
mixture. LTHR at such lean conditions can be attributed to its occurrence at low tempera-
tures and its volumetric nature, whereby oxidation reactions take place in the dilute
homogeneous fuel-air mixture throughout the combustion chamber and cumulatively
generate sensible heat release signatures.

In Figure 7, increasing ¢ up to around 0.7 gradually strengthens LTHR, beyond which
LTHR weakens rapidly reaching near-motoring levels for stoichiometric mixtures. These
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Figure 7. Exhaust CO concentration at Tj, = 60°C.

observations can be explained by the differences in the ID of the various ¢ mixtures and
their respective compression P-T histories. ID differences represent the effects of changes in

AT chemistry of the mixture, specifically its reactivity, while the P-T trajectories represent
thermal conditions.

ID effects

Figure 8 presents selected ID contours at different ¢ levels to illustrate the increase in
mixture reactivity accompanying mixture enrichment. 8 and 4 ms ID contours are selected
to, respectively, represent contours close to the periphery and the core of the LTHR
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Figure 8. (a) 8 ms and (b) 4 ms ignition delay contours at various equivalence ratios (T;,= 60°C).
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peninsula. Doing so permits direct comparison of reactivity across different ¢ levels.
Figure 2 provides an example of a complete ID map at a constant ¢ value. The contours
in Figure 8 show that increasing ¢ expands the LTHR peninsula, potentially enabling
mixtures at lower pressure and temperature to undergo LTHR. The rightward expansion
also increases the likelihood of LTHR reactions for higher temperature mixtures. The
reactivity enhancement is more pronounced toward the high temperature (right) edge of
the LTHR peninsula. This is consistent with detailed chemical kinetics modeling results
from (Zhao and Law 2013) and (Pintor, Dec, and Gentz 2019). Another observation from
Figure 8 is that relativity low marginal reactivity enhancement takes place for mixtures
richer than ¢ ~ 0.5, i.e. ¢-sensitivity decreases for relatively rich mixtures.

The thermal effects of fuel enrichment result primarily from increased charge cooling as
greater quantities of fuel are injected, and secondarily from reduction in the compressed
mixture’s ratio of specific heats, p. The charge cooling effects are expected to be less
significant in non direct injection engines. Both of the fueling effects lower the cylinder
pressure and temperature during compression, and move P-T trajectories leftward in the
P-T space. This can be seen in Figure 9 in which the ID contours from Figure 8 are overlaid
with P-T trajectories for various ¢ cases. The leftward movement of the P-T traces from
¢ = 0.064 to 0.85 moves the mixture thermal states closer to the low ID core of the LTHR
peninsula, thus reducing the effective ID; plus, it permits increased exploitation of the
rightward LTHR peninsula expansion (i.e. the high ¢-sensitivity region). The initial
increase in LTHR intensity reported in Figure 7 is the combined result of these thermal
and chemical influences of increased fueling. Additional fuel enrichment increases the
effective ID because the compression P-T traces are shifted further left and brought close
to the left edge of the LTHR peninsula where mixture reactivity is not enhanced appreciably
(i.e. low ¢-sensitivity region).

LTHR based ¢—sensitivity characterization
Figure 7 results can be used to describe ¢p—sensitivity behavior of the various compressed
mixtures by using LTHR intensity as a reactivity index. At the selected inlet temperature
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Figure 9. Changes in P-T trajectories at different equivalence ratios shown using (a) 8 ms and (b) 4 ms
ignition delay contours (Tj;= 60°C).
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and engine conditions, the near-linear increase in LTHR intensity up to ¢ = 0.7 corre-
sponds to a constant ¢—sensitivity of around 420 ppmCO/0.1¢,,.,,,..» Which translates to 10
J/0.1@;,ras Using Figure 4, ie. an additional 10 J of heat is released per cycle via low
temperature reactions for every 0.1 increase in ¢. This is followed by a period negative
¢—sensitivity up to ¢ =~ 1. Further fuel addition renders the mixture ¢—insensitive. The
negative ¢-sensitivity region represents the relatively rich conditions where fuel injection
induced P-T lowering effects dominate over mixture reactivity enhancement from mixture
enrichment. Other LTHR strength indices discussed earlier can also be used as reactivity
indices to describe ¢—sensitivity changes.

LTHR phasing effects

The effects of ¢ changes on heat release phasing with respect to the total amount of
heat released are shown in Figure 10 for mixtures in which heat release was detected
using the AHRR technique employed. Combustion phasing and duration changes are
summarized in Figure 11. Upon mixture enrichment, combustion phasing is initially
retarded from around —7 CA°aTDC to 6 CA°aTDC as LTHR intensity increases up
to ¢ &~ 0.8; after which, as LTHR weakens upon further fuel addition, combustion
phasing retards at a much slower rate before settling at around 8 CA°aTDC for the
richest cases. The retardation of combustion phasing is largely caused by combustion
duration elongation as LTHR strengthens. Therefore, the combustion duration
increases by almost the same number of degrees as the center of combustion retards.
The slight decrease in combustion duration at ¢>0.8 results from charge cooling
induced LTHR weakening. The SoOLTHR is slightly delayed upon mixture enrichment
from — 6 to — 12 CA°aTDC (yellow circles in Figure 10), which contributes minimally
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Figure 10. Changes in LTHR intensity and phasing with changing ¢ at T;, = 60°C. Colour map is scaled
from ¢ = 0.9 (lightest) to ¢ = 0.22 (darkest).
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Figure 11. Changes in LTHR phasing and duration with changing ¢ at T, = 60°C.

to LTHR phasing retardation. The low sensitivity of SOLTHR to ¢ is similar to
results from (Pintor, Dec, and Gentz 2019) who, for a firing CAI engine, found the
start of LTHR to be ¢-insensitive but that of main combustion (HTHR) to be ¢-
sensitive. The current isolated-LTHR results show that even in the absence of hot
combustion residuals, SOLTHR is ¢-insensitive. Therefore, charge enrichment or
heating alone cannot be used to control SoLTHR. Other means of decreasing
effective ID before SOLTHR would be needed, e.g. increasing pressure was shown
to advance SoLTHR in (White, Bajwa, and Leach 2023).

The LTHR phasing results also have the same trends as those from Yang et al.
(2011) who reported that CA10 (“hot-ignition timing;” similar to CA50 here) for iso-
octane/air mixtures retarded as mixtures became richer. The phasing shift was attrib-
uted to reduction in compression temperatures and absence of two-stage Al chemistry
at the engine inlet conditions (1 bar, 174°C). The reasons for CA50 retardation for the
current boosted engine are, however, different as the iso-octane/air mixtures do
exhibit NTC behavior leading to a significant reactivity enhancement (positive ¢-
sensitivity), and resulting in stronger and longer LTHR with later LTHR centers.
This, then, leads to an advantage of direct quantification of LTHR, directly coupled
to the NTC characteristics of the reacting mixture and thus prevents obfuscation by
the “main” heat release.

A practical implication of the AHRR results is that the SOLTHR cannot serve as a LTHR
¢-sensitivity indicator, whereas, LTHR phasing and duration, both of which increase as
LTHR strengthens (Figure 7), can be used for characterizing ¢-sensitivity in AHRR-sensible
regions.
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Temperature effects

It was concluded from Figures 9 and 10 results that the increase in LTHR upon fuel
enrichment was limited by the thermal cooling effects of fuel injection which shifted the
compressed mixture’s thermal state leftward to the low ¢-sensitivity region. It is hypothe-
sized that if the P-T trajectories can somehow be translated rightward, the high ¢-sensitivity
region can be exploited to overpower the reactivity diminishing thermal effects of fueling.
This is attempted by increasing inlet temperature to raise the compression temperatures.
Inlet temperature is varied from 40 to 120°C in 20°C increments. The resulting effects on
LTHR intensity are shown in Figure 12 at different ¢ levels. Increasing inlet temperature
raises the peak LTHR intensity and delays the following charge cooling drop to richer
equivalence ratios. This is shown separately in Figure 13. The peak LTHR intensity nearly
doubles as the inlet temperatures rise from 40°C to 120°C and the corresponding ¢ (¢,,.,)
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Figure 12. Exhaust CO concentration at T;, = 40 — 120°C.
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Figure 13. (a) Maximum exhaust CO concentration and (b) corresponding ¢ at different inlet
temperatures.
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shifts from 0.53 to 1.16. ¢
positive to negative.

These trends can be explained by looking at the respective thermal state histories to
deduce the effective ID times. Figure 14 shows an ID map for ¢ = 0.5 mixtures with
P-T traces at different inlet temperatures overlaid. At such relatively lean conditions, charge
cooling effects are weak and the LTHR peninsula is relatively narrow. Hence, increasing the
inlet temperature significantly shifts the P-T traces from the LTHR peninsula core right-
ward across the high-temperature edge, leading to an increase in the effective ID time.
Consequently, at very lean conditions (¢ < 0.5), inlet heating has the net effect of weakening
LTHR as confirmed by the measured LTHR results in Figure 12.

As mixtures become richer, charge cooling and specific heat ratio effects become more
pronounced as can be seen by the leftward shift in the P-T trajectories (relative to leaner
mixtures at the same temperatures) for ¢ = 0.7 mixtures shown in Figure 15. This decreases
the effective ID time for inlet temperature cases of 60°C and higher, and thus strengthens
LTHR. For the 40°C case, however, the excessive leftward shift increases the effective ID
time and weakens LTHR (Figure 12). Figure 16 shows P-T traces for the stoichiometric case
and the same trends continue, whereby the high temperature cases (80-120°C) experience
increased reactivity while for the two low-temperature cases, LTHR is quenched as they are
shifted to the low temperature, long ID region. Thus, for relatively rich mixtures, increasing
inlet temperature strengthens LTHR because the thermal effects of fueling shift the com-
pression P-T histories to high reactivity regions. These trends are consistent with those
reported by Szybist and Splitter (2017) for stoichiometric iso-octane/air mixtures with
similar compression P-T histories (“condition C”).

The increase in the peak LTHR magnitude with inlet heating (Figure 13a) is the net result
of the interplays between the two competing thermal influences (charge cooling from
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Figure 14. P-T trajectories for ¢ = 0.5 mixtures at T;, = 40 — 120°C.
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Figure 16. P-T trajectories for ¢ = 1 mixtures at T;, = 40 — 120°C.

fueling, and inlet heating), and the chemical effects of asymmetric LTHR ID peninsula
expansion discussed above.

Another observation from the ID maps of the rich mixtures (Figures 15, 16) is that
for these high reactivity mixtures, the highest inlet temperatures mixtures benefit from
two regions of ID decrease — first as the thermal states pass through the LTHR
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peninsula core during compression (ID decreases from >18 to <4ms), and then
toward the end of LTHR as mixture states start encroaching into the high temperature
heat release region. Higher inlet temperatures (and/or lower pressures) that cause
flattening of the P-T curves beyond the 120°C curve can lead to HTHR events. This
was experienced sporadically during ¢>0.7 experiments at 120°C, likely triggered by
momentary excursions in inlet pressures and temperatures and/or presence of rich fuel
pockets.

In closing, the hypothesis posited at the start of this section is shown to be correct, i.e.
inlet heating can be used to create appropriate thermal conditions to maximize the
exploitation of the high ¢-sensitivity region. As can be inferred from Figure 12, strong,
positive, linear ¢—sensitivity of around 10 J/0.1¢;,,.,... can be realized for mixtures ranging
in strength from very lean (¢ = 0.05) to rich (¢ = 1.2) by increasing mixture temperature.
The magnitude of the ¢-sensitivity does not change significantly for the various mixture
temperatures as they are richened, but the onset of negative sensitivity is delayed by
increasing temperatures.

Discussion

Some potential implications of the observed iso-octane LTHR behavior and the underlying
thermo-chemical influences on engine combustion and control are briefly discussed next.

LTHR reactions are often precursors to high-temperature Al reactions — end gas Al in SI
engines or controlled auto-ignition - and LTHR intensity can thus be treated as a predictor
of high-temperature Al Some support for this can be found from non-isolated-LTHR
experimental studies by Kalghathi and co-workers (2013, 2003) in which fuels with higher
ID-based LW scores (i.e. shorter effective ID times) were reported to have a higher
propensity to knock in SI engines and promote Al in CAI engines; and from Shibata
et al. (2005) who found LTHR and HTHR 50% mass fraction burned points in a CAI
engine to be linearly related. This is not to imply that end gas Al always leads to knocking.
Optical studies have demonstrated that if in-cylinder thermal states are maintained at
relatively mild levels, by e.g. managing in-cylinder flows, end gas Al without high frequency
pressure fluctuations typical of knocking can take place (Iijima et al. 2013), which is the
basis of spark-assisted CAI engines. In fact, LTHR can also have a knock inhibiting effect if
it is staged appropriately to exploit the temperature drop induced by NTC reactions
(Splitter et al. 2019). Thus, depending on the intensity and phasing of LTHR reactions
relative to main heat release, they can act to promote, moderate, or inhibit high-
temperature Al

Iso-octane LTHR characterization data at different thermal and chemical conditions
presented above (Figures 10, 12) can be used to avoid regions of high-intensity LTHR in SI
engines to prevent knock or to control Al in CAI engines. The existence of strong, positive
¢—sensitivity and the possibility of extending it via mixture heating can help realize staged
combustion via chemical stratification in gasoline engines. The negative ¢—sensitivity
region at relatively rich conditions can potentially also be exploited to moderate combus-
tion. Depending on the mixture temperature, the negative ¢—sensitivity region could still
be lean of stoichiometric, e.g. 40°C and 60°C cases in Figure 12, potentially making negative
¢—sensitivity biased chemical stratification viable from a fuel conversion efficiency
perspective.
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The occurrence of LTHR at lean conditions could be an enabler for stable ultra lean
(¢ <0.1 (Hu et al. 2020)) combustion in SI engines, which is prone to combustion
instabilities resulting from cyclic variability during early kernel growth and susceptibility
of nascent flames to extinction. If compressed mixture reactivity can be tailored to have pre-
spark LTHR reactions, the rise in temperature can make deflagrative combustion more
resilient by increasing flame speeds.

Ultra lean LTHR can also potentially be used to consume unburned fuel in dilute end gas
mixtures if appropriate thermal conditions can be created. This can improve the combustion
efficiency of ultra-lean SI engines and also compensate for slow combustion rates typical of
lean deflagrative combustion. Moreover, because the intensity of LTHR is low at lean
conditions (Figure 12), the likelihood of knocking is expected to be low.

Some control strategies, in addition to inlet heating and supercharging, that can help
create the needed in-cylinder thermal and chemical conditions to tailor mixture reactivity
are listed next. Chemical stratification can be achieved via late and/or multiple injection
events, e.g. Alemahdi et al. (2022) and Dec, Yang, and Dronniou (2011) achieved partial fuel
stratification by injecting the majority (80-90%) of the fuel early during the intake stroke
and the rest, late during the compression stroke. Thermal stratification can be created using
different combustion product retention strategies like recompression via negative valve
overlap or rebreathing via early/late positive valve overlap (Lang et al. 2005). Note, however,
that some level of thermal stratification exists naturally in engines because of non-
uniformities in energy fluxes, and provides a certain degree of sequential combustion by
creating a spatial ID distribution (Dec, Hwang, and Sjoberg 2006). Direct injection-induced
thermal effects can be managed by changing injection timings, e.g. retarding injection to
reduce charge cooling and specific heat ratio effects, of course with associated effects on
mixture homogeneity and volumetric efficiency. In SI and spark-assisted CAI engines, the
progression of deflagrative combustion can also be managed to generate desired
P-T histories of the end gases (Olesky et al. 2013). Evaporative cooling from water injection
can also be used to change the compression P-T states (Golzari et al. 2021). An uncontrol-
lable lever that could impact LTHR in real engines is the occurrence of partially burning
cycles, which can increase mixture reactivity in succeeding cycles because of fuel reforma-
tion reactions (Sjoberg et al. 2004).

Conclusions

The paper explored the LTHR characteristics of iso-octane/air mixtures at different equiva-
lence ratio levels and inlet air temperatures by monitoring changes in LTHR intensity and
its phasing. LTHR intensity was indexed by exhaust CO concentration, which was found to
be a high sensitivity and reliability signature of LTHR. Major findings of the experimental
study are as follows:

(i) LTHR can take place at very lean (¢ <0.05) conditions. It gains strength as the
mixture becomes richer and more reactive. However, beyond a certain ¢ limit, in
direct injection engines, the thermal cooling effects of fueling overpower reactivity
enhancement, and LTHR is quenched.

(ii) The non-monotonic behavior of LTHR intensity, phasing, and duration can be used
to characterize ¢-sensitivity at different engine inlet conditions.
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(iv)

(v)

A. U. BAJWA ET AL.

Iso-octane/air mixtures exhibit positive or negative ¢-sensitivities depending on the
dominant effect - chemical or thermal. Dominance of the former confers positive
sensitivity, while that of the latter produces negative sensitivity and can even render
mixtures ¢-insensitive.

Increasing mixture temperature counters the thermal effects of fuel enrichment and
shifts the positive to negative ¢-sensitivity transition point to higher equivalence
ratios and permits more energy release via low temperature reactions. Peak LTHR
intensity nearly doubled as the inlet temperatures were increased from 40°C to
120°C, and ¢,,,,, increased from 0.53 to 1.16.

By appropriately adjusting mixture thermal conditions using thermal control levers
(charge cooling and intake heating in this case), strong, positive, linear
¢—sensitivity can be realized across a wide range of ¢ levels.

Nomenclature

AHRR Apparent heat release rate

Al Auto-ignition

aTDC After top dead centre

CA Crank angle

CA50 CA location at 50% heat release point
CAI Controlled auto-ignition

CHR Cumulative heat release

EGT Exhaust gas temperature
EoLTHR End of LTHR

HTHR High temperature heat release
ID Ignition delay

IMEP Indicated mean effective pressure
LTHR Low temperature heat release
LW Livengood-Wu progress variable
mot Motored (no fuel)

NTC Negative temperature coefficient
P Pressure

PRF Primary reference fuel

SI Spark ignition

SoHTHR Start of HTHR

SoLTHR Start of LTHR

t time

T Temperature

y Ratio of specific heats

¢ Fuel-air equivalence ratio

Do ¢ for highest intensity LTHR
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Chapter Summary

In this Chapter, the effects of physical parameters on LTHR in engines were explored in depth. First, a new
method was introduced that successfully isolated LTHR from other combustion (such as HTHR) in a spark
ignition engine, paving the way for a broad range of experiments. The two publications in this chapter covered
physical effects relatively exhaustively. Increasing cylinder pressure (achieved by increasing inlet pressure
for a given compression ratio) encourages LTHR, whilst the effect of temperature more complex—the fuel-air
mixture must to spend sufficient time in LTHR temper region for LTHR to occur. Engine speed relates to time
the mixture spent at certain conditions, but also affects time available for heat transfer out of the cylinder, and
LTHR intensity was shown to be linear with equivalence ratio until thermal effects of charge cooling dominate.
Useful analysis techniques and theories surrounding the analysis of isolated LTHR were introduced in the first
paper (most notably the ignition delay analysis), paving the way for future investigations on different parameters.
Furthermore, Section 2.2 included a demonstration of the linear relationship between exhaust CO concentration
and isolated LTHR intensity. This relationship effectively enables the sidestepping of the limitations of the
AHRR-based LTHR measurement (as highlighted in Section 2.1.1)—which will prove critical in subsequent
studies and will be elaborated on later in this thesis. On completion of the work in this chapter, there was
sufficient understanding to turn attention to investigating the effects of chemicals, such as fuels and residuals,

on LTHR.
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Chapter 3

Chemical Effects on Low Temperature Heat

Release

3.1 Isolated Low Temperature Heat Release from Binary Blends of iso-Octane,

n-Heptane and Ethanol in a Spark Ignition Engine

Following on from the development of isolated LTHR technique and methodology, this section focuses on
chemical effects. Section 2.1 showed that iso-octane required higher pressure conditions than n-heptane to
realise LTHR, this study examines blends of the two. As Section 1.2.1 suggests, ethanol is an increasingly
prevalent component of market fuels, hence its impact on LTHR behaviour is also investigated by blending it
into n-heptane.

To learn more about the chemical products of LTHR, and to help find a suitable indicator for the optical work
in Chapter 4.1, an FTIR exhaust analyser was employed to look at the products of LTHR that would otherwise
be consumed without the isolated LTHR methodology developed in Section 2.1. Finally, this section begins the
work on investigating the effect of residuals on LTHR behaviour, by using a skip-firing methodology to provide

firing residuals from the previous cycle at the beginning of an isolated LTHR cycle.

Contributions

» The effect of blending iso-octane and ethanol with n-heptane in binary blends on isolated LTHR intensity

is investigated experimentally and computationally.
» Species measurements in exhaust gas from isolated LTHR cycles are presented.

* The effect of combustion residuals on isolated LTHR are investigated by using a skip-firing technique.
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ABSTRACT

The potential of using low temperature heat release (LTHR)
to improve engine efficiency is of particular interest because of
its effect on autoignition chemistry in spark ignition (SI) and
advanced compression ignition engines (ACI). A recently de-
veloped method has been shown to isolate LTHR in SI engine
conditions, paving the way for more detailed and sophisticated
analyses of LTHR characteristics and chemistry under realistic
engine conditions. Previous LTHR modelling work has suggested
that residuals and residual chemistry have a significant impact
on LTHR characteristics. Until now, studies on isolated LTHR
have focused on single-component surrogates.

In this work, the effect of primary reference fuels
(PRFs), binary blends of n-heptane and iso-octane (2,2,4-
trimethylpentane), alongside blends with ethanol on LTHR char-
acteristics was studied. Tests were conducted on a single-cylinder
engine with SI geometry, motored (with the ignition system dis-
abled) but with fuels injected. PRFs containing 50 and 75%
isooctane by volume (i.e. PRF50 and PRF75) were tested, as
well as pure n-heptane and iso-octane. In addition, blends of
n-heptane and ethanol containing 10, 20 and 50% ethanol by
volume were also tested. The blends were tested with inlet temper-
atures of 40°C to 140°C at an inlet pressure of 0.9 bar (absolute).

To simulate the effect of high temperature combustion residu-
als, a skip spark duty cycle was employed for ignition of a PRF80
blend. A Fourier-Transform Infra-Red (FTIR) exhaust gas mea-
surement system was employed to analyse the change in mixture
composition as a result of experiencing LTHR. Ignition delay
and homogeneous charge compression ignition (HCCI) simula-
tions were performed with a gasoline surrogate chemical kinetic
mechanism on CHEMKIN to assist with analysing the experi-
mental data. At the conditions tested, the presence of iso-octane
in the blend strongly reduced the intensity of LTHR whilst neat
iso-octane exhibited no signs of LTHR due to its relatively lower
reactivity at the conditions tested. Ignition delay contours were

*Corresponding author: felix.leach@eng.ox.ac.uk
Documentation for asmeconf. cls: Version 1.34, August 16, 2024.

67

used to explain the results observed at the conditions tested and
the HCCI modelling showed that as well as the n-heptane portion
of the blends being almost entirely consumed during LTHR, sig-
nificant fractions of iso-octane and ethanol were also consumed
alongside it—as opposed to pro-rated consumption or single com-
ponent consumption of n-heptane. Substituting ethanol into the
blend reduced the LTHR intensity more dramatically because of
ethanol’s interaction with n-heptane’s low temperature oxidation
reactions. Skip firing was shown to have a small impact on the
LTHR characteristics in cycles immediately after high tempera-
ture SI combustion cycles.

Keywords:
Ethanol

Low Temperature Heat Release, Iso-octane,

1. INTRODUCTION

CO; emissions from internal combustion engines (ICE) must
be reduced as rapidly as possible. This can be achieved by increas-
ing ICE efficiency and by reducing the carbon intensity of the fuel
over its life cycle [1]. As liquid hydrocarbon fuels move away
from being crude oil-derived to being derived from biomass or
produced from carbon capture (e-fuels), their properties are likely
to change and hence there is need to fully understand fundamental
fuel properties and combustion behaviour, and an opportunity to
optimise these properties for maximum engine efficiency. Hence
engines and (advanced) combustion modes can be designed in
co-operation with the fuels they will use.

One important fuel-related phenomenon that has the poten-
tial to increase engine efficiency is low temperature heat release
(LTHR); this is the heat released from the fuel-air mixture under-
going a slower, exothermic reaction at relatively lower tempera-
tures, producing intermediate species prior to the main combus-
tion event. LTHR originates from fuels that exhibit negative tem-
perature coefficient (NTC) behaviour. NTC behaviour describes
the non-monotonic relationships between mixture temperature
and ignition delay (i.e. within a certain temperature range ignition
delay increases with increasing temperature due to unfavourable
equilibrium rates of radical forming reactions) and causes mix-
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tures that exhibit it to have two stages of autoignition [2]. LTHR
is the heat release from the first stage of autoignition and it occurs
alongside a significant change in composition of the mixture, due
to the reactions that occur. NTC behaviour and hence LTHR is
most often observed in fuels with low octane sensitivity, particu-
larly straight chain alkanes such as n-heptane [3]. Until recently,
LTHR in an engine context was mostly confined to homogeneous
charge compression ignition (HCCI) engines where it appeared
as a distinct heat release event occurring before the much larger
heat release from HTHR [4]. Understanding and controlling
LTHR could lead to higher efficiency by extending the knocking
limit or by enabling advanced combustion modes that involved
controlled autoignition of end-gas. Recently, LTHR has been
observed in spark ignition (SI) engines with low octane sensitiv-
ity fuels at high load conditions with elevated inlet temperatures
[5-7]. In SI engines, LTHR is referred to as pre-spark heat release
(PSHR) when it occurs before ignition. Splitter et al. showed
that when PSHR occurred it modified the thermodynamic state of
the unburnt mixture, moving it into the NTC region and therefore
causing it to have a long ignition delay—this in turn inhibited
knocking [8]. Modern advanced combustion techniques increas-
ingly rely on controlled autoignition of the unburnt mixture (end
gas), which is often triggered by initial deflagration from spark
ignition [9—-11]. For optimum combustion, and to avoid knock-
ing, these techniques rely on curating specific thermodynamic
and chemical conditions in the end gas [12].

Due to its chemical reaction nature, LTHR behaviour is
highly dependent on the fuel. In previous work, it took elevated
inlet temperatures and boosting to cause iso-octane to undergo
LTHR [5, 13], meanwhile, n-heptane underwent LTHR at temper-
atures and pressures very commonly seen in a naturally aspirated
internal combustion engine. The two widespread octane ratings:
research octane number and motor octane number (RON and
MON) are defined by performance as measured against blends
of n-heptane and iso-octane, which define the primary reference
fuels (PRFs) [14, 15]. Single-component surrogates make for
convenient and repeatable test fuels in engine research, which is
why many engine studies are based on PRFs. Meanwhile, ethanol
is being increasingly blended into market fuels, for example up to
10% in the UK, with many modern SI vehicles accepting higher.
In some markets, levels up to 85% (E85) are accepted in so-
called flex-fuel vehicles and in Brazil 100% ethanol is common.
Unlike iso-octane and n-heptane, ethanol does not exhibit NTC
behaviour and therefore does not exhibit two-stage autoignition
[16]. Select blends of iso-octane and ethanol have been examined
for LTHR behaviour in an Ignition Quality Tester [17] and very
low speed HCCI engine [18], however, despite their widespread
use, the effect of blending iso-octane and ethanol into n-heptane
on its LTHR behaviour has not been exhaustively studied—and
has not at all been studied with LTHR in isolation.

The products of reactions that release LTHR, i.e. first stage
autoignition reactions, are of significant interest because not only
do they affect the knocking propensity of a mixture (as previously
discussed), but they can contribute to the pollutant emissions of
an engine when not fully consumed by deflagration or high tem-
perature autoignition. The low temperature oxidation of PRFs
involves formation of short-chain hydrocarbons and aldehydes by
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beta decomposition of longer-chain hydrocarbon species [19, 20]
and high concentrations of formaldehyde were observed in an
optical study of PRF70 misfiring in an engine [21]. Furthermore,
blending ethanol into gasoline is known to cause benzaldehyde,
acetaldehyde, formaldehyde and volatile organic compound emis-
sions to increase [22] and Shankar er al. suggested that such
increased aldehyde emissions associated with ethanol are related
to low temperature conditions [23]. Measuring the productions
of LTHR in isolation is therefore vital to the understanding of
overall engine emissions.

Recent studies attempting to model LTHR have found that
residuals, and the species that make them up, have a significant
impact on the LTHR behaviour in engines. Guo et al. found
that, when simulating LTHR in 3D CFD, the well-stirred reac-
tor model had to remain active throughout the entire simulation
(i.e. not just between intake valve closing and exhaust valve
opening) [24, 25]. Furthermore, DelVescovo et al. reported that
NO concentration has a significant effect on the LTHR magni-
tude, and a small effect on LTHR phasing in a zero-dimensional,
two-zone Spark Ignited (SI) engine model with detailed chem-
istry [26]. Studies examining the effect of residual components
on ignition delay time (which in turn affects LTHR propensity)
reported mixed effects. Yang ef al. found that for a mixture of
n-heptane and air at ¢ = 0.5, the effect of NO, addition varied
with temperature, and in a low temperature region (' < 1250
K), NO, addition shortened ignition delay time, with the effect
increasing with NO, concentration [27]. Meanwhile, Fang et al.
reported both promoting and inhibiting effects of NO addition
on the ignition delay time of iso-octane ignition, with the effects
being temperature dependent [28]. Whilst it is clear that residuals
have a significant impact on LTHR behaviour, it is not clear what
that impact would be in an engine context, hence there is a need
to experimentally examine the effect of residuals on LTHR in an
engine cycle.

Recent work by White ef al. [13] introduced a methodology
toisolate LTHR in a spark ignition engine that maintained LTHR-
and PSHR-susceptible inlet conditions whilst avoiding HTHR
by disabling the ignition system. This methodology results in
LTHR products (that would ordinarily react with or be entirely
consumed by concurrent or subsequent deflagration) remaining
in the exhaust gas. Hence, these products can be analysed to
validate and inform chemical kinetic mechanisms.

In this study, we seek to expand the understanding of the
occurrence of LTHR in SI engines through examining the effect
of primary reference fuels (PRFs), binary blends of n-heptane
and iso-octane (2,2,4-trimethylpentane), alongside blends with
ethanol. PRFs containing 50 and 75% isooctane by volume (i.e.
PRF50 and PRF75) are tested, as well as pure n-heptane and
iso-octane. In addition, blends of n-heptane and ethanol contain-
ing 10, 20 and 50% ethanol by volume are studied. A Fourier
Transform Infrared Spectroscopy (FTIR) emissions analyser is
used to examine the products of isolated LTHR from these blends
for the first time. In addition to the established LTHR methodol-
ogy, a PRF blend is tested in a skip-fired engine, using an ignited
(HTHR) cycle to generate residuals and conditions from firing cy-
cles whilst maintaining the isolated LTHR method to investigate
the effect of these residuals on LTHR with these fuels.
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2. METHODOLOGY
2.1 Experimental Facility

2.1.1 Single Cylinder Engine. A single cylinder, Gasoline
Direct Injection (GDI) research engine was employed for this
study; the engine’s technical specifications are summarised in
Table 1. Engine speed was controlled by a Control Techniques
motoring dynamometer. Fuel was injected at 160 bar. Injection
timing and duration were precisely controlled by a Berkeley Nu-
cleonics BNC725 Multi-trigger digital delay generator. A West
6100+ temperature controller was used to control the inlet air
heater, and the inlet temperature fluctuated by up to 3 °C at the
highest temperature operating point. Engine coolant was con-
trolled to its standard operating temperature of 45 °C to minimise
the risk of melting its piston rings (the engine was equipped with
polyamide-imide piston rings to achieve an oil-free combustion
chamber for optical access, though this was not used in this study).

The engine test cell was controlled by a Taylor DynPro2 sys-
tem, which also continuously recorded data at 1 Hz. Cylinder
pressure was measured at a resolution of 0.1°CA using a Kistler
Type 6041A high speed pressure transducer and recorded with
an AVL X-ion high speed data acquisition system. To correct for
drift, the cylinder pressure signal was pegged to a barrel pres-
sure transducer (which was exposed to the combustion chamber
around BDC) measurement, every cycle. Data was collected for
300 consecutive cycles, with at least three independent repeats
conducted per operating point.

TABLE 1: ENGINE SPECIFICATIONS

Bore [mm] 89.0
Stroke [mm] 90.3
Displacement [cm?] 561.9
Compression ratio 11.1:1
Fuel injection system | Direct injection

2.1.2 Exhaust Gas Analyser.A Fourier transform infrared
spectroscopy (FTIR) gas analyser (AVL SESAM FTIR i-60) was
used to measure engine-out emissions. The specifications of the
FTIR can be found in Table 2 and the relevant measured emissions
can be found in Table 3. The FTIR analyser sampled and recorded
the exhaust gas at 5 Hz. It had a gas cell capacity of 200 mL,
and operated with a sample flow rate of 8§ L/min. The analyser
and sample line were heated to prevent losses from adsorption
and condensation. A heated pre-filter removed particulate matter
to prevent optical cell contamination. Before each test, the anal-
yser was purged with nitrogen gas and a background absorbance
spectrum was collected. Note that, in this study, the FTIR was
occasionally used to measure concentrations beyond its certified
range which slightly reduces its performance relative to the spec-
ifications in Table 2, however the authors still had confidence in
these measurements unless otherwise stated in the results.

2.2 Operating Conditions

Engine operating parameters used are listed in Table 4. In-
let temperature sweeps were carried out with inlet pressure and
injection duration held constant. As a result air mass flow rate
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TABLE 2: FTIR SPECIFICATIONS

Sampling Rate 5Hz
Operating Temperature | 191 °C
Operating Pressure 800 hPa

Repeatability 0.5%

Zero Drift 1.0%

End Point Drift 1.0%

Noise 1.0%

Rise Time (T1¢.99) 1.5s

TABLE 3: FTIR MEASUREMENT RANGES

Name Molecular Certified
Formula | Range (ppm)

Carbon Monoxide CO 0-8000

Carbon Dioxide CO, 0-200000

Water H,0 0-300000
Formaldehyde CH,0 0-1000
Ethene CoHy 0-1000
Propene CsHg 0-1000
1,3-Butadiene C4Hg 0-1000
Ethanol C,HsOH 0-1000

and hence equivalence ratio varied slightly with inlet tempera-
ture. The equivalence ratio (¢) was estimated by using fuel flow
rate measurements from a calibration of the injector. Inlet tem-
perature was measured in the plenum and hence represents an
upper bound on the initial cylinder temperature. A method re-
cently introduced by White et al. [13] was employed to isolate
LTHR from HTHR by disabling the ignition system. An equiv-
alence ratio of 0.5 was chosen to give the best opportunity to
observe LTHR in all of the fuels tested and hence enable better
comparisons. In the direct injection engine used in this study,
increasing the equivalence ratio to around stoichiometric would
likely reduce LTHR, primarily for physical reasons, with charge
cooling reducing mixture temperatures due to the latent heat of
vaporisation of the fuels [29, 30].

2.2.1 Skip Firing.To investigate the effect of HTHR combus-
tion residuals on LTHR, a skip firing methodology was employed.
The BNC725 was used in duty cycle mode to trigger ignition
every third cycle, with fuel injection maintained throughout to
produce HTHR every third cycle with two isolated LTHR cycles
in between—a cycle denoted "1 after", affected by residuals and
a further cycle denoted "2 after" that would not be expected to be
affected by residuals. To minimise the likelihood of knocking,
PRF80 was selected; the equivalence ratio was increased until
ignition was reliable at approximately ¢ = 0.9 at T3, = 140 °C.

2.3 Fuels

The fuel blends tested are listed in Table 5. These were
chosen to explore the full dynamic range of PRFs (from 0 to 100)
with PRFO expected to exhibit high levels of LTHR and PRF100
low to no LTHR at the engine operating conditions in this work.
In addition, binary blends of ethanol and n-heptane (referred to in
this paper as EHxx) were tested in order to explore the expected
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TABLE 4: ENGINE SETTINGS

IVO [°CA aTDC] -336
IVC [°CA aTDC] -86
EVO [°CA aTDC] 116
EVC [°CA aTDC] 366
Speed [rpm] 1100
Injection pressure [bar] 160
Injection timing [°CA aTDC] -270
Inlet temperature [°C] 40, 60, 80, 100, 120, 140
Inlet pressure [bar (absolute)] 0.9
Equivalence ratio (¢) 0.5

inhibiting effect of ethanol on LTHR when blended with a fuel
with a relatively high LTHR propensity.

TABLE 5: FUELS TESTED IN THIS WORK

Component n-heptane iso-octane ethanol
Percentage | vol% | mol% | vol% | mol% | vol% | mol%
PRFO 100 100 0 0 0 0
PRF50 50 53.1 50 46.9 0 0
PRF75 25 27.4 75 72.6 0 0
PRF100 0 0 100 100 0 0
EH10 90 78.2 0 0 10 21.8
EH20 80 61.5 0 0 20 38.5
EH50 50 28.5 0 0 50 71.5

2.4 Simulations

2.4.1 Ignition Delay Time.Ignition delay simulations were
conducted with a closed homogeneous ignition delay model with
constant volume in Ansys Chemkin-Pro. Initial temperatures
ranged from 400 K to 1000 K and initial pressures from 0.5 bar
to 20 bar, and reactions were modelled for a duration of 200 ms.
Mixtures of air and the fuels in Table 5 were modelled at ¢ = 0.5.
Ignition delay was defined by a 50 K temperature rise to detect
the relatively small temperature rises caused by LTHR [5, 8].
A reduced Lawrence Livermore National Laboratory gasoline
surrogate mechanism that had 165 species and 839 reactions [31]
was employed.

2.4.2 0D Engine Modelling. A multi-zone HCCI model in
Ansys Chemkin-Pro was validated to match the geometry and
thermodynamic conditions of the engine (Table 1). The dimen-
sionless heat transfer correlation was used with the Woschni Cor-
relation for Gas Velocity [30]. Engine settings and fuels were
chosen to match the experimental study (Tables 4 and 5).

2.5 Data Analysis

Combustion analysis was performed during post-processing
with a MATLAB-based procedure. Cylinder volume was cal-
culated from the engine geometry whilst cylinder temperature
was calculated using the ideal gas law with measured pressure,
calculated volume, and estimated trapped cylinder mass.

2.6 Quantifying LTHR Intensity

The LTHR intensity of each test run was quantified by mea-
suring the exhaust CO concentration with the FTIR. This method
is only possible because of the isolated nature of LTHR in these
experiments—there are no HTHR reactions to generate CO, hence
the sole source is the low temperature reactions that are also re-
sponsible for LTHR. Using CO as an indicator of LTHR is a
well-established practice [2] because the relationship between
exhaust CO concentration and heat released from LTHR is highly
linear [29].

3. RESULTS
3.1 Low Temperature Heat Release of PRF Blends

The LTHR intensity for PRFO, PRF50 and PRF75 (as indi-
cated by exhaust CO concentration) can be seen in Figure 1. No
LTHR is observed for any fuel for the 7;;, = 40 °C cases. The non-
zero CO concentration indicates signs of LTHR at the Tj, = 60,
80 and 100 °C cases for PRFO, PRF50 and PRF75 respectively.
Then, LTHR intensity monotonically increased with inlet temper-
ature for all fuels tested. No data was collected for n-heptane at
Tin = 120 °C or higher as these inlet conditions caused n-heptane
to undergo HTHR. Such HTHR would have led to engine dam-
age from knocking so was avoided. Some of the test points, such
as PRF50 at T, = 100 °C, exhibit relatively large variation in
CO exhaust concentration and hence LTHR intensity; this can be
attributed to the imperfect control of—and hence the variation
in inlet temperature occurring at conditions where LTHR inten-
sity increases rapidly with increasing inlet temperature. From
the trends shown in Figure 2, the effect of blending iso-octane
into n-heptane is apparent: increasing iso-octane content always
decreased LTHR intensity, regardless of the conditions. This was
particularly apparent for PRF100 (i.e. pure iso-octane), where
LTHR was not exhibited under any conditions.
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FIGURE 1: LTHR (AS INDICATED BY EXHAUST CO CONCENTRA-
TION) FOR FOUR PRF BLENDS AT A RANGE OF INLET TEMPERA-
TURES

The LTHR intensity results for PRFs in Figure 1 can be ex-
plained by examining the thermodynamic state of the mixture
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FIGURE 2: THE EFFECT OF ISO-OCTANE CONTENT IN PRF
BLENDS ON LTHR (AS INDICATED BY EXHAUST CO CONCENTRA-
TION) FOR DIFFERENT INLET TEMPERATURES

in relation to the mixture’s ignition delay contour. Figures 3, 4
and 5 show experimental pressure-temperature (P-T) trajectories
superimposed onto ignition delay contours, for first stage ignition
as defined by a 50 K rise in temperature, generated from many
ignition delay simulations with varying initial pressure and tem-
perature. The colour of the contour represents the ignition delay
time of the mixture at a given starting condition and is indicative
of the reactivity of the mixture with respect to LTHR. For LTHR
to occur, the mixture must have reached its first stage ignition
delay time on average. Hence, the more time a mixture spends
in a short ignition delay—high reactivity region, the more likely
LTHR is to be observed experimentally. The plots display igni-
tion delay time between 1 and 100 ms, with 1 ms equating to 6.6
crank angle degrees at the engine test speed of 1100 rpm. As inlet
temperature increases so does the temperature trajectory through-
out the cylinder, pushing the thermodynamic state of the mixture
into the LTHR region. Figure 3 shows P-T trajectories of PRFO0 at
the four inlet temperatures. LTHR is apparent in 7j, = 80 °C and
Tin = 100 °C cases, where heat released causes temperature rise,
unlike in the two lower inlet temperature cases, where expansion
temperature is lower than compression temperature due to heat
losses to heat transfer.

For the cases that exhibit moderate to high amounts of LTHR,
a positive feedback effect appears to occur: as heat starts to be
released, mixture temperature increases, moving the mixture into
an even more reactive pressure-temperature space—enabling fur-
ther heat release and temperature rise. This occurs until either
fuel is depleted or temperature increases so much that the state
of the mixture is pushed into the NTC zone where reactivity de-
creases with temperature (this behaviour was first explained in
work by Splitter et al. [8]), halting LTHR. This feedback ef-
fect explains the points in Figure 1, such as PRF50 at 7, = 100
°C, where LTHR intensity increases rapidly with increasing in-
let temperature—causing a relatively small temperature varia-
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tion to produce a wide error bar on LTHR intensity. Figure 4
shows obvious LTHR for only 7, = 100 °C and higher cases for
PRF50—which is consistent with Figure 1, meanwhile in Figure
5 the effect of LTHR is only apparent for PRF75 at the T;, = 140
°C case. Using the contours in Figures 3, 4 and 5 to compare
ignition delay time across the three fuels reveals that, whilst the
contour shape is very similar, the value of ignition delay increases
with iso-octane content—because neat iso-octane’s ignition de-
lay is longer than n-heptane’s for any given temperature. Hence
LTHR reactivity is lower and therefore the different fuel mixtures
that traverse the same pressure-temperature space will exhibit
less LTHR. This decreased reactivity is ultimately the cause of
the trends in Figure 2. This also explains why PRF100 exhibited
no LTHR at any conditions—its first stage ignition delay time at
the temperatures and pressures experienced by the mixture was
too long for any LTHR reactions to occur.
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FIGURE 3: PRESSURE-TEMPERATURE TRAJECTORIES OF CY-
CLES FROM AN ENGINE MOTORED WITH PRF0 AT A RANGE OF
INLET TEMPERATURES SUPERPOSED ONTO AN IGNITION DELAY
CONTOUR FOR PRF0, DEFINED BY 50 K RISE IN TEMPERATURE

3.2 Low Temperature Heat Release of blends of ethanol

and n-heptane

The LTHR intensity for PRFO, EH10, EH20 and EH50 (as
indicated by exhaust CO concentration) can be seen in Figure 6.
The occurrence of LTHR started at 7;;, = 60 °C for EH10 and
T, = 80 °C for EH20, meanwhile no LTHR was observed for
EHS50 at any conditions. Figure 7 illustrates how rapidly LTHR
intensity decreases with ethanol content. Particularly compared
to PRF50 in Figure 2. This is because, whilst iso-octane is known
to undergo LTHR (albeit with a lower reactivity than n-heptane
at the same conditions), ethanol not only does not undergo LTHR
but is capable of actively inhibiting LTHR by consuming the OH
radicals involved in the low-temperature oxidation of n-heptane
[32, 33]. Again, PRF0 was not tested above T;, = 100 °C in order
to avoid engine damage.

As with the PRFs, examining the ignition delay contours in
Figures 8, 9 and 10 can explain the trends observed in LTHR of
EH blends. For the EH10 and EH20 cases with the higher inlet
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FIGURE 5: PRESSURE-TEMPERATURE TRAJECTORIES OF CY-
CLES FROM AN ENGINE MOTORED WITH PRF75 AT A RANGE OF
INLET TEMPERATURES SUPERPOSED ONTO AN IGNITION DELAY
CONTOUR FOR PRF75, DEFINED BY 50 K RISE IN TEMPERATURE

temperatures, their P-T trajectory moves the mixture into the most
reactive region (i.e. the regions with the shortest ignition delay),
explaining why LTHR was high for these cases. For the 7, = 120
°C and T;, = 140 °C cases for EH10, the LTHR intensity is very
high and the pressure-temperature trajectories show very sharp
rises in both temperature and pressure as LTHR occurs. Such
conditions put PRFO at risk of knocking in the experimental en-
gine, though this did not occur for EH10—likely due to ethanol’s
high resistance to autoignition. This suggests that, despite its
inhibiting effects, blending in small proportions of ethanol could
help create safe, high LTHR conditions for advanced combustion
regimes by inhibiting the knocking associated with fuel com-
ponents (such as n-heptane) that are required to induce LTHR.
Examining the contours reveals that increasing ethanol content
has a significant effect on ignition delay. Moving from 0% to
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FIGURE 7: THE EFFECT OF ETHANOL CONTENT IN EH BLENDS
ONLTHR (AS INDICATED BY EXHAUST CO CONCENTRATION) FOR
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50% ethanol pushes the 100 ms ignition delay time region nearly
50 K higher, and the 1 ms region disappears rapidly with ethanol
content. The EHS50 trajectories in Figure 10 show meaningful
change in shape as inlet temperature increases, which is consis-
tent with the observed LTHR intensity. This is ultimately caused
by ethanol’s consumption of OH radicals strongly reducing the
low-temperature reactivity of the mixture.

3.3 Effect of Residuals on Low Temperature Heat Release
Figure 11 shows the average AHRR for the non-firing cycles
in the skip-fire test, and an AHRR trace at the same conditions
for the standard isolated LTHR method. The skip-fire cycles
are separated into two average traces: an average of the cycles
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FIGURE 8: PRESSURE-TEMPERATURE TRAJECTORIES OF CY-
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FIGURE 9: PRESSURE-TEMPERATURE TRAJECTORIES OF CY-
CLES FROM AN ENGINE MOTORED WITH EH20 AT A RANGE OF
INLET TEMPERATURES SUPERPOSED ONTO AN IGNITION DELAY
CONTOUR FOR EH20, DEFINED BY 50 K RISE IN TEMPERATURE

immediately following the fired cycle ("1 after") and an average
of the cycles that were two cycles after the fired cycle ("2 after").

Compared to the regular isolated LTHR cycles ("many af-
ter") and despite the engine coolant control, both skip fire cycle
sets will have experienced slightly elevated cylinder temperatures
due to the high temperatures generated by the HTHR cycle. Fur-
thermore, the temperature of the residuals in the "1 after” cycle
will be hotter. This explains the intensity and the phasing of the
AHRR traces in Figure 11, with both skip-fire cycles experienc-
ing approximately 15% higher heat release rate peaks compared
to the standard isolated case.

However, only the "1 after" cycles will have had a cylinder
containing residuals from high temperature, complete combus-
tion. Of the HTHR residuals, the species likely to have the biggest
impact on LTHR behaviour is nitric oxide (NO). Whilst there is
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FIGURE 11: APPARENT HEAT RELEASE RATE OF ISOLATED LTHR
FOR THE SKIP FIRING AND REGULAR CASES WITH PRF80

relatively little and sometimes conflicting evidence in the litera-
ture on the effect of NO on LTHR, small amounts of NO have
been shown to increase ignition delay time (and hence decrease
reactivity) of PRF mixtures at relatively low temperatures [28];
this would provide an inhibiting effect on LTHR [34]. This is
likely to be the explanation as to why the "2 after" cycles were
observed to have a higher total LTHR intensity (i.e. they released
more heat) than the "1 after" cycles in Figure 12.

3.4 Emissions/Chemical Products of Isolated Low

Temperature Heat Release

Exhaust emissions measurements from the FTIR exhaust
analyser and predictions from the 0D HCCI model are presented
in this section. Whilst the species and concentrations are dis-
cussed and presented here as "exhaust emissions" due to the iso-
lated LTHR methodology; they would ordinarily be considered
intermediate species, or more accurately, the products of LTHR.
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FOR THE SKIP FIRING AND REGULAR CASES WITH PRF80

These would be present in end gas and subsequently consumed
by HTHR (either deflagration or high temperature autoignition),
making them very difficult to quantify. As discussed in the in-
troduction, these species are of significant interest because they
determine the knocking behaviour in engine cycles where LTHR
occurs. The HCCI model provided satisfactory results at inlet
temperatures of 7i, = 100 °C and above, but performed relatively
poorly for 7;;, = 80 °C and lower, predicting no LTHR.

3.4.1 Formaldehyde. Formaldehyde is the simplest alde-
hyde and a highly toxic (carcinogenic) pollutant emission. It
is known to be a product of low temperature oxidation of PRFs
[19, 20] and is seen in very large quantities compared to stan-
dard combustion. However, it is easily consumed by HTHR
and further removed by exhaust aftertreatment so its presence in
the emissions from vehicles is very low—its presence here is a
function of the isolated LTHR methodology being used and not
representative of a vehicle exhaust emission [35]. Figure 13a
shows the very strong relationship between CO and hence LTHR
intensity. Formaldehyde can be considered a good marker for
the occurrence of LTHR during firing engine cycles because it
is consumed by HTHR. It also has much lower concentrations
during typical deflagration and it has a very strong relationship
to CO concentration (a very robust indicator of isolated LTHR
[29]). Figure 13b shows predicted formaldehyde concentration
against CO concentration from the OD simulation. The first ob-
servation to note is that, whilst the overall trend is in very good
agreement with the results in Figure 13a, the absolute values for
CO concentration were overpredicted by around 40% and the
formaldehyde concentration was overpredicted by the model by
around 30%; this suggests that the LTHR chemistry is modelled
reasonably accurately but with a small overprediction of the extent
of LTHR intensity. The points corresponding to the highest con-
centration of CO have associated formaldehyde concentrations
that do not fit with the monotonically increasing trend seen in
the rest of the predictions and in the experimental data—this also
applies to C3Hg in Figure 14b (discussed in more depth later).
Unsurprisingly, these points corresponded to highest tempera-
ture cases, which suggests two possible explanations: either the
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higher temperatures caused these species to further decompose
in the model towards CO and CO;, or the higher temperatures
favoured low-temperature oxidation pathways in the model that
were less favourable to their production in the first instance.

3.4.2 CO, and H,0.CO, is a greenhouse gas and a product of
complete combustion, alongside H,O. For complete combustion
at ¢ = 0.5, exhaust CO, concentration would be expected to be
around 65,000 ppm. Clearly, the CO; concentrations presented in
Figure 13a are significantly lower than would be expected from
complete combustion, though it is still present. All measure-
ments show a baseline measurement of about 440 ppm, i.e. the
CO; concentration in a well-ventilated lab environment. Figure
13b shows the predicted final CO, against LTHR intensity, as
indicated by CO concentration. Compared to the experimental
data, CO, concentration is significantly underpredicted by around
60%. One plausible explanation for this is that whilst the sim-
ulation results capture the behaviour as soon as exhaust valves
open, in the experimental studies there is an opportunity for CO
to oxidise to CO, before sampling, potentially via the water-gas
shift reaction, which would also account for some of the dis-
agreement in CO measurements. For H,O, the measurements
in Figure 13a and HCCI predictions in Figure 13b are in very
good agreement. While, initially there might seem to be some
fuel-dependent difference in baseline H,O in the measured data
(most notably with PRF75), this is almost certainly due to dif-
ferent humidity on the days of the tests (intake humidity was not
measured or controlled in these experiments)—this also explains
why no baseline concentration is present in the predictions.

3.4.3 Ethanol.The measured exhaust ethanol concentration
for the EH blends is plotted in Figure 13a. The data reveals a
very significant conclusion—there is considerable consumption
of ethanol as LTHR occurs. This, however, does not suggest
that ethanol contributes to the heat release from LTHR, rather,
ethanol is consumed whilst it inhibits LTHR by reacting with
OH radicals. Comparing the measurements to the predictions in
Figure 13b reveals good agreements between them—aside from
EHS50. In this case, it is the measurement that is inaccurate, it
disagrees with the theoretical calculation of initial concentration,
which is over 10x the range of the exhaust analyser. This is the
only test case in which the authors do not have confidence in the
above-specification emissions measurements, as discussed in the
methodology.

3.4.4 (Unburned) Hydrocarbons: CoHs, Cs3Hg,
C4He. Ethylene (C;H4), Propylene (C3Hg) and 1,3-Butadiene
(C4Hg) are all considered to be unburned hydrocarbons (UHCs)
and pollutant emissions. They are produced during LTHR
as products of the beta decomposition of larger hydrocarbons
[19, 20] and would ordinarily be almost entirely consumed by
deflagration. Figure 14a shows that there is a strong, propor-
tional relationship between both Co;H4 and C3Hg, and LTHR (as
indicated by exhaust CO concentration). The concentrations are
also noted to be very high compared to what would be expected
from standard deflagration combustion (HTHR), particularly
when considering the mixture was lean of stoichiometric. The
measured exhaust concentration of C4Hg was much reduced
compared to the smaller hydrocarbons. Furthermore, there was
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FIGURE 13: COMPARISON OF EXPERIMENTAL MEASUREMENTS AND HCCI MODEL PREDICTIONS OF EXHAUST GAS SPECIES FOLLOWING

ISOLATED LTHR

a clear, highly proportional and fuel-dependent trend for PRF50
(green) and PRF75 (blue), with different ratios depending on the
fuel’s iso-octane content; C4Hg were negligible for PRFO. This
trend is also present but less apparent in the C3Hg emissions and
the Co,H,4 emissions are slightly lower for PRF50 and PRF75 than
for the fuels that did not contain any iso-octane. The results from
the OD engine modelling of LTHR emissions of C,Hy4, C3Hg and
C4Hg are presented in Figure 14b. Generally, the trends are less
apparent than in the experimental results and there is significant
disagreement in the magnitude of the concentrations—in partic-
ular, the C,Hy concentrations are predicted to be 4x more than
the experimental exhaust measurements. Further oxidation of
C,Hy, whether it occurs during the engine cycle or in the exhaust,
does not seem to be captured by the model. The disagreement
for C4He is even more apparent, with an approximately 20x
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overprediction; the fuel-dependent behaviour is also absent. It is
not entirely clear why and further analysis would be required to
establish the cause of the disparity.

Considering all of the emissions reported in this section,
including CO suggests that most of the products of LTHR are
still unaccounted for. For the highest LTHR intensity case, just
1.5% of the potential CO, was formed (compared to complete
combustion). The remaining carbon atoms from the fuel appear
approximately as 10% CO, 3% formaldehyde and 5% in the UHCs
that were detected—this leaves over 80% of the carbon atoms
unaccounted for; some of this will be original fuel, but in high
LTHR intensity cases where the majority of the fuel is consumed,
there must therefore be a large mix of UHCs of various sizes
remaining as LTHR products. These UHCs are not detected
by the FTIR but would be detected by a conventional exhaust
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FIGURE 14: COMPARISON OF EXPERIMENTAL MEASUREMENTS AND HCCI MODEL PREDICTIONS

analyser such as a flame ionisation detector—and this will be
checked in future work.

3.5 Relative Fuel Component Consumption During LTHR

Figure 15 shows the fraction of each component in the fuel
blends that was consumed in the 7;, = 120 °C cases. Clearly,
n-heptane dominates, with 75-95% consumption for cases that
exhibited LTHR, with consumption (unsurprisingly) increasing
monotonically with LTHR intensity. In both sets of blends, de-
spite being the most reactive component, and the only component
to exhibit LTHR in its neat form at these conditions, n-heptane
was not the only component of the blends to be consumed. The
low temperature oxidation process for iso-octane is essentially the
same as it is for n-heptane [19, 20], hence the OH radicals that
are produced in the low temperature chain branching of n-heptane
could feasibly abstract hydrogen from iso-octane, initiating the
low temperature reactions in iso-octane that wouldn’t otherwise
be seen at the pressures and temperatures tested. Likewise, as
ethanol actively inhibits LTHR, it is consumed as it reacts with
the OH radicals produced by low temperature chain branching
[33]. Note that the ethanol consumption of approximately 40% is
in reasonable agreement with the FTIR emissions data in Figure
13a (with the exhaust of the reacting cases containing 50%—60%
of the ethanol measured in the cases where LTHR did not occur).
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Whilst this analysis highlights how much of each component was
consumed, it cannot be used to trace back and quantify the heat
release contributions of each component.

4. CONCLUSIONS

In this work, a motored engine was used to collect experi-
mental data on the effect of different binary blends of iso-octane &
n-heptane and ethanol & n-heptane on isolated low temperature
heat release (LTHR) behaviour at different inlet temperatures.
The experimental tests were also simulated in an HCCI engine
to compare exhaust product predictions and to determine the
consumption of each fuel blend component as LTHR occurred.
Finally, a skip-fire setup was used to examine the effects of high
temperature combustion residuals on LTHR. The experimental
results were analysed alongside ignition delay simulations which
were presented as contours. The results show:

* PRF blends up to 75% iso-octane exhibited LTHR at ele-
vated inlet temperatures. However, PRF100 did not at the
conditions tested. LTHR intensity always reduced as iso-
octane content increased in the blend with n-heptane.

* Similarly, ethanol content reduced LTHR intensity when
blended with n-heptane, having a much more dramatic effect
than iso-octane, due to OH scavenging by ethanol.
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* The effect of inlet temperature on isolated LTHR depends on
the specific fuel’s ignition delay characteristics, and the pres-
sure and temperature conditions that the mixture traverses
throughout its cycle. The more time the mixture resided
in the short ignition delay (by 50 K rise) region, the more
energy was released by LTHR.

» Experimental exhaust emissions measurements showed very
high concentrations of formaldehyde in exhaust from LTHR
cycles, with formaldehyde concentration having a strong
correlation with LTHR intensity. Such emissions would
likely not be present in vehicle emissions, nevertheless as
they are a combustion intermediate.

¢ Complete combustion products (CO, and H,O) were present
in much lower quantities than would be seen for com-
plete combustion. The unburned hydrocarbons ethene and
propene were measured in relatively high concentrations
whilst 1,3-butadiene was not.

* 0D HCCI modelling tended to overpredict exhaust species
concentrations compared to the experimental results, though
the trends were in broad agreement—with the exception of
1,3-butadiene which was hugely overpredicted by the model.

* HCCI modelling indicated that, despite iso-octane’s reduc-
ing effect on LTHR and it not exhibiting any LTHR in its sin-
gle component form, approximately 50% of the iso-octane
was consumed during LTHR of PRF50 and PRF75. Similar
behaviour was indicated with ethanol with approximately
40% consumption in the EH10 and EH20 blends.

* Residual effects from firing cycles had mixed effects on
LTHR behaviour in PRF80. The slightly elevated en-
gine temperatures increased peak heat release and advanced
LTHR phasing but the residual gases reduced overall LTHR
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intensity by approximately 10% for LTHR cycles that im-
mediately followed firing cycles.
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The results from this paper showed that whilst iso-octane didn’t undergo LTHR on its own at the conditions
tested, it did when blended with n-heptane, and 0D modelling suggests that iso-octane was consumed and
therefore involved in the process. Ethanol was found to have strongly inhibited LTHR—significantly more
so than iso-octane for a given volume blended with n-heptane. This paper initiated the study of combustion
residuals, finding that they reduced LTHR intensity, though further analysis is required as to what exactly is
causing the behaviour and why; hence, this topic is explored in greater depth in Section 3.3.

Note that Figure 12 in this paper presents cumulative heat release (CHR) traces that appear to drop later on
in the cycle. In the published version of this paper, the traces should have been curtailed at their maximum. The
apparent reduction in CHR is caused by imperfect isolation of heat transfer effects as opposed to any chemical

heat absorption phenomena.

3.2 Effectof Ethanol and Iso-octane Blends on Isolated Low Temperature Heat

Release in a Spark Ignition Engine

Following on from the previous study, this work also investigated the effect of ethanol, but in blends that more
closely resemble market fuels for spark ignition engines (at least in terms of octane number). To take the analysis
a step further, a sensitivity analysis is introduced, to determine the root cause of the effect ethanol has on PRF
LTHR.

This work was presented at the SAE Energy & Propulsion Conference & Exhibition where it won the 2023

SAE Excellence in Oral Presentation Award.

Contributions

» Ethanol was blended into iso-octane at different ratios to experimentally investigate its effect on LTHR

behaviour at a range of inlet conditions.

* Benefits and drawbacks of two LTHR indicators—exhaust carbon monoxide concentration and pressure-

derived heat release measurements—were demonstrated.

* A sensitivity analysis on first-stage ignition delay time is carried out to explain the effect of ethanol on

LTHR of iso-octane.
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1. Introduction

he contribution to global CO, emissions from light-

duty vehicles (LDVs) must be reduced as quickly and

effectively as possible to mitigate the effect of climate
change. At present, the vast majority of LDVs are propelled
by the internal combustion engine (ICE) [1]. One route to
reduce net CO, emissions from ICEs is the adoption of low-
carbon and carbon-neutral fuels such as biofuels and efuels.
Bioethanol is produced from biogenic matter and contains
carbon originating from CO, absorbed from the atmosphere
during photosynthesis. Its uptake is increasing due to its
ability to aid decarbonization from the existing vehicle fleet,
for example in the UK where standard gasoline moved from
E5to E10 (i.e., 5 to 10 %vol ethanol) in 2021. Despite its slightly
lower energy density, ethanol is a suitable candidate for a
drop-in fuel to replace or displace crude oil fractions thanks
to its high octane rating and lower combustion tempera-
tures—this allows for higher efficiency through the use of high
compression ratios, optimized ignition timing, and reduced
emissions [1, 2, 3].

Lean combustion, where the air-fuel ratio is weak of
stoichiometric, has the potential to increase the efficiency of
ICEs by 10-20% by improving the ratio of specific heats of
the mixture and reducing wall heat losses [4]. However, the
widespread adoption of lean operation in modern spark
ignition (SI) engines has been inhibited by its associated
challenges with ignition, combustion stability, and compat-
ibility with three-way catalysts to treat NO, emissions.
Problems with NO, emissions have been mostly solved with
either an advanced in-cylinder technique [5] or an on-board
aftertreatment system—which comes with an associated
efficiency penalty. Ignition and combustion control issues
are exaggerated during ultra-lean operation—a subset of
lean operation where the equivalence ratio (¢) is (here
defined as) less than 0.5 [6].

One potential remedy for the combustion control and
ignition problems with lean mixtures is low-temperature heat
release (LTHR); this is the phenomenon in which some of the
fuel-air mixture undergoes a slower, exothermic reaction at
relatively lower temperatures, producing intermediate species
prior to the main combustion event. These intermediate
species may have different combustion characteristics to the
original fuel, therefore harnessing and controlling the under-
lying reactions could be key to improving lean combustion.
LTHR is in contrast to high-temperature heat release (HTHR)
in the main combustion event—where the chemistry differs
and far more energy is released. HTHR is required for prac-
tical engine applications of combustion, whether it be caused
by the second stage of autoignition or a positive ignition source
such as a spark plug.

The source of LTHR is heat released from the first-stage
of two-stage autoignition, which is often associated with fuel
blends that exhibit negative temperature coefficient (NTC)
behavior. A fuel mixture that exhibits NTC behavior has a
non-monotonically decreasing relationship between ignition
delay time and mixture temperature at certain pressures. In

certain temperature ranges (depending on fuel), mixture reac-
tivity decreases due to unfavorable equilibrium rates of radical
forming reactions, ultimately leading to an ignition delay time
that increases with temperature [7].

Fuels that exhibit strong NTC behavior include iso-
octane (2,2,4-trimethylpentane) and n-heptane, the two
components of the primary reference fuels (PRFs), which are
used in the standard research octane number (RON) and
motor octane number (MON) tests [8, 9]. Alkane fuels, partic-
ularly straight-chained alkanes, are most likely to exhibit this
behavior, unlike alkenes and aromatics, which have different
low-temperature chemistry [7, 10].

Unlike iso-octane and n-heptane, ethanol does not
exhibit NTC behavior and therefore does not exhibit two-stage
autoignition; however, iso-octane-ethanol blends of up to
20 %vol ethanol have been shown to exhibit NTC behavior in
an ignition quality tester [11]. In other studies, introducing
ethanol into iso-octane blends in a homogeneous charge
compression ignition (HCCI) engine running at 600 and
900 rpm was shown to reduce LTHR peaks [12]. Furthermore,
ethanol has been observed to be more effective at radical scav-
enging than iso-octane [13].

The occurrence of LTHR in HCCI engines and gasoline
compression ignition (GCI) engines has been well reported
[14, 15, 16, 17]. In these engines, the occurrence of LTHR has
been taken advantage of to control combustion heat release
rate via partial fuel stratification [18]. Furthermore, LTHR has
been studied in reactivity-controlled compression ignition
(RCCI) engines, where the low-temperature reactions can
have an important role in curating varying degrees of charge
reactivity and therefore help control HTHR [19, 20, 21].

More recently, LTHR has been shown to also occur in
SI engines, occurring before the spark under certain
conditions—where it is termed pre-spark heat release (PSHR)
[22]. The occurrence of LTHR has been found to make knock
onset less sensitive to inlet temperature by moving the
mixture’s thermodynamic state into a long ignition delay (low
reactivity) region [22]. In other circumstances, the frequency
and intensity of low-speed pre-ignition have been found to
correlate with LTHR magnitude [23]. It has been hypothesized
that LTHR-induced changes in mixture composition increase
its laminar flame speed, which accelerates combustion [24],
this could ultimately lead to improved combustion efficiency,
particularly for ultra-lean operation where low flame speeds
can be a limiting factor.

The effect of engine and mixture parameters on LTHR
have been explored in previous studies [25, 26]:

* Increased inlet pressure generally encourages the
occurrence of LTHR onset and increases its magnitude
as higher pressures reduce ignition delay time.

¢ Increasing compression time by reducing engine speed
increases the magnitude of heat release by LTHR, by
allowing more time for chain-branching exothermic
reactions to occur. Increasing the compression time too
far allows the mixture sufficient time to progress to the
second stage of two-stage autoignition, resulting
in HTHR.

82



CHAPTER 3. CHEMICAL EFFECTS ON LOW TEMPERATURE HEAT RELEASE

Downloaded from SAE International by University of Oxford, Friday, August 16, 2024

White et al. / SAE Int. J. Fuels Lubr. / Volume 17, Issue 3, 2024 3

¢ The effect of increasing engine inlet temperature and
therefore compression temperature is nonlinear and
depends on many other factors. LTHR is more
prominent with increasing temperature until the
compression temperatures reach the NTC ignition delay
region, at which point LTHR intensity decreases. The
more time spent at temperatures corresponding to low
first-stage ignition delay (usually defined by a 50 K
temperature rise), the more prominent LTHR is. Hence,
increasing compression temperature can either increase
or decrease the strength of LTHR, depending on the
starting conditions.

* LTHR magnitude increases as equivalence ratio
increases due to reactivity enhancement, up until a
certain limit in direct injection engines, where the
thermal cooling effects of fueling overpower reactivity
enhancement, and LTHR is abruptly quenched.

To date, much research on LTHR has predominantly
centered around iso-octane and n-heptane, because they are
the two components of PRFs. However, these compounds,
with their pronounced NTC characteristics, do not compre-
hensively represent all elements of contemporary gasoline
blends. Octane sensitivity defines the difference between RON
and MON and therefore is implicitly tied to the NTC behavior
of iso-octane and n-heptane; fuels with the highest octane
sensitivity have demonstrated superior performance in some
tests, especially those mirroring modern engine conditions
[27] where LTHR was also present. Consequently, there is a
pressing need for a more nuanced understanding and quan-
tification of fuel performance that takes into account modern
engines and incorporates the effects of LTHR.

The chemistry of LTHR can be studied both experimen-
tally and computationally, via chemical kinetics simulations
of engines and ignition delay times in software packages such
as CHEMKIN.

In the past, investigating the effect on LTHR in SI engines,
of variables such as those above or others such as fuel blends,
has been challenging—pressure-derived heat release analysis
techniques cannot distinguish between LTHR and other
concurrent sources of heat release, such as HTHR from defla-
gration. A recently developed technique [25] is employed in
this work to investigate the effects of blending ethanol with
iso-octane on the occurrence of LTHR in isolation.

2. Methodology

2.1. Experimental Facility

The experimental investigations employed a single-cylinder,
gasoline direct injection engine based on a Ricardo Hydra
bottom end with technical specifications as detailed in Table 1.
The engine was connected to a 57 kW AC motoring dyna-
mometer (Vascat MAC-Q) that controlled speed (+1 rpm).
Fuel injection settings including timing, duration, and fuel
rail pressure were controlled with a Schaeffler Protronic ECU
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TABLE 1 Engine specifications.

Bore [mm] 83.0
Stroke [mm] 92.0
Displacement [cm?] 500.0
Compression ratio 10.56.1

Production direct injector centrally
mounted in cylinder head

Fuel injection system

using an ETAS INCA interface and the spark plug was
disabled. Intake pressure was maintained at desired levels
using an external boosting rig, with the throttle kept wide
open throughout. Intake air was heated using an electric
heater installed upstream of the throttle. Engine coolant and
oil temperatures were maintained at 90°C.

Inlet temperature and pressure were measured around
350 mm upstream of the inlet ports using a Druck UNIK 5000
pressure sensor and a 3 mm type K thermocouple, respec-
tively. The fuel flow rate was measured using a Coriolis Mass
Flow Meter (Siemens FC Mass 2100) and the airflow rate was
measured with a hot wire (Sierra-CP Airtrak 628S) flow meter.
Exhaust composition was measured with a Horiba
MEXA-ONE emissions analyzer. These parameters were
recorded at 1 Hz using a Sierra-CP CADET system for 30 s
per test. A water-cooled piezoelectric transducer (Kistler-
6041B) was used to measure cylinder pressure at a resolution
0f 0.1°CA using an AVL Indiset data acquisition system; these
high-speed measurements were recorded for 300 cycles at a
time. Data was post-processed with AVL Concerto and
bespoke MATLAB scripts. Further details about the test cell
can be found in previous publications [26, 28, 29].

2.2. Isolating LTHR

LTHR was induced by pressurizing and heating the inlet air
of the engine (which had SI geometry), as described in [25].
LTHR was isolated by disabling the spark, so as not to cause
deflagration, which would interfere with the heat release
phenomena and intermediate species. Boosting, inlet heating,
and speed were monitored so as not to induce HTHR from
the second stage of two-stage autoignition, in order to preserve
the engine (and because HTHR is not of interest for this study).

2.3. Operating Conditions

Tests were performed at a constant speed of 1500 rpm and
inlet pressure of 1.5 bar (absolute). A broad range of inlet
temperatures (40-140°C) were tested to maximize the
compression temperature range explored by the fuel-air
mixtures. Equivalence ratios of 0.5, 0.67, and 1.0 were chosen
in order to investigate the behavior at stoichiometric and lean
conditions, where the consequences of LTHR chemistry
are relevant.

Equivalence ratios were calculated from fuel and air flow
measurements, and verified from exhaust emissions using the
“Spindt” method [30] up to ¢ = 0.55. Beyond that, the exhaust
unburned hydrocarbon sensor started to saturate and only
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TABLE 2 Engine settings.

IVO [°CA aTDC] —352

IVC [°CA aTDC] —165

EVO [°CA aTDC] 159

EVC [°CA aTDC] 359

Speed [rpm] 1500

Injection pressure [bar] 140

Injection timing [°CA aTDC] —-300

Inlet temperature [°C] 40, 60, 80, 100, 120, 140
Inlet pressure (P;,) [bar] 1.5

Equivalence ratio (¢) 0.5, 0.67,1.0

the air and fuel flow measurements were used for determining
¢. Inlet temperatures were maintained within +2°C and
pressure within +0.01 bar. Engine settings are listed in Table 2.

2.4. Test Fuels

Table 3 shows the four two-component test fuels that were
blended from iso-octane and ethanol (both 99.5+% purity).
Fuels were coded (and will subsequently be referred to) using
“OE” and their %vol of ethanol: OE05 is 5% ethanol, for
example. Blends simulated computationally followed the same
rule, with the range of ethanol percentages extended. Blends
above 20% ethanol were not studied as this was the detectable
limit for LTHR in the conditions. The fuel system was
manually drained and then flushed for 25 minutes between
test runs with different fuels in order to avoid contamination.

2.5. Quantifying LTHR

To quantify the amount of energy released from LTHR, net
apparent heat release rate (AHRR), & (defined as the heat

hr ht

less than the heat transfer rate ) was

release rate

calculated in MATLAB using the crank angle, 6, based
pressure, p, and cylinder volume, V (calculated from engine
geometry) traces according to Equation 1 [31], using a constant
ratio of specific heats y = 1.35:

dQ, _dQ, dQ, _
dé de

de _y—lpﬁ y—1 dé

LA S e

To distinguish heat release Q,,, measurements originating
from isolated LTHR from heat transfer Q,, effects and other
assumptions, the calculated AHRR trace for a corresponding

TABLE 3 Test fuels.

Fuel OE0O0 OEO5 OE10 OE20
Iso-octane [%vol] 100.0 95.0 90.0 80.0
Ethanol [%vol] 0.0 5.0 10.0 20.0
Ethanol [%mass] 0.0 5.7 n.3 222
Ethanol [%mol] 0.0 13.0 24.0 41.5

© SAE International

© SAE International

unfueled, motored case was subtracted from the fueled case.
The start and end of LTHR were determined by finding points
around top dead center (TDC) where the AHRR of the fueled
case (with motoring case subtracted) deviated from zero. The
isolated LTHR methodology (as introduced by White et al.
[25]) meant that no HTHR was present and hence any heat
release from the calculated trace was deemed to be LTHR. The
AHRR was then integrated between the start and end bound-
aries to find the total heat release in Joules per cycle.

Cylinder temperature was calculated using the ideal gas
law with measurements of cylinder pressure, cylinder volume,
and estimations of cylinder contents.

2.6. Chemical Kinetics
Modeling and Sensitivity
Analysis

Ignition delay simulations were performed in CHEMKIN
using the closed homogeneous ignition delay model with a
constant volume. The simulations modeled reactions for 200
ms, and reported ignition delay defined by a 50 K rise in
temperature, in order to detect the relatively small rises in
temperature caused by LTHR, as in [22, 27]. Mixtures of air
and iso-octane were modeled at ¢ = 0.5 and ¢ = 1.0 using a
reduced Lawrence Livermore National Laboratory (LLNL)
gasoline surrogate mechanism with 165 species and 839 reac-
tions [32]. The contribution of each reaction within the mecha-
nism to LTHR was determined by performing a brute force
sensitivity analysis, modifying the rate constant, k, of each
reaction in turn and determining the subsequent effect on
ignition delay time, 7. The sensitivity coefficient, S, was calcu-
lated using Equation 2 [33], where the + and — subscripts
correspond to the cases with increased and decreased rate
constants, respectively. The simulations were run in
CHEMKIN, controlled by a version of Pysens [34], modified
to run on Windows 10.

~—

. log,, (r+/zg

= Eq. (2
logm(k+/k7) +@

2.7. CO as an Indicator of
LTHR

Before discussing the effect of ethanol content on LTHR, the
most effective metric for quantifying LTHR was determined.
Traditionally, pressure-derived apparent heat release methods
(as described in Section 2.5) have been used, and often lead
to satisfactory estimates when test points are similar and
LTHR is strong. However, when thermal effects are significant
and LTHR is weak (but present), this method ceases to give
perfectly accurate measurements. This is because heat transfer
effects are not fully ruled out and the precise methodology
regarding the start and end of LTHR can be subjective.
Reactions involved in LTHR lead to the formation of
carbon monoxide (CO), and hence the extent to which CO is
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m Exhaust carbon monoxide measurements versus total heat released by LTHR according to the pressure-based

methodology described in [25], for all fuels and inlet temperatures.
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present in exhaust gases has been shown to provide a good,
proportional, proxy for the intensity of LTHR when using the
isolated LTHR methodology [26]; note that this is not the case
when HTHR occurs alongside or after LTHR as the CO will
be oxidized during complete combustion.

Figure 1, which shows direct exhaust CO measurements
against estimated heat release using the pressure-derived
method, demonstrates the issue. It is particularly noticeable
in the fuels with higher ethanol content. In fact, test points
that showed no signs of LTHR (such as some OEI0 test points
and all OE20 test points) led to erroneous readings of over
207]. These readings are a result of differences in apparent heat
release traces between pure air and the non-reacting air-fuel
mixture, which stem from thermodynamic properties of
mixtures, such as heat capacities, and differing initial temper-
atures stemming from charge cooling.

In fact, the linear CO-LTHR relationship that is typically
observed can also be seen in this data, once it is split up into
separate fuel and equivalence ratio groups. Figure 2 shows
this, with the constant offset measurement error in LTHR for
the various combinations; OE20 is omitted as no signs of
LTHR were measured. The likely cause of this constant over-
estimation in pressure-derived LTHR measurement is
explained above. This overestimate also applied to OE00
points (at ¢ = 0.67 and ¢ = 1.0) that didn’t experience any
LTHR, hence they were not included in the linear
fitting process.

When this error (the x-intercept for each fuel equivalence
ratio combination in Figure 2) is plotted against the energy
“lost” to charge cooling (which itself is a function of fuel and
equivalence ratio) an approximate doubling trend is observed
(Figure 3). Charge cooling energy was calculated by multi-
plying the measured mass of fuel injected by the enthalpy of

85

vaporization, using data from [35]. This did not apply to the
pure iso-octane data set, where the error was minimal (0 to
—5 J)—apart from the stoichiometric case where increased
uncertainty in the pressure-derived measurements stopped
the correction method from working effectively.

The effect of this correction is shown in Figure 4 and
serves to demonstrate that carbon monoxide is a more effec-
tive indicator for LTHR intensity in this work.

3. Results

3.1. Effect of Ethanol on
Measured LTHR Intensity

Figure 5 shows an overview of the experimental results at all
the conditions tested. LTHR behavior of iso-octane is consis-
tent with trends in the literature; at the low equivalence ratio
point, LTHR occurred at all inlet temperatures, with the lower
inlet temperatures proving favorable. As the equivalence ratio
increased to 0.67, LTHR ceased at the lowest inlet temperature
and peaked around T, = 80°C. The inlet temperature for
which LTHR ceased decreased to around T;, = 60°C for the
stoichiometric case. This relatively sudden cutoft has been
attributed to the effect of charge cooling on the pressure-
temperature history and therefore autoignition chemistry of
fuel-air mixtures [6].

OEO05 displays a similar trend to iso-octane, albeit with
only around half the LTHR intensity; the LTHR peak also
occurs at higher temperatures—the precise reason for this
will be explained in Section 3.3. OE10 continues this trend,
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m Demonstration of the linear relationship between exhaust carbon monoxide measurements and total heat released
by LTHR (according to the pressure-based methodology), grouped up by equivalence ratio and test fuel for OE0O, OEOQS5,
and OET0.
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m The measurement error of the thermodynamic LTHR quantifying methodology (as implied by linear CO
measurements) plotted against calculated charge cooling energy for OEO5 and OE10 test points.
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m Exhaust carbon monoxide measurements versus total heat released by LTHR according to the pressure-based
methodology described—incorporating a correction offset, for all test points.
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with increasing inlet temperatures for maximum LTHR inten-
sity, with approximately half the LTHR occurring as indicated
by the exhaust CO.

Increasing the ethanol content in the fuel always
decreased the amount of LTHR observed for every test point;
this trend can clearly be seen in Figures 6 and 7. ¢ = 0.5 and
T;, = 120°C were chosen for plotting as they contained the
most data points, and the trends observed are representative
of all data that were collected. OE20 displayed no signs of
LTHR for any combination of inlet temperature or equivalence
ratio. The results are stark—the reduction in LTHR is far
greater than can be accounted for by the displacement of iso-
octane with a non-LTHR-exhibiting fuel in the blend. Instead,
the observed behavior must be accounted for by chemical and
physical effects resulting from the introduction of ethanol
into the iso-octane blends.

3.2. Effect of Ethanol on
LTHR Phasing

Increasing ethanol content was found to retard the phasing
of LTHR, as shown in Figure 8; a 10 %vol increase in ethanol
content delayed the CA50 of LTHR by as much as 15°CA. ¢ =
0.5 has been shown here as it contained the most data points
at different operating conditions; the other equivalence ratios
exhibited the same trends. The first-stage ignition delay times
for these blends are of the same order of magnitude of the
time the mixtures spend at elevated cylinder pressures and
temperatures, hence LTHR phasing is dependent on ignition
delay time and engine speed. Increasing ethanol content in
the blend increases first-stage ignition delay time, hence LTHR
occurs later for the higher ethanol blends.
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Comparison of Figures 5(c) and 8 suggest a strong rela-
tionship between LTHR intensity and phasing, which is
confirmed in Figure 9. LTHR is too slow and commencing too
late for high ethanol blends. This also explains the advancing-
then-retarding nature of the phasing as inlet
temperature increases.

3.3. Ilgnition Delay Analysis

LTHR originates from the heat released by fuels during the
first stage of autoignition, so ignition delay simulations can
be combined into an ignition delay contour, which represents
how reactive (with respect to LTHR) a given fuel-air mixture
is at different temperatures and pressures. The rate of progress
toward first-stage autoignition depends on the current ther-
modynamic state of a mixture—this changes rapidly in a
motoring engine, but in general, the further a mixture
progresses into the short ignition delay region—and the more
time it spends there—the more progress can be made toward
first-stage autoignition, the more heat will be released by
LTHR. In this section, specific cases for different fuels at a
range of equivalence ratios are analyzed.

The OEOQO trends observed in Figure 5(a) can be further
explained by analyzing the pressure—-temperature trajectories
(from inlet valve closing to 10°aTDC) in Figure 10, which are
overlaid onto an ignition delay contour of OE00 at ¢ = 1.0. In
these plots, the temperature and pressure axes refer to both
the temperature (and pressure) of the experimental data (in
the pressure-temperature trajectories) and the initial temper-
ature (and pressure) for each ignition delay simulation. The
three higher temperature cases penetrate the LTHR region—
the pressure-temperature space with relatively short ignition
delays. The effect of heat released from LTHR can be seen
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m Exhaust CO concentration (as a proxy for LTHR intensity) plotted for different fuel inlet temperatures and
equivalence ratios.

3000 T T T T T T
*  OEO00
x  OEO05 X
52500 | * OE10 X 1
© OE20
o
£
£
> 2000 B
®
3
< 1500 % 1
o
= X x
=
E 1000 1
Q.
=
8 st % X J
X
0 - - - . > : ¢
20 40 60 80 100 120 140 160
Inlet temperature (°C)
(a) ¢ =1
3000 T T T T T T
% OEO00
x  OEO05
52500 | * OE10 X 1
® OE20
[S]
ks] X
£
> 2000 B
2
2 X
£ 1500 - 1
o
T
[=
=
£ 1000 - x x 1
Q
=
o X
O 500 il
x X x
X
X X
0—*% ; : g :
20 40 60 80 100 120 140 160
Inlet temperature (°C)
(b) ¢ =0.67
3000 T T T
% OE00
*x  OEO05
52500 | * OE10 B
® OE20
Q
el
£
> 2000 1
®
C
2L
c
ﬁ_: 1500 [ X X b
T
'; X
< 1000 - X 1
g
= X X X
o]
O 500 X 4
X X X ©
X ¥ X x g
L N~ ©
0 > g
20 40 60 80 100 120 140 160 g
Inlet temperature (°C) E
(c)9=05 4

88



CHAPTER 3. CHEMICAL EFFECTS ON LOW TEMPERATURE HEAT RELEASE

Downloaded from SAE International by University of Oxford, Friday, August 16, 2024

White et al. / SAE Int. J. Fuels Lubr. / Volume 17, Issue 3, 2024 9

m Exhaust CO concentration plotted against fuel ethanol content (%vol) for T;, = 120°C.
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directly in the trajectories—there is a sharp temperature
increase at around 32 bar, caused by the temperature rise
associated with LTHR. The T;,, = 100°C and T;,, = 120°C cases
traverse the regions with the shortest ignition delay, explaining
why these points exhibited the greatest LTHR intensity in
Figure 5(a).

Similarly, the OE05 trends observed in Figure 5(c) can
be explained by analyzing Figure 11, which shows cylinder
pressure-temperature trajectories overlaid onto an ignition
delay contour of OE05 at ¢ = 0.5. The trajectories corre-
sponding to inlet temperatures of T}, = 60°C and T;, = 80°C
traverse the region with the shortest ignition delay, i.e., the
most reactive low-temperature region—this explains why the
T;, = 60°C and T;,, = 80°C cases exhibited the greatest LTHR

1

for OEO5 at this equivalence ratio. The effect of the heat release
from LTHR can be observed in the trajectories directly: the
T;, = 40°C and T,, = 100°C and greater cases display a
“hooking” shape, where cylinder temperature is lower after
TDC than it was at the corresponding compression pressure
due to heat transfer losses. Meanwhile, the T;, = 60°C and T;,,
= 80°C cases approximately trace back on themselves,
suggesting that the heat released by LTHR approximately
balances heat losses to heat transfer at the walls.

In Figure 12 the three trajectories 100°C, 120°C, and
140°C increase their penetration into the LTHR region with
increasing inlet temperature. LTHR is only observed for the
two highest inlet temperature cases for OE10 in Figure 5(a),
which is consistent with these trajectories.

m Exhaust CO concentration plotted against fuel ethanol content (%vol) for ¢ = 0.5.
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m LTHR CA50 plotted for different fuels and inlet temperatures at ¢ = 0.5.
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The pressure-temperature trajectories for OE20 all show
the hooking behavior consistent with non-reacting cases. The
ignition delay contour for OE20 lacks the large LTHR region
displayed by the lower ethanol content fuels and hence none
of the trajectories reach regions where the ignition delay is
less than 0.01 s; the lack of LTHR observed in Figure 5(c) is
not surprising (Figure 13).

To compare the reactivity and thermodynamic differ-
ences in the fuels directly, pressure-temperature trajectories
of the four fuel blends are shown in Figure 14; a (dashed) line
of constant ignition delay (10 ms) is also plotted for each fuel
to compare their reactivity. A total of 10 ms was chosen as it

corresponds to 90°CA at 1500 rpm—i.e., 45°CA either side of
TDC, where pressures and temperatures are raised. The
dashed lines show the decrease in reactivity as ethanol content
increases, with the 10 ms line for OE20 being out of reach of
the pressure-temperature trajectory at T;, = 80°C, ¢ = 0.5.
The trends shown at these inlet conditions are representative
of the full dataset.

The effects of charge cooling (which increases with
ethanol content) can be seen in Figure 14(a) with the trajec-
tories of the high ethanol fuels coming in at slightly reduced
temperatures, though this behavior is not entirely consistent
and its effect is smaller than the reactivity differences, with a

m LTHR CA50 plotted against exhaust CO concentration at ¢ = 0.5.
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IGITEERLY Pressure-temperature trajectories for OEQO test points with varying inlet temperatures from T;, = 40°C to
Tin = 120°C, superimposed onto an ignition delay contour (defined by a 50 K rise in temperature) for OEOO at ¢ = 1.
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m Pressure-temperature trajectories for OEOS5 test points with varying inlet temperatures from T, = 40°C to
Tin = 140°C, superimposed onto an ignition delay contour (defined by a 50 K rise in temperature) for OEO5 at ¢ = 0.5.
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m Pressure-temperature trajectories for OE10 test points with varying inlet temperatures from 7;, =100°C to
Tin = 140°C, superimposed onto an ignition delay contour (defined by a 50 K rise in temperature) for OE10 at ¢ = 1.

m Pressure-temperature trajectories for OE20 test points with varying inlet temperatures from T;, = 40°C to
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Tin = 140°C, superimposed onto an ignition delay contour (defined by a 50 K rise in temperature) for OE20 at ¢ = 0.5.
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m Pressure-temperature trajectories of test points for each fuel, displayed on top of corresponding dashed lines of

constant ignition delay of 10 ms.
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decreasing fraction of each fuel’s pressure-temperature trajec-
tory residing in the sub-10 ms region as ethanol content
increases. Comparing the two sets of inlet conditions showed
that the effect of ethanol at T;;, = 120°C at ¢ = 1 seemed to
be more significant. This is because, despite the high inlet
temperature, the charge cooling associated with more mass
injected reduces temperatures overall throughout the cycle,
giving only the lowest ethanol blends the opportunity to
undergo first-stage autoignition.

While the above plots show which parts of the LTHR
region the pressure-temperature trajectories interact with,
they do not directly measure time resided in these regions. In
a system where the thermodynamic conditions and therefore
the ignition delay is nonconstant, the Livengood-Wu (LW)

93

OE00
OE05
OE10 |
OE20
— — —10ms
10 1 1
700 750 800 850

Temperature (K)
(b) T, =120°C at ¢ = 1

integral (Equation 3) can be used to quantify progress toward
the continuously changing target of ignition delay time for a
given fuel-air mixture.

LW:j dt

2 7(T(1)-P(1))

Figure 15 shows a scatter plot of the evaluation of this
integral between the times corresponding to intake valve
closing (IVC) and exhaust valve opening (EVO), against the
measured exhaust CO concentration. A value of unity corre-
sponds to the mixture reaching its first-stage ignition delay
on average, and the plot shows that all data points with a LW
score of greater than one show significant LTHR intensity—in

Eq. (3)
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m Ignition delay progress, as calculated by the Livengood-Wu integral between IVC and EVO, plotted against exhaust
CO concentration.
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fact, every point with a score above 0.6 shows some LTHR as
indicated by CO. Conversely, points with a score of less than
0.4 show little-to-no LTHR behavior. It is not entirely
surprising that test cases with scores between 0.6 and 1 show
some LTHR behavior; this can be attributed to two reasons:
slight inhomogeneities in-cylinder temperatures and equiva-
lence ratios, and more importantly, the fact that some heat is
released prior to reaching the peak of first-stage autoignition.

Figure 16 shows an example time series of temperature
during an ignition delay simulation. For OE00 to OEI10, two

distinct rises in temperature are clearly seen. For maximum
LTHR intensity, it is necessary to move the thermodynamic
stage of a mixture into a region with very short first-stage
ignition delay—however, the second-stage ignition delay
(defined by the steepest rise in temperature) must also be rela-
tively long, to minimize the chances of the LTHR developing
into undesirable HTHR, such as in White et al. [25].

The regions of pressure-temperature space where the
difference between first-stage and second-stage ignition delays
are greatest (but first stage is still short enough for LTHR to

m Ignition delay time series simulations for the four fuels in a constant volume reactor with 7, = 775°C and

P, = 28 bar.
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m A contour showing the difference between first- and second-stage ignition delay time for OEOO at ¢ = 1.
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occur in engine timescales) are shown in Figure 17; the key
region for LTHR in OEO00 is 760-800 K, 26-33 bar, which is
chosen for further exploration with an ignition delay time
(brute force) sensitivity analysis.

3.4. Chemical Mechanism
Analysis

A sensitivity analysis can be used to explain the fundamental
cause of the results seen in this work. The most sensitive reac-
tions are shown in Figure 18. A positive sensitivity coefficient
means increasing the reaction rate increases the ignition delay
time, which is not conducive to LTHR. Meanwhile, a negative
sensitivity coefficient means that increasing reaction rate leads
to a shorter wait for a 50 K rise, hence making a positive
contribution to the occurrence of LTHR.

The four equations for hydrogen abstraction from iso-
octane by a hydroxyl radical (reaction R.1) are among the
reactions with the highest sensitivity coefficients (appearing
first, third, sixth, and eight from the top in Figure 18):

iCH+OH < xC,H,, +H,0 Eq. (R.1)

The x represents the four distinct sites for hydrogen
abstraction. A and D are the 1° carbon atoms (first and fifth
along the chain, respectively), B corresponds to the 2° carbon
atom, and C represents the 3° carbon atom.

Reaction R.2, hydrogen abstraction from ethanol (fifth
from the top), also has a large sensitivity coefficient:

C,H.OH +OH < sC,H,0H + H,0 Eq. (R.2)
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Reaction R.3 (second from the top of Figure 18) forms an
OH radical alongside a carbonyl hydroperoxide molecule form
the isomerization of the peroxy-alkylhydroperoxide
(0O,QOO0H) radical [36]. It is known to have a strong negative
sensitivity due to its involvement in the low-temperature
chain-branching process—the carbonyl hydroperoxide
molecule subsequently decomposes to form a carbonyl radical
and a second OH radical, i.e., two radicals from a
stable molecule.

aC,H,,OOH-bO, <> iC.ketab+OH Eq. (R.3)

Meanwhile, reaction R.4 (fourth from top), the decom-
position of a hydroperoxyalkyl radical (QOOH) to a cyclic
ether and OH radical is known to have a strong positive sensi-
tivity coeflicient because it does not promote the route to
chain-branching reactions such as reaction R.3 [36].

aC,H ,OOH-b < iC,eterab+OH Eq. (R4)

Reaction R.5 (seventh from top), alkylperoxy radical
isomerization to a hydroperoxyalkyl radical (RO, «
= QOOH), does not directly involve OH radicals, but is a
precursor to reaction R.3 and the subsequent chain branching
and hence has a strong negative sensitivity coeflicient [36].

aC,H, 0, < aC,H,,00H-b Eq. (R.5)

As ethanol content in the fuel increases, the positive sensi-
tivity of hydrogen abstraction from ethanol (reaction R.2)
increases; meanwhile the negative sensitivities of the hydrogen
abstraction of iso-octane by OH reactions increase (reaction
R.1), alongside reaction R.3. This suggests that there is compe-
tition for the OH radical and that by introducing ethanol into
the fuel blend, the OH radical pool is reduced, slowing down
the low-temperature reactions (as evidenced by their
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m Sensitivity coefficients for the sensitivity of ignition delay time (by 50 K rise) to reactions in the chemical kinetics
mechanism that was used to simulate the four fuels in a constant volume reactor with 7, = 775°C and P, = 28 bar.
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increasing ignition delay times) until ultimately they are
longer than the time fuel-air mixtures spent at high compres-
sion temperatures and pressures, resulting in the observed
behavior of LTHR being strongly inhibited in the
motoring engine.

The C version of the hydrogen abstraction from iso-
octane by a hydroxyl radical (reaction R.1) had a significant
positive sensitivity but did not show a significant effect on
ethanol ratio. This is in contrast with the three other hydrogen
abstraction reactions, which had negative sensitivity coeffi-
cients that increased with ethanol content. The site of initial
hydrogen abstraction has implications further on in the low-
temperature oxidation of iso-octane; in the absence of any
ethanol, the four sites are effectively in competition with each
other for OH radicals. The C-type reaction involves an internal
carbon, and some of the subsequent reactions, such as alkyl
radical decomposition (reaction type 3 in reference [36]) have
a higher activation energy than for A-, B-, and D-type reac-
tions, which is less conducive to LTHR—but not dependent
on the presence of ethanol.

4. Conclusions

In this work, experimental LTHR results of binary mixtures
of iso-octane and ethanol were obtained using a motored
engine with inlet temperatures of 40°C to 140°C at equivalence
ratios of 0.5, 0.67, and 1.0 with boosted (1.5 barA) conditions.
Both pressure-derived and carbon monoxide emission
measurements were used to determine LTHR intensity. These
experimental results were analyzed with the help of ignition

-1 -0.5 0 0.5 1 1.5
Sensitivity coefficient

© SAE International

delay contours, and a sensitivity analysis, obtained from
accompanying chemical kinetics modeling.
The results show that:

¢ Exhaust carbon monoxide concentration is proportional
to the heat released from LTHR for each fuel and
equivalence ratio group.

* Blending ethanol into iso-octane in relatively small
quantities has drastic inhibiting effects on the blend’s
LTHR behavior—much more than can be accounted for
by the displacement of iso-octane molecules by non-
LTHR exhibiting molecules. Blends of 20 %vol ethanol
exhibited no LTHR at the conditions tested.

* The LW integral has been shown to be a good predictor
of LTHR occurrence, given the pressure-temperature
history of a mixture.

¢ The differences in first-stage ignition delay times of the
fuels—and ultimately the behavior observed in this
work—can be explained by the effect of ethanol’s
introduction on the pool of OH radicals, which are
heavily involved in the initiation of low-temperature
oxidation of iso-octane (by hydrogen abstraction) and
the subsequent chain-branching reactions related
to LTHR.
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Nomenclature

ACI - Advanced compression ignition
AHRR - Apparent heat release rate

AT - Autoignition

°CA - Crank angle degrees

CAS50 - CA location at 50% heat release point
CALI - Controlled autoignition

CHR - Cumulative heat release

CO - Carbon monoxide

EVC - Exhaust valve closing

EVO - Exhaust valve opening

GCI - Gasoline compression ignition

HCCI - Homogenous charge compression ignition
ICE - Internal combustion engine

IVC - Intake valve closing

IVO - Intake valve opening

k - Chemical reaction rate

LTHR - Low-temperature heat release

LW - Livengood-Wu progress variable

NTC - Negative temperature coefficient
OExx - Iso-octane-ethanol blend with xx %vol ethanol
P - Pressure

PRF - Primary reference fuel

SI - Spark ignition

T - Temperature

TDC - Top dead center

V - Volume

¢ - Fuel-air equivalence ratio

7 - Ignition delay time
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In this section, the limitations of the AHRR-based methodology discussed in Section 2.1.1 are very apparent
in this work, and hence the value of the exhaust carbon monoxide concentration-based method, first demon-
strated in Section 2.2 can clearly be seen. When exhaust composition data can be measured, the CO-based
method would be highly preferred for making accurate comparisons between test points with little in common
with each other, for example different fuels, equivalence ratios and inlet pressures. The primary drawback of
the method is that it does not quantify the heat released in Joules, so it would require calibration from another
technique in such circumstances.

Results relating to the effect of ethanol are consistent with the results in Section 3.1. The sensitivity analysis
in this work showed the increasing significance of the competition between ethanol and iso-octane molecules
for OH radicals, this behaviour is highly likely to also occur with n-heptane (since the low temperature oxidation

mechanism is the same).

3.3 Effects of Nitric Oxide on Isolated Low Temperature Heat Release in Spark
Ignition Engines

Following on from the initial residuals experiment in Section 3.1, an alternative approach is employed, focusing
on nitric oxide (NO), which is directly seeded into inlet air in this study. This study also takes advantage of the
sensitivity analysis, as used in the previous paper, to delve deeper towards the chemical reactions that determine
the behaviour observed in experiments. Furthermore, since the topic of NO and iso-octane has not been well
studied or modelled, the study includes a test of the behaviour of three popular chemical kinetic mechanisms

that contain NO,. sub-models under LTHR relevant conditions.

Contributions

» The effect of seeding nitric oxide into the inlet air on isolated LTHR from iso-octane is investigated

experimentally and computationally.

* The performance of popular gasoline surrogate chemical kinetic mechanisms were assessed at LTHR

relevant conditions.

+ A sensitivity analysis on first-stage ignition delay time is carried out to explain the effect of nitric oxide

concentration on the LTHR of iso-octane.
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ABSTRACT

Low temperature heat release (LTHR) is a phenomenon of interest in both spark ignition (SI) engines and in
advanced compression ignition (ACI) engines. Previous studies have demonstrated and investigated LTHR in
both ACI and SI engines before the main heat release event and recently, LTHR has been isolated in SI engines
by modifying the in-cylinder thermal state during compression and disabling the spark discharge. Nitric Oxide
(NO) is a common by-product of combustion in engines. It is formed mostly by oxidation of nitrogen from
the air at high temperatures and has been shown to be one of the most reactive residual gas components
since it can affect hydrocarbon combustion in small quantities (as low as 30 ppm). In this work, isolated
LTHR has been studied under varying levels of NO. Tests were performed on a motored single-cylinder spark
ignition engine with inlet air temperatures and pressures adjusted to realise isolated LTHR from mixtures of
air, iso-octane (2,2,4-trimethylpentane) and NO. The mixtures were tested with inlet temperatures of 60 °C
and 100 °C at an equivalence ratio (¢) of 0.5 with boosted (1.5 barA) inlet air conditions.

The results show that, contrary to most other published work, the LTHR decreased with increasing
NO concentrations for all but one condition tested and NO was shown to inhibit LTHR entirely at higher
concentrations. The effect of temperature, pressure, and NO concentration on ignition delay times calculated
using a recently developed chemical mechanism are presented alongside experimental pressure-temperature
trajectories of the in-cylinder gases to explain the trends. The underlying cause of the trends is explained
by using sensitivity analysis to determine the contribution of each reaction within the chemical kinetic
mechanism to first-stage ignition, revealing the effect of introducing nitric oxide on the reaction pathways,
radical consumption and therefore resulting ignition delay contours and ultimately, LTHR intensity.

Novelty and significance statement

The effect of nitric oxide (NO) on low temperature heat release (LTHR) has been studied in models but
rarely experimentally. Previously, NO was thought to promote LTHR in internal combustion engines. However,
this work, looking at the effect of NO on LTHR from iso-octane (2,2,4-Trimethylpentane)-air mixtures at
different inlet temperatures, shows that, in general, NO inhibits LTHR. Different chemical kinetics mechanisms
are used to explore this behaviour and a recent mechanism from Fang et al. is shown to capture well the
behaviour observed experimentally.

1. Introduction

like end-gas auto-ignition (“knocking”) [3] or stochastic preignition
(“superknock” or “low-speed pre-ignition (LSPI)”) [4].

Low-temperature heat release (LTHR), refers to exothermic reac-
tions taking place at relatively low (<850 K) mixture temperatures.
Reactions taking place at higher temperatures (>1200 K) are charac-
terised as high-temperature heat release (HTHR) [1]. LTHR reactions
influence the composition of combustion mixtures in internal combus-
tion engines and consequently the phasing and intensity of chemical
energy release [2]. They can also trigger abnormal combustion events

* Corresponding author.
E-mail address: felix.leach@eng.ox.ac.uk (F.C.P. Leach).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.combustflame.2024.113921

Understanding the thermo-chemical phenomena that occur during
these early, and background, heat release events is thus essential for
precisely controlling their effect on overall combustion and therefore
on engine performance, efficiency, and emissions. LTHR behaviour
depends on a combination of mixture reactivity (which is commonly
indexed by the ignition delay (ID) time), pressure and temperature.
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Typically, ID decreases monotonically as fuel-air mixture tempera-
tures increase. However, for certain fuels, this relationship is non-
monotonic due to the presence of a negative temperature coefficient
(NTC) region [5]. It is these fuels that exhibit LTHR.

The predominant thermal propulsion system for light duty vehicles
is the gasoline engine, which makes up approximately 80% of the
global fleet [6]. Improved combustion control in gasoline engines, thus,
presents an opportunity for significant CO, and pollutant emissions
reduction. The potential of tailoring or managing LTHR in such engines
has been revealed in previous gasoline LTHR work, for example, it can
enable stable ultra-lean combustion [7], mitigate knock (provided the
fuel has significant NTC behaviour) [8] and improve compression igni-
tion control [9,10]. In particular, the effects of fuels and ignition delay
on knock mitigation have been studied comprehensively by Kalaskar
et al. [11] and Boehman et al. [12]. A strong determinant of gasoline
LTHR intensity are residual combustion species in the reacting mixture.

With regards to the effect of LTHR on LSPI initiation, pre-ignition
events can be made more likely by a reduction in ignition delay in
the relatively low temperatures around a hot spot, hence strong NTC
behaviour can make pre-ignition events more likely. This can be from
the fuel (if it exhibits LTHR chemistry, likely due to NTC behaviour)
and/or from lubricants that often have long carbon chain components
that exhibit NTC behaviour. Once a pre-ignition event has occurred,
the state of the end gas determines whether the pre-ignition events
will lead to end gas auto-ignition (superknock) or not - end gas NTC
characteristics can affect this and determine whether the subsequent
combustion would be deflagrative or detonative [4,13].

The current work investigates the effect of nitric oxide (NO), a
common residual gas species, concentration on LTHR in gasoline en-
gines under different thermal conditions. Nitric oxide is formed mostly
(at least when there is no fuel-bound nitrogen) by oxidation of ni-
trogen from the air at high temperatures via the thermal (Zeldovich)
mechanism [14]. It is found in significant quantities in the products
of engine combustion which, via internal or external exhaust gas re-
circulation (EGR), make it a part of pre-combustion mixtures [15].
The quantity, composition, and thermal state of EGR affect combustion
and emission formation reactions. The net effect of EGR results from
interplays between its dilution, heat capacity, chemical, and charge
heating influences [16]. These effects can manifest via HTHR and/or
through LTHR reactions. For example, Sjoberg et al. [17] found that
fuel reformation reactions in partially firing cycles increased residual
mixture reactivity and strengthened LTHR in succeeding cycles.

NO present in residual mixtures has been shown to have a strong
reactivity-promoting, and consequently LTHR-promoting, effect on hy-
drocarbon combustion, even when it is present in small (<100 ppm)
quantities [15,18-21]. LTHR promotion refers to the shortening of the
first-stage (LTHR) ID, which serves to weaken the NTC behaviour of
two-stage chemistry fuels [20,22,23]. This is qualitatively illustrated
in Fig. 1.

The intensity of NO’s influence on LTHR depends on mixture tem-
perature and NO concentration, and to a lesser extent on the pressure
and equivalence ratio (¢) of the mixture [19,20,23].

Moréac et al. [18] looked at air/iso-octane mixtures in a jet-stirred
reactor at different conditions (10 bar, 550-1000 K, ¢ = 1, 50 ppm
NO), and found that NO addition did not affect heat release until 750
K, after which it promoted iso-octane oxidation. In a recent study in
a jet-stirred reactor, Tang et al. [24] added up to 500 ppm of NO to
air/iso-octane mixtures at 1 bar and a range of temperatures (600-
1100 K) and equivalence ratios (¢ = 0.2 to 1.5). NO addition enhanced
fuel reactivity, however, the enhancement effect saturated at around
200 ppm NO and became slightly weaker as mixtures became richer.
Am Ano and Dryer investigated NO and NO, addition to methane-air
mixtures. They found that even small (ppm) quantities of NO improved
the autoignition and oxidative behaviour of methane but that chemical
mechanisms struggled to describe the behaviour [21]. Song et al. [20]
studied the effect of NO (up to 1000 ppm) in EGR on iso-octane
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Fig. 1. Qualitative illustration of LTHR reactivity promoting and inhibiting effects of
NO addition. Based on results in [20,23].

reactivity in a rapid compression machine at a range of conditions (20—
30 bar, 600-950 K, ¢ = 0.6-1.4). NO addition enhanced reactivity
slightly in the LTHR region (667-732 K) and much more at higher
temperatures. Moreover, increasing NO concentration amplified the
promotion effect.

In these studies, the chain-propagating reaction R1 has been found
to be a key reactivity-promoting reaction [15,18,20]. In it, NO oxidises
to NO,, and converts less reactive hydroperoxyl radicals to highly
reactive hydroxyl radicals.

NO + HO; <= NO, + OH' (R1)

Reaction R1 is more active at high temperatures where it is also
supported by high HO, availability. Increased production of H and O
radicals at high temperatures helps initialise hydrocarbon fuel oxida-
tion and generate HO, via H-abstraction [19,20]. At low temperatures,
HO, radicals can be produced by reactions between the hydrocarbon
fuel and OH radicals, with intermediate reactions between O, and
alkyl-hydroperoxy groups that also generate OH [25]. The intensity of
the reactivity-promoting effect of NO has been reported to decrease for
mixtures with increased NTC characteristics as the drop in temperature
significantly reduces reaction R1 activity, which has relatively high
activation energy [26]. The NO, produced in reaction R1 can also
promote mixture reactivity by reacting with H atoms [18].

Fang et al. [19] studied the effects of low concentrations (<70 ppm)
of NO in air/iso-octane mixtures using a rapid compression machine.
At 20 bar and low temperatures (<646 K), first stage decreased when
NO concentration was increased up to 30 ppm, however, an inhibiting
effect (i.e. an increase in ignition delay time) was observed with NO
concentrations greater than 30 ppm. This suggests that it could be pos-
sible for NO to have an LTHR-inhibiting effect. At 640 to 750 K mixture
temperatures, NO addition had a non-monotonic reactivity-promoting
effect resulting from a trade-off between two NO-consuming reactions,
reaction R1 and reaction R2. Excess NO reacted with RO, via reaction
R2. RO, is an important intermediate species for HO, production. Thus,
HO, production and reaction R1 activity reduced.

RO, + NO <= RO’ + NO, (R2)

Contino et al. [23] studied the effects of NO addition (30-400 ppm)
computationally at high pressures (40 bar) for a range of air/iso-
octane mixtures (¢ = 0.3, 650-1100 K) in a constant volume cham-
ber. NO strongly promoted reactivity between 750 and 950 K, and
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less strongly beyond 1000 K. Reaction R1 was the major reactivity-
promoting pathway, consuming 75% of the total NO at 800 K (200 ppm
NO).

In internal combustion engines, rather than in reactors, thermo-
chemical conditions cannot be controlled independently and precisely
as in various combustion reactors. To highlight the net effects of NO
addition in gasoline engines, a few examples of engine studies are
presented next.

Iso-octane fuelled HCCI engine experiments by Contino et al. [23]
mixed up to 500 ppm of NO with the fresh charge. A stronger,
monotonic reduction in ID was observed upon increasing NO con-
centration than in comparable experiments with n-heptane. Across
iso-octane experiments, NO-induced reactivity promotion was stronger
when LTHR was weak (“cool flame to main flame ratio” was low).
Masurier et al. [27] experimentally observed significant reactivity
enhancement in an iso-octane HCCI engine when 20 ppm of NO was
introduced. Supporting chemical kinetics modelling showed a reduction
in ID throughout the temperature range (666 to 1000 K) studied. The
reduction was most pronounced between 750 and 850 K.

Chen et al. [28] experimentally studied the effect of NO addition (up
to 800 ppm) on knocking at multiple inlet temperatures (52 to 200 °C)
and a range of equivalence ratios (¢ = 0.7 to 1.1) in a CFR engine fuelled
by iso-octane. The reactivity enhancement effect of NO addition mani-
fested as advanced knock onset, and was generally stronger for leaner
mixtures and higher temperatures. The enhancement was maximum for
lean mixtures at low NO levels (25 ppm) while for richer mixtures,
reactivity increased with increasing NO concentration.

In motored engine experiments, Yu et al. [25] dosed a hydrocar-
bon fuel (propane, up to 4000 ppm) and NO (up to 500 ppm) to
the inlet air, and tracked NO to NO, conversion via reaction R1.
Increasing NO concentration up to 300 ppm increased reaction R1
activity, and thus encouraged LTHR. This registered as an increase
in exhaust NO, concentration. Beyond 300 ppm NO, exhaust NO,
concentration dropped rapidly. This was attributed to low HC:NO ratio,
which led to insufficient production of HO, radicals by fuel oxidation.
Formaldehyde and CO, which are common by-products of reactions in
the reaction R1 chain, were also measured and were found to exhibit
similar trends as NO,. DelVescovo et al. [22] performed extensive
chemical kinetics modelling of iso-octane pre-spark heat release to com-
plement experimental engine investigations. They found that doubling
the concentration of NO in the residual gas fraction from 1421 ppm
had an LTHR reactivity-promoting effect.

As shown by the above-referenced examples, the effects of NO on re-
activity have been studied using rapid compression machines [19,20],
shock tubes [29], jet-stirred reactors [18], constant volume spray cham-
bers [15], and reciprocating engines [23,25]. While these combustion
apparatuses can generate high-fidelity chemical reaction data, they can-
not be readily used for isolated investigations into the chemical effects
of NO addition at engine-relevant conditions and time scales. Use of
motored engines to investigate the relationship between knock onset
and fuel chemistry is not new. Sturgis investigated this as long ago
as 1955 [30] and Szybist et al. examined diesel-like fuels albeit with
combined LTHR and HTHR [31]. A recently developed engine-based
isolated LTHR investigation technique [32] can help bridge this gap. It
achieves isolated LTHR by motoring (without ignition) a gasoline direct
injection engine at high intake temperatures and pressures to realise
LTHR without triggering HTHR.

Previous iso-octane LTHR investigations using this technique have
explored the effects of changing mixture temperature, pressure, and
composition [32,33]. This work builds on those studies and investigates
the effect of adding NO to mixtures exhibiting LTHR in direct-injected
gasoline engines, including at conditions relevant for boosted engines.
The technique is well-suited for such an investigation because it allows
holding boundary conditions constant while only changing NO concen-
tration. This permits the study of the chemical effects of NO on iso-
octane LTHR in engines without confounding effects from non-chemical
(dilution/thermal) influences.
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Table 1

Engine specifications.
Bore [mm] 83.0
Stroke [mm] 92.0
Displacement [cm?] 500.0
Compression ratio 10.56:1
IVO [°CA aTDC] -352
IVC [°CA aTDC] -165
EVO [°CA aTDC] 159
EVC [°CA aTDC] 359

Fuel injection system Production direct injector
centrally mounted in

cylinder head

Table 2
Engine instrumentation.

Measured quantity Sensor

Cylinder pressure
Exhaust pressure
Inlet pressure
Exhaust emissions

Kistler 6041B piezoelectric transducer
Kistler 4045a piezoresistive transducer
Druck UNIK 5000

Horiba MEXA-ONE,

Horiba FTX-ONE

Cambustion CLD500

Siemens SITRANS F C MASSFLO MASS2100
Sierra CP Airtrak 620S-L06-M1-EN2-V4-DD-0
3 mm k-type thermocouples

Inlet/exhaust NO conc.
Fuel flow rate

Air flow rate
Inlet/exhaust temperature

Supporting chemical kinetics modelling is used to identify key
chemical pathways for different fuel/NO/air mixtures. Iso-octane is
selected as a single-component, gasoline surrogate fuel because it has
been extensively characterised [9,22]. The experimental data obtained
is useful for validating and testing chemical kinetics models for NO-fuel
interactions at low temperatures and filling knowledge gaps [19].

2. Methodology

In this work, a recently developed LTHR isolation methodology
is applied to mixtures of air and nitric oxide using iso-octane as the
fuel. The isolation methodology involves motoring the engine whilst
fuel is injected, but with the ignition system disabled, so as not to
trigger HTHR deflagration [32]. The isolated method allows for not
only a specific focus on LTHR, but also removes uncertainty associated
with NO residuals that would be generated from firing cycles, allowing
the concentration to be precisely and accurately controlled whilst still
subjecting the mixture to engine-relevant temperatures and pressures.

2.1. Experimental facility

The engine used in this study is a gasoline direct injection, single-
cylinder research engine, with combustion geometry based on a produc-
tion engine, which has been used in previous LTHR investigations [32,
33]. Relevant specifications of the engine are listed in Table 1 and
instrumentation in Table 2.

A Cambustion CLD500 high-speed (t;o_ggy, = 2 ms) chemilumines-
cence based NO analyser was used to measure NO concentration in the
inlet and the exhaust. This instrument has an uncertainty of <1% full
scale. Sampling heads were connected 27 cm and 16 cm upstream and
downstream of the inlet and exhaust ports, respectively. To minimise
measurement error from calibration drift, both the heads were recali-
brated after every five test points. Exhaust gas samples were also sent
to a Fourier-transform infrared (FTIR) analyser (Horiba FTX-ONE) to
track LTHR markers, namely CO, formaldehyde and acetaldehyde in
addition to measuring standard species measured by a standard 5-gas
analyser (Horiba MEXA-ONE). These instruments have an uncertainty
of <0.5% (MEXA-ONE) and <1% (FTX-ONE) full scale. Background
FTIR spectrum calibration was performed every hour. The Horiba
MEXA-ONE also measured exhaust NO, concentration to monitor NO
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Fig. 2. Schematic of the experimental setup showing the NO dosing and measurement system.

Table 3
Measured inlet and exhaust species.
Species Measured by Measurement
range (ppm)
co FTX-ONE, 0-5000
MEXA-ONE
NO (inlet) CLD500 0-5000
NO (exhaust) CLD500, 0-10000
FTX-ONE,
MEXA-ONE
NO, MEXA-ONE 0-10000

to NO, oxidation. The schematic of the experimental setup shown in
Fig. 2 identifies the location of relevant sensors. Table 3 includes the
details of the measured species reported on in the results of this work.

Low-speed data (inlet pressure, temperatures, FTX-ONE, and MEXA-
ONE) was recorded at 1 Hz for 30 s using a Sierra-CP CADET system.
High-speed data (cylinder and exhaust pressure, high-speed NO) was
logged every 0.1 °CA using an AVL Indiset data acquisition system for
300 cycles. Data post-processing was carried out using custom MATLAB
scripts.

2.2. Operating conditions

Experiments were performed at a single engine speed (1500 rpm)
and equivalence ratio (¢ = 0.5) at a boost pressure of 1.5 bar (absolute).
These were chosen as reasonably strong LTHR was observed for such
mixtures in a previous study [33]. The inlet NO concentration levels
were varied between 0 ppm and 1000 ppm in increments detailed in
Table 4, and two inlet temperature conditions (60 and 100 °C) were
tested. The NO concentration levels were selected to cover the typical
range of NO concentrations found in compression stroke (trapped)
mixtures, these could be resulting from both internal and external
EGR. These values have also been widely used in the literature [23-
25]. Other operating conditions and parameters are summarised in
Table 4. Three repeats were performed at each test point except for the
1500 ppm NO point where only one repeat could be performed because
of limited NO availability.
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2.3. NO addition

A bottle of 100% concentration NO (1.22 litre, 30.8 bar) was used
to supply the NO into the inlet air via a metering needle valve that
permitted precise flow control (Fig. 2). During NO addition experi-
ments, the engine was initially motored without any fuel injection
at the required inlet temperature and pressure conditions, and the
needle valve was gradually opened to permit NO to flow. The inlet
NO concentration measured by the high-speed NO analyser was mon-
itored and the valve was opened until the required concentration was
achieved. During this time, exhaust NO concentration, measured by the
second high-speed NO channel and MEXA-ONE, served as calibration
checks—where they all reported similar NO concentration values. The
inlet NO concentration drifted slightly, especially for the high NO
consumption cases, because of drop in the NO supply pressure as NO
was consumed from the bottle. Next, with NO supply continuing at the
required flow rate, fuel injection duration was increased from 0 ms
(i.e. motoring) to deliver the fuel needed to create a ¢ = 0.5 mixture.
The inlet NO concentration stayed the same during injection while
exhaust NO concentration changed because of fuel injection and in-
cylinder LTHR reactions. Data was recorded once the system reached
steady operation, marked by the stabilisation of exhaust emissions and
temperature readings.

2.4. Quantifying LTHR intensity

The LTHR intensity of each test run was quantified by using the
exhaust CO concentration, measured with the FTIR and MEXA-ONE,
as an indicator of LTHR intensity. This method is made possible by
the isolated nature of LTHR in these experiments—there are no HTHR
reactions to generate CO, hence the sole source of CO is the low
temperature reactions that are also responsible for LTHR. Using CO
as not only an indicator of LTHR but also to quantify the magnitude
of LTHR is a long-established practice [5,34,35], and more recently,
the relationship between exhaust CO concentration and apparent heat
release rate methods was shown to be highly linear [33]. The possibility
of NO reactions consuming some of the CO and effecting the use of this
method was investigated comprehensively. Where NO is converted to a
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Fig. 3. Comparison of AHRR between motoring and fuelled cases.

Table 4
Engine operating conditions.
Parameters Values
Fuel iso-octane (>99% purity)

Injection pressure [bar] 140

Injection timing [°CA aTDC] —-300

Equivalence ratio (¢) 0.5

Target NO concentration (ppm) 0, 200, 500, 1000, 1500
Inlet temperature [°C] 60, 100

Inlet pressure (P;,) [bar] 1.5

Speed [rpm] 1500

substance other than NO,, which is the only other nitrogen substance
that can be measured, the modelling indicates that it is converting
to CH3NO,, HONO, and HONO,, none of which consume CO. This
method was chosen over the AHRR-based indexing method because it
is not affected by heat transfer between the combustion volume and
the surroundings, making it considerably more accurate and precise
for conditions where the pressure rise as a result of LTHR is very
difficult to distinguish from other contributions to cylinder pressure.
However, to obtain other combustion parameters such as the angle
of 50% mass fraction burned (CA50) the AHRR method was used.
It is likely that LTHR will initiate at the same temperature, for a
given set of conditions, and therefore engine crank angle — meaning
that CA50 will be a measure of combustion duration for a given set
of engine conditions. A comparison of AHRR between motoring and
fuelled (exhibiting LTHR) cases is shown in Fig. 3, which shows how
CAS50 (in this case) is obtained — being the angle at which 50% of the
total heat from LTHR has been released. Further discussion of this is
included in Bajwa et al. [33].

2.5. Chemical kinetic modelling and sensitivity analysis

2.5.1. Single-zone HCCI modelling

A single-zone HCCI model (Ansys Chemkin-Pro) was validated to
match the geometry and thermodynamic conditions of the engine
(Table 1). The dimensionless heat transfer correlation was employed
with the Woschni correlation for gas velocity [14]. Inlet conditions and
valve timings were set to match the experiments, as in Table 4, whilst
inlet NO concentration was swept from 0 ppm to 1500 ppm in 50 ppm
increments.

A single-zone model was employed rather than a multi-zone model
due to computational limitations—particularly to allow for detailed
mechanisms with a very large number of reactions. The aim of the HCCI
simulation was to compare trends between the mechanisms, as opposed
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Table 5

Selected chemical kinetic mechanisms for HCCI model.
Mechanism Ren [36] C3MechV3.3 [37] Fang [19]
Species 178 3761 1543
Reactions 758 16,522 8725
NOx Submechanism GRIV3.0 NUIGMechv1.1 Fang
Year 2017 2022 2022

to achieving a precise match with the experimental data, hence one
zone was deemed sufficient.

The three mechanisms tested are summarised in Table 5. The first,
a reduced mechanism, developed by Ren et al. was chosen for its
satisfactory performance in the PSHR modelling study by DelVescovo
et al. [22]. The second, C3MechV3.3 (referred to herein as simply
“C3”) was chosen for its complexity and inclusion of NO, chemistry
for gasoline surrogates. Finally, a mechanism developed by Fang et al.
was chosen for its specific focus on iso-octane and its low temperature
interactions with NO, [19].

2.5.2. Ignition delay analysis

Corresponding ignition delay calculations were used to analyse the
experimental data. Ignition delay simulations were performed in Ansys
Chemkin-Pro using the closed homogeneous ignition delay model with
a constant volume. The simulations modelled reactions for 200 ms
and reported first stage ignition delay (z), which was defined by a
50 K rise in temperature in order to detect the relatively small rises
in temperature caused by LTHR. This is consistent with commonly
adopted values in the literature [2,8]. Mixtures of air and iso-octane
were modelled at ¢ = 0.5 with initial temperatures between 650 K
and 1000 K and initial pressures of 0.5 bar to 40 bar for inlet NO
concentrations of 0, 200, 500 and 1000 ppm.

Experimental pressure-temperature trajectories were generated us-
ing measured cylinder pressure (P (7)) and calculated average cylinder
temperature (7 (r)). The cylinder temperature was calculated using
the ideal gas law with measured cylinder pressure, calculated cylin-
der volume, and estimated trapped cylinder mass. To aid with the
ignition delay analysis of the experimental data, the Livengood-Wu
(LW) integral (Eq. (1)) was used to quantify progress though time (¢)
towards the continuously changing ignition delay time (z) for a given
mixture [38]. The integral used calculated ignition delay times (from
the preceding paragraph) for the corresponding experimental pressure
and temperature data.

dt

t

W /0 (T ®),P®) W
2.5.3. Sensitivity analysis

A brute force sensitivity analysis was used to determine the con-
tribution of each reaction within a mechanism to LTHR. The rate
constant k of each reaction was modified in turn to determine the
subsequent effect on ignition delay time 7. The sensitivity coefficient,
S, is calculated according to Eq. (2) [39], where the + and — subscripts
correspond to the cases with increased and decreased rate constants
respectively. The simulations were performed in CHEMKIN, controlled
by a version of Pysens [40] (a Python-based Chemkin-Pro sensitivity
analysis tool), modified to run on Windows 10 and handle an expanded
range of mechanism formats.

_ logyg (z/7))

= 2)
log, (k+/k—)

3. Results and discussion
3.1. Effect of inlet nitric oxide concentration on LTHR intensity

Fig. 4 shows the effect of seeding nitric oxide into the inlet air
on low temperature heat release (as indicated by CO) at different
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Fig. 4. Exhaust CO concentration (as a proxy for LTHR intensity) plotted for different
concentrations of seeded nitric oxide in inlet air.

concentrations for inlet temperatures of T;, = 60 °C and T;, = 100 °C.
For all but one condition (200 ppm NO, T;, = 100 °C), introducing
nitric oxide inhibits LTHR, which is in contrast to models of similar
behaviour in the literature [22]. Examining the T, 100 °C case,
there is a slight promoting effect observed when comparing the zero NO
case to 200 ppm case, however beyond this, NO serves to inhibit the
amount of LTHR observed, reducing the intensity of LTHR to half when
inlet concentration reached 1000 ppm. The trend in the T;, = 60 °C
case is more pronounced. LTHR intensity drops slightly at the 200 ppm
case, then rapidly to half its neat value when seeded NO concentration
reached 500 ppm. Furthermore, increasing seeded NO concentration
to 1000 ppm inhibited LTHR entirely, with all experimental indicators
pointing to no reactions occurring.

3.2. LTHR and oxidation of nitric oxide

To gain further insight into which reactions inhibit LTHR, the con-
sumption and conversion of NO to NO, can be examined. These species
are particularly relevant; NO, reactions occur in hot air and NO:NO,
ratios are known to be affected by the presence of hydrocarbons [41].

Examining the motoring case (circular markers, Fig. 5) for NO-out vs
NO-in shows that, without fuel present, most NO remains. This confirms
that it does not convert to NO,, early in the cycle and hence it is likely
to be NO and not NO, involved with the initial interaction with the
fuel.

On the other hand, in the presence of fuel (cross markers, Fig. 5),
in all but one of the test points, nearly all of the NO is consumed. This
is consistent with past work from Leach et al. which examined NO in
the presence of hydrocarbons [41] and suggests that NO consumption
is directly involved in the inhibiting of low-temperature oxidation of
iso-octane, and subsequently LTHR, at these conditions.

One point stands out: the T;, = 60 °C, 1000 ppm NO case, where
no LTHR occurred (Fig. 4). For this test point, the presence of NO has
fully inhibited LTHR (as indicated by CO), but this time — unlike all
others observed — without any significant consumption of NO (i.e. it
appears in line with the motoring cases in Fig. 5). This suggests that
the presence of NO affects both the initial low temperature oxidation
reactions (i.e. hydrogen abstraction from iso-octane) as well as later
stages such as the low temperature chain branching reactions where
NO is likely to be consumed. In this case, the inhibiting effects are so
strong that the low temperature oxidation process cannot get started
and hence there is minimal opportunity at the chain branching stage
for NO to be consumed.

Regardless of whether or not fuel is present, NO is known to convert
to NO, in the presence of air and particularly at elevated temperatures.
Examining the NO, out vs NO in plots in Fig. 6 shows that, when

106

Combustion and Flame 273 (2025) 113921

1000 T
900 X T,=60°C ®
x T, =100°C &% x
800 - Fuelled X 1
Motored
700 1
g
S 600 F 1
o
Z 500t o© 1
k7]
3
& 400 8y
>
|
300 [ N
200 o 1
o
100 1
0% 300¢ X K XX I x X
0 200 400 600 800 1000 1200
Inlet NO (ppm)
Fig. 5. Exhaust nitric oxide composition.
800 T §
X T, =60°C
700 x T, =100°C x 7
Fuelled
600 - Motored N
£
s 500 8
o(\l
Z 400 [ 4
g
£ 300¢ x* 1
L X %
200 X X
o
100 F }( o
o
o
o 0.0 | | | |
0 200 400 600 800 1000 1200
Inlet NO (ppm)

Fig. 6. Exhaust nitrogen dioxide composition.

motored, approximately 10% of NO was converted to NO, for the
T;, = 60 °C case, and less (about 7%), was converted for the T;, = 100 °C
case, assuming there was no conversion before plenum measurement).

Meanwhile, the fuelled cases exhibit a strong linear trend where
conversion to NO, is approximately 50%, consistent across both inlet
temperatures, aside from the 1000 ppm 7}, = 60 °C case where conver-
sion is much lower, but slightly (and significantly enough) above the
motoring case, suggesting that a small amount of NO is still converted
to NO, as part of the inhibiting process. These trends are similar to
those seen in work by Krutzsch et al. [42,43].

3.3. Effect of inlet nitric oxide concentration on LTHR phasing

LTHR is linked to the first stage ignition delay of a mixture—these
ignition delay times are often on engine timescales, hence examining
the phasing of LTHR can give an indication of the effect on ignition
delay time, with more advanced phasing suggesting shortened ignition
delay times and vice versa. Here, heat release phasing is indicated
by CA50—the crank angle at which 50% of the heat from LTHR (as
indicated by the AHRR analysis method) has been released.

Fig. 7 shows the effect of NO seeding on CA50. In general, higher
concentrations of NO slowed down the combustion process—giving
later combustion phasing. However, at small concentrations of NO—
increasing inlet NO concentration from zero to 200 ppm—the heat
release phasing is advanced for both inlet temperature cases, despite
having a mixed effect on LTHR intensity.
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Plotting CA50 against LTHR (Fig. 8) shows a very strong link
between the amount of LTHR and LTHR phasing for the 7;, = 100 °C
case. This is less strong for cold cases. This trend has been seen in
previous work when considering other factors that affect LTHR and
first stage ignition delay of mixtures [44]. Lower reactivity leads to
longer first stage ignition delay, which results in LTHR starting later,
giving the mixture less time and opportunity at peak temperatures and
pressures for low temperature reactions to occur, resulting in less LTHR
being observed overall.

3.4. Chemical kinetic mechanism comparisons

In order to better understand the experimental results that were ob-
tained, the conditions tested experimentally were evaluated in a single-
zone model comparing three chemical mechanisms: Ren et al. [36], the
C3 Mechanism V3.3 [37], and Fang et al. [19]. Fig. 9 shows the results
of the model comparison. The y-axis shows total heat chemical heat
release (i.e. LTHR) at the end of the cycle and the data points have been
normalised by the 0 ppm NO case for Fang. There is a clear contrast
to the experimental results from Fig. 4, where in the T}, = 60 °C case,
LTHR intensity decreased rapidly and was fully inhibited at 1000 ppm,
and in the 7;, = 100 °C case where LTHR increased at 200 ppm
before also slowly reducing as inlet NO concentration increased up to
1000 ppm.
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Fig. 9. Three significant chemical kinetic mechanisms tested in an HCCI engine model.
The plot shows (normalised) predicted LTHR against inlet NO concentration.

Both the C3 and Ren mechanisms predicted that NO increases LTHR.
The Ren mechanism predicted a gradual, steady increase for both inlet
temperatures tested, whilst C3 predicted larger LTHR intensity rises
than Ren for T;, = 60 °C and a very dramatic rise at 7;, = 100 °C,
to the point where, beyond 250 ppm, HTHR was predicted. This is
entirely different from the behaviour observed in the experimental
study (as shown in Fig. 4). Meanwhile, results from the simulations
that used Fang’s mechanism showed opposite predictions on the effect
of NO concentration on LTHR, which are much closer to resembling the
experimental results in Fig. 4. The cessation of LTHR for T}, = 60 °C
case can be seen albeit at a lower concentration than the experiments.
The T;, = 100 °C case does not show an LTHR promoting trend, instead
showing a peak at 50 ppm, followed by a gradual fall until around
600 ppm, before a gradual rise until 1100 ppm where LTHR then
sharply declines.

Whilst a single zone HCCI model is clearly too simple to expect
accurate reproductions of experimental results (the main issue being
temperature stratification, which causes differences in reaction progress
throughout the cylinder, resulting in heat release events that are less
intense and take place over a longer period of time), the purpose of
this figure is to demonstrate the clear difference in trends between the
mechanisms. Whilst the Fang mechanism and 0D engine model clearly
would require further calibration and a more sophisticated engine
model to reproduce the results accurately, it was the only mechanism
that correctly models the inhibiting effect of NO on LTHR intensity.

The stark differences in predictions in Fig. 9 can be explained
by examining the effect of nitric oxide on the ignition delay time of
representative mixtures, as calculated by the three models, shown in
Fig. 10. The IDT solutions for the O ppm case were not in precise
agreement between the three mechanisms hence, for clarity, the rel-
ative differences between the 0 ppm and 200 ppm solutions for each
mechanism have been plotted as ratios (T%) where a ratio of less than 1

represents a 200 ppm ignition delay time that is shorter than the 0 ppm
case, corresponding to a supposed promoting effect of NO on LTHR.
Once again, there is a clear difference between Fang and the other
two models. For all temperatures tested, Ren and C3 predicted a shorter
ignition delay time when NO concentration was increased to 200 ppm
from O ppm (as shown by the 2% ratio of less than one) meanwhile
Fang’s mechanism predicts the opf)osite, i.e. a longer ignition delay and
therefore inhibition of LTHR at temperatures below 715 K.
Mechanisms, such as C3 and Ren (which have been employed in
past studies modelling LTHR and adjacent topics [22]) are not able to
accurately model the effect of NO on LTHR because they do not account
for the inhibiting effect that NO has on iso-octane ignition chemistry at
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relatively low temperatures. This has important ramifications for the
whole combustion model since NO is almost always present and the
presence (or lack thereof) of LTHR can significantly impact combustion
behaviour later on in the cycle—for example, the knocking limit [8].

3.5. Ignition delay analysis

The underlying causes of the behaviour observed in the experiments
(Fig. 4) can be explained by examining the relevant ignition delay
contours. Fig. 11 shows pressure-temperature (P-T) trajectory of the
cylinder contents from the experimental work (each contour contains
representative trace for each test point), superimposed onto first stage
ignition delay contour generated from the ignition delay simulations
with the Fang et al. mechanism [19]. The colour of the contour rep-
resents ignition delay time at a given pressure and temperature. The
ignition delay is related to the reactivity of the mixture: the shorter
the ignition delay, the more reactive it is, and the more progress
can be made towards first stage ignition (and hence low temperature
heat release) whilst at those conditions. The plots show the dramatic
difference the presence of nitric oxide has on the reactivity of iso-octane
and air mixtures.

The effect of heat release from LTHR can be seen in P-T trajectory
of experimental data. For high LTHR cases (T, = 60 °C, 0 ppm and
200 ppm) there is a rightward bend in the trajectory, as the heat release
causes a temperature rise. Conversely, for the low and no LTHR cases,
the heat loss effects can be seen as the trajectory is at a significantly
lower temperature for a given pressure either side of TDC.

The effect NO concentration ultimately has on LTHR intensity can
be explained by examining the penetration of the mixture’s P-T state
into the high reactivity—low first stage ignition delay—region: in the
T;, = 60 °C case, the P-T trajectory is very deep into the low ignition
delay space (here defined as an ignition delay of less than 10 ms—
corresponding to 90° CA at the test speed of 1500 rpm) for the low NO
concentration cases but almost entirely outside of it for the 1000 ppm
case. Meanwhile in the 7;, = 100 °C case, the differences are less
obvious, but the P-T trajectory appears to pass through the most low
reactivity regions in the 200 ppm case, consistent with the LTHR
maxima at the same concentration in the experimental results (Fig. 4).

Figs. 12(a) and 12(b) show P-T trajectories of the experiments at
T;, = 60 °C and T;, = 100 °C inlet, superimposed onto a plot of dashed
lines of constant ignition delay of 10 ms and 5 ms respectively. These
illustrate the drastic effect that the seeded NO concentration has on
ignition delay across the P-T space.
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In Fig. 12(a), between 680 K and 750 K, above 20 bar, the increasing
seeded NO concentration from 0 to 1000 ppm pushes the high reactiv-
ity, 10 ms region rightwards, towards higher temperatures, by nearly
50 K. In the same plot, at around 720 K, the 200 ppm line drops to
the lowest pressure, suggesting that moderate (i.e. 200 ppm) concen-
trations have a LTHR promoting effect around the 12-15 bar, 710-740
K region. The T;, = 100 °C cases and 5 ms lines show a similar effect,
with increasing NO shifting the low temperature reactivity region to
the right.

Looking rightward, from approximately 750 K onward, the effect of
NO concentration reverses. The higher NO cases show 10 ms ignition
delay at considerably lower pressures, with the presence of NO reduc-
ing the NTC behaviour of the mixture. Examining the experimental
P-T traces, as NO concentration increases, the traces decreasingly pen-
etrate into the low ignition delay region due to decreasing cumulative
LTHR increasing mixture temperatures during the cycle, resulting in a
two-fold effect with respect to reduced LTHR.

For the T;,, = 100 °C cases in Fig. 4, maximum LTHR was lower than
the colder cases, and the range of LTHR intensities were smaller. This
is also reflected by the similarity in the P-T traces in Fig. 12(b). The
trajectory through low temperatures — where NO decreases reactivity
— mostly balances the trajectory through intermediate temperatures
where NO has the effect of increasing reactivity. The lower dip of the
200 ppm 5 ms ignition delay line can be seen again here and is the
most likely explanation for the LTHR intensity peaking at 200 ppm NO
in Fig. 4—the P-T trace of the 200 ppm case passes through the very
low ignition delay (5 ms) regions the most.

The significant and characteristic effect that NO seeding has on the
ignition delay time of iso-octane points to the existence of a “critical
temperature” [15]—the temperature at which NO switches from having
an inhibiting effect on ignition chemistry to a promoting effect. Whilst
this behaviour was reproduced in only one of the three chemical kinet-
ics mechanisms tested in Fig. 10, there is evidence from fundamental
studies of this behaviour. For example, in experiments by Fang et al.
in a rapid compression machine with iso-octane at ¢ = 1, 20 bar, NO
concentrations above 30 ppm inhibited ignition chemistry, leading to a
delayed first stage ignition delay time, up to 737 K [19]. Furthermore,
Contino et al. reported a similar inhibiting effect with iso-octane below
700 K, when 400 ppm NO was introduced [23].

This effect has been observed more frequently with n-heptane, for
example Moreac et al. reported an inhibiting effect “to the point of
extinction” (much like the T;, = 60 °C case in Fig. 4) persisting up
to 600 K with 50 ppmv NO and 670 K with 500 ppmv in a jet-stirred
reactor at 10 atm, ¢ = 1, with a residence time of 1 s [18]. However,
in these tests, the same effect was not observed for iso-octane. The
critical temperature phenomenon is not unique to iso-octane and n-
heptane, with other alkanes such as n-pentane [45] and propane [29]
also exhibiting lengthened ignition delay times at low temperatures
when exposed to nitric oxide.

Whilst Figs. 11 and 12 show which parts of the LTHR region the
pressure-temperature trajectories interact with, they do not directly
measure time resided in these regions. In scenarios where the thermo-
dynamic conditions and therefore ignition delay is non-constant, the
Livengood-Wu (LW) integral (Eq. (1)) can be used to quantify progress
towards the continuously changing ignition delay time for a given
mixture.

Fig. 13 presents the experimental data in a scatter plot of the
evaluation of this integral between the times corresponding to intake
valve closing (IVC) and exhaust valve opening (EVO), against LTHR
intensity as indicated by the measured exhaust CO concentration; the
inlet NO concentration for each test point is indicated by the colour
scale. A value of unity corresponds to the mixture reaching its first
stage ignition delay on average—though the intensity of LTHR would
not necessarily be expected to be correlated with the value evaluation
of the LW integral. In the plot, all of the points with a score of greater
than 1 showed clear LTHR; there was only one case where LTHR did
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Fig. 11. Experimental pressure-temperature trajectories (from IVC to 10° aTDC) plotted over first stage ignition delay (as defined by a 50 K temperature rise) contours for the
iso-octane, air and nitric oxide mixtures at ¢ = 0.5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

not occur, and that had a very low LW score of approximately 0.3. For
the intermediate scores (0.7 to 1.0) it is not entirely surprising that
LTHR is observed, as heat is released by LTHR soon before 1st stage
ID is reached, and there may also have been small temperature and
equivalence ratio inhomogeneities in the cylinder.

3.6. Chemical mechanism analysis

A sensitivity analysis can be used to determine the chemical reac-
tions that have the most significant impact on the behaviour seen in
the results of the experiments in this work. This was carried out at with
ignition delay calculations using the Fang et al. mechanism [19] at 740
K and 32 bar—conditions where the pressure-temperature trajectories
of the T}, = 60 °C cases traversed. The twelve most sensitive reactions
are shown in Fig. 14. A positive sensitivity coefficient corresponds to
an increased reaction rate causing the ignition delay time to increase,
which is not conducive to LTHR. Meanwhile, a negative sensitivity
coefficient means that increasing reaction rate leads to a shorter wait
for the 50 K rise, hence the reaction would promote the occurrence of
LTHR.

By looking at these reactions, they can be categorised into two
groups based on the behaviour they contribute to: competition for
the CH;0 radical and NO influence on low temperature oxidation
reactions. Each of these groups is then considered.

3.6.1. Competition for CH;0

Three of the reactions in Fig. 14 do not directly involve large iso-
octane-based radicals and instead directly compete with each other
for the CH30 radical. The first of these, reaction R3 (4th from the
top) involves the seeded nitric oxide and has a positive sensitivity
coefficient. Its product, CH3ONO can only be consumed by reacting it
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with an OH radical (which are in high demand in the low temperature
oxidation process) to produce a relatively unreactive methanol [19].
Hence occurrence of this reaction reduces the OH radical pool. It also
directly competes with reactions R4 and R5 (7th and 10th in Fig. 14),
which have negative sensitivity coefficients as a result. Furthermore,
reaction R4 produces a HO, radical, which aids low temperature ox-
idation of iso-octane, hence its more negative sensitivity coefficient
compared to reaction R5.

CH;0 + NO (+ M) <= CH;0NO (+ M) (R3)
CH;0 + 0, <> CH,0 + HO, (R4
CH;0 (+ M) < CH,0 + H(+ M) (R5)

In effect, the NO that was introduced is competing with O, for CH;0 to
favour a reaction that ultimately inhibits LTHR rather than promoting
it.

3.6.2. Effect of NO on low temperature oxidation reactions

The remaining significant reactions centre around the reaction R2,
and the influence of the reaction site on the reaction and its subsequent
effects. In general, the presence of NO steers the iso-octane interme-
diates away from the usual chain branching reactions that occur in
absence of any NO.

The first reaction in this process is hydrogen abstraction of iso-
octane by hydroxyl radical to form iso-octanyl radical plus water,
reaction R6. The hydrogen abstraction site is denoted by x, which
represents the number of the carbon along iso-octane’s carbon chain.

iCgH,g + OH <> xCgH,; + H,0 (R6)
It appears in Fig. 14 as the 1st, 6th, and bottom two reactions

in the format IC8+OH=IC8-xR+H20. This reaction class is significant
because it is the first step of low-temperature oxidation of iso-octane,
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and specifically because the four different abstraction reactions (for the

four distinct carbons from which hydrogen can be abstracted) compete
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and have different consequences. With increasing NO concentration,
the sensitivity for three reactions (1,3 and 5 carbon) become more
positive. The opposite occurs for carbon 4 for the reasons outlined
below.

The next step in the low temperature oxidation process is the first
addition of O, to the iso-octanyl radical to create an iso-octylperoxy
radical. Ordinarily (i.e. without NO present), the third step would be
iso-octylperoxy radical isomerisation, which subsequently leads to a
second O, addition and then finally the low temperature chain branch-
ing reactions that result in LTHR. However, with NO present, a different
reaction can occur: oxygen abstraction from the iso-octylperoxy radical
by NO to create iso-octane alkoxy radicals and NO, (reaction R7, 3rd
8th and 9th in Fig. 14); this is a subset of reaction type R2 discussed
in the introduction:

xCgH 70, + NO < xCgH,;0 + NO, R7)

These reactions directly compete with the alkyl peroxy radical iso-
merisation, steering the pathway away from low temperature chain
branching—hence the three reactions that appear in Fig. 14 all have
positive sensitivity coefficients when NO is present.

When reacted with NO, the x 1, x = 3 and x 5 isomers
of the iso-octane alkoxy radical subsequently undergo beta scission,
and the products of all three reactions do not lead to low temperature
chain branching reactions, hence why the sensitivity coefficients for the
hydrogen abstraction reactions (R6) become increasingly positive with
increasing NO concentration.

The same cannot be said for the x = 4 isomer, whose beta scission
product—a neopentyl radical, can still undergo a low temperature
chain branching reaction that yields two OH radicals from one OH
radical [46,47]. Hence two reactions from the low temperature oxi-
dation of neopentane appear in Fig. 14: reactions R8 and R9. Since
OH radicals are critical in the low temperature oxidation of iso-octane,
the net effect is that the x = 4 pathway slightly promotes LTHR—and
the reactions associated with that pathway have a negative sensitivity
coefficient in the presence of NO. Most notably, the x = 4 hydrogen
abstraction from iso-octane reaction has a sensitivity coefficient that
becomes strongly negative with increasing NO concentration; this is
due to the competition between the four carbon sites for the hydrogen
abstraction to occur (and the subsequent reaction pathways that they
lead to).

(R8)
(R9)

neoCsket <= neoCsketox + OH
neoCsH;,OOH + O, < neoCs;H;,0O0H-0,

Finally, it is worth noting that reaction R1 did not appear to be a
significant reaction, according to the sensitivity analysis. This is likely
due to the lack of HO, radicals caused by the inhibiting effects of the
other reactions discussed above [19].

4. Conclusions

In this work, a motored engine was used to collect experimental data
on the effect of nitric oxide (NO) on the isolated low temperature heat
release (LTHR) behaviour (as indicated by exhaust CO concentration)
of iso-octane (2,2,4-Trimethylpentane)-air mixtures at different inlet
temperatures. Three chemical kinetic mechanisms were simulated in
an HCCI engine to determine their ability to reproduce experimental
trends. The experimental results were analysed alongside ignition de-
lay simulations and a sensitivity analysis, modelled using a recently
developed mechanism [19].

The results show that:

» Contrary to modelling predictions in the literature, introducing
moderate to high concentrations of nitric oxide into iso-octane
and air mixtures almost always strongly reduced LTHR intensity,
and in one case prevented it entirely at the conditions tested in
this work.
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Fig. 14. Sensitivity coefficients for the sensitivity of ignition delay time (by 50 K rise) to reactions in the chemical kinetics mechanism that was used to simulate the four
iso-octane/air/NO mixtures in a constant volume reactor with T, = 740 °C and P, = 32 bar.

+ Exhaust NO and NO, concentrations showed strong conversion
of NO to NO, whilst LTHR was being reduced but not totally
inhibited. This conversion reduced back to near motoring levels
when LTHR was entirely inhibited.

Moderate levels of NO advance LTHR phasing but high levels
of NO substantially retard LTHR phasing, due to the close link
between LTHR phasing and LTHR intensity.

Many gasoline surrogate mechanisms do not correctly predict the
trends observed in the experimental data, instead predicting that
NO promotes LTHR. These incorrect predictions stem from the
mechanism not modelling the inhibiting behaviour of NO seen at
low temperatures. Inaccurately modelling LTHR has ramifications
for the whole engine cycle due to the effect LTHR can have
on mixture composition and autoignition chemistry. However, at
other engine operating conditions (specifically NO concentration
and temperature), beyond those tested in this work, the models
do still suggest trends different to that observed in this work. This
would need to be verified with experiments at those conditions.
The observed LTHR behaviour can be explained by examining
pressure-temperature trajectories on ignition delay contours. The
shape of these contours are strongly affected by modifying the
concentration of seeded nitric oxide.

LTHR inhibiting effects are observed overall, despite mixtures
surpassing the critical temperature where NO promotes LTHR—
only a detailed ignition delay analysis can be used to fully explain
engine cases.

The Livengood-Wu integral was shown to be a good predictor of
LTHR occurrence for all NO concentrations.

A sensitivity analysis showed that, at the conditions tested, nitric
oxide primarily affects LTHR chemistry through oxygen abstrac-
tion from the iso-octylperoxy radical by NO to create iso-octane
alkoxy radicals—steering the reaction pathway away from low
temperature chain branching, and through competition with O,
for CH;O radicals causing a knock-on reduction in OH radical
production.
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» With sufficient NO concentrations present, low-temperature chain
branching reactions can be almost entirely halted, preventing

LTHR from occurring.

Nomenclature
ACI Advanced compression ignition
°CA Crank angle degrees
CA50 CA location at 50% heat release point
CcO Carbon monoxide
EGR Exhaust gas recirculation
EVC Exhaust valve closing
EVO Exhaust valve opening
HCCI Homogenous charge compression ignition
HTHR High temperature heat release
IvC Intake valve closing
o Intake valve opening
k Chemical reaction rate
LTHR Low temperature heat release
Lw Livengood-Wu progress integral
NO Nitric oxide
NTC Negative temperature coefficient
P Pressure
PSHR Pre-spark heat release
S Sensitivity coefficient
SI Spark ignition
T Temperature
TDC Top dead centre
¢ Fuel-air equivalence ratio

Ignition delay time
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Chapter Summary

Ethanol was shown to actively inhibit LTHR from PRFs in Section 3.1, and the underlying cause of this was
showed by further study in Section 3.2, where a sensitivity analysis revealed the effect of ethanol on OH radicals,
which in turn affects the initiation of low temperature oxidation of PRF components. The effect of residuals
was first examined in Section 3.1 where it was suggested that the presence of residuals could inhibit LTHR.
This effect was examined in great depth in Section 3.3 where nitric oxide was shown to have a strong inhibiting
effect on LTHR.

The findings from this chapter, and Chapter 2 enable the progression to finding alternative methods for
observing LTHR in engines without having to rely on cylinder pressure measurements or exhaust gas measure-
ments from isolated LTHR—as targeted in the objectives of this thesis (Section 1.4.1). The learnings surround-
ing pressure, temperature, speed, equivalence ratio and fuel blend effects provide a relatively large number of
parameters that can each be varied to curate isolated LTHR across a wide range of engine conditions. Further-
more, the FTIR measurements in Section 3.1 inform the options in terms of chemical indicators to look for when

trying to track LTHR.
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Chapter 4

Planar Laser-Induced Fluorescence Imaging

of Low Temperature Heat Release

4.1 Observing Simultaneous Low Temperature Heat Release and Deflagration
in a Spark Ignition Engine Using Formaldehyde Planar Laser Induced Flu-

orescence

This final chapter revolves around the second overarching aim of this thesis—to develop a new technique, that
does not rely on pressure-derived apparent heat release measurements, to observe LTHR in SI engines—then
apply it to a fired engine where LTHR is likely but currently is unobservable with current techniques (Section
1.4.1). The findings from the two previous chapters helped inform the choice of fuel and inlet conditions for
these experiments, aiming to maximise LTHR intensity and minimise the risk of knocking for the fired tests.
Furthermore, results in Section 3.1 provided confidence that formaldehyde would be present in high enough

quantities to design a methodology around its detection using optical methods.

Contributions

* The planar laser-induced fluorescence signal intensity is compared to LTHR intensity of a cycle-by-cycle

basis.
* Planar laser-induced fluorescence of formaldehyde is used to track LTHR progression within a cycle.

» Demonstration of simultaneous volumetric low temperature heat release and deflagration in a spark igni-
tion for the first time engine when other methods (i.e. pressure-derived heat release analysis) are unable

to observe LTHR.
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ARTICLE INFO ABSTRACT

Keywords: Low temperature heat release (LTHR) and its underlying chemistry is of particular interest for its potential to

PLIF mitigate knock in spark ignition (SI) engines and enable advanced combustion strategies that rely on end gas

Formaldehyde autoignition. It has been proposed that, in SI engines, LTHR can occur volumetrically in the end gas, after

LTHR ignition, whilst deflagration occurs elsewhere in the cylinder, however, current pressure-based heat release

PRF metering techniques are unable to distinguish such LTHR from high temperature heat release (HTHR) due
to the overlapping pressure rise characteristics. Planar laser-induced fluorescence (PLIF) of formaldehyde, a
known product of LTHR which is consumed during HTHR, offers an opportunity to detect end gas LTHR
simultaneously with deflagration but is challenging to implement, as end gas is often located closer to cylinder
walls and away from typical optically accessible locations. An optically accessible SI engine was used to
show formaldehyde PLIF signal intensity under motored conditions is well correlated to cumulative LTHR
intensity, using a recent method to isolate LTHR in SI engine conditions. An alternative ignition method using
four side-mounted spark plugs was implemented to generate end gas close to the cylinder axis. This enabled
measurement of LTHR within the end gas during the deflagration process of a SI engine, demonstrating the
utility of formaldehyde PLIF to optically measure LTHR under conditions where pressure-based diagnostics
cannot isolate the contribution of LTHR.

1. Introduction by the NTC region (characterised by a pause in heat release) and
subsequently, high temperature heat release (HTHR), where knocking
The overall CO, emissions of light-duty vehicles can be reduced by can occur. Since then, LTHR has been observed in homogeneous charge
increasing internal combustion engine efficiency and using fuels and compression ignition (HCCI) engines [5-71.
fuel sources that are less carbon-intensive [1]. Knocking, unwanted
and uncontrolled autoignition of end gas (the portion of the fuel-
air mixture ahead of the flame), is one of the main factors limiting
engine operation and efficiency [2]. The high-frequency, high-pressure
oscillations associated with the occurrence of knock can cause signifi-
cant damage to many different engine components, hence it must be

The low temperature reaction pathways that cause LTHR in the
two primary reference fuels (PRFs), iso-octane and n-heptane, were
examined in depth by Curran in comprehensive modelling studies [8,
9]. At low temperatures the PRFs first undergo hydrogen abstrac-
tion by OH, then two additions of O, and isomerisation reactions to

avoided. Knocking can occur when the pressure and temperature of form carbonylhydroperoxide species, which subsequently undergo low
the end gas spend enough time above a certain threshold, leading to temperature chain branching, producing OH radicals. Alongside this,
spontaneous autoignition [3]. The specific delay time, pressure and beta-decomposition of the various intermediate species leads to the
temperature at which autoignition occurs depends on the composition formation of significant amounts of formaldehyde.

of the mixture and therefore the choice of fuel and any intermediate More recently, LTHR has been shown in SI engines, [10-12] where
reactions that have occurred in the meantime. it is seen before the spark and hence termed pre-spark heat release

Leppard showed that, for alkane fuels, the autoignition chemistry is (PSHR). Szybist and Splitter observed that PSHR was more likely to be
dominated by negative temperature coefficient (NTC) behaviour [4].

This is where, at certain conditions, the reaction rate is inversely
proportional to temperature. This leads to two distinct stages of the
ignition process. Low temperature heat release (LTHR) is followed

seen in fuels with low octane sensitivity and at high load conditions
with elevated inlet temperatures. Furthermore, Splitter et al. used
elevated intake temperatures to show PSHR is related to knocking
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chemistry [13]. They found that when PSHR occurred, the knock-
limited combustion phasing was insensitive to intake temperature, with
higher intake temperatures not requiring retarded ignition timings as
they otherwise would. The occurrence of LTHR (as PSHR) caused the
end gas to move into a thermodynamic state with a long ignition delay,
which inhibited knock.

In SI engines (and unlike in HCCI engines), HTHR combustion
occurs as a pre-mixed flame deflagration process which need not neces-
sarily be preceded by the low-temperature pathways that exhibit LTHR,
however, if it is, the chemical and thermodynamic properties of the end
gas will have changed—changing the autoignition properties, including
knocking. Hence, if LTHR can be understood better — and ultimately
controlled — it has the potential to increase engine efficiency by
extending the knocking limit [13] or by enabling high-efficiency ad-
vanced combustion strategies that involve spark-triggered flame prop-
agation causing auto-ignition without triggering engine knock [14-
17]. These advanced combustion strategies rely on curating specific
chemical conditions in the end gas [18].

Splitter et al. used ignition delay analysis in a PSHR study to
show that it is possible that, for some conditions that do not exhibit
PSHR, as deflagration occurs the end gas region will traverse the same
region in pressure-temperature space as cases that do exhibit PSHR,
suggesting that bulk gas LTHR reactions in the end gas is probable [13].
Since these reactions change the species composition ahead of the
flame, understanding them could be critical for understanding knocking
behaviour in SI engines. However, as these authors highlighted, con-
ventional pressure-based heat release analysis techniques are unable to
experimentally observe end gas LTHR as its contribution to pressure
rise would be indistinguishable from that of the heat released from
deflagration. The aim of this work is to use alternatives to pressure-
based diagnostic techniques to determine whether LTHR can occur in
end gas at the same time as deflagration (elsewhere in the cylinder),
for conditions with no observable PSHR. Hence an alternative method
of experimentally observing LTHR must be determined.

Through past experimentation and work developing chemical ki-
netic mechanisms for the primary reference fuels, the reaction indi-
cators and products of the low temperature oxidation pathways are
relatively well known [8]. Indicators include the OH and HO, radicals
and significant products include CO, H,0,, and CH,O. The latter
two are particularly significant as they are present in much larger
quantities as products of first stage autoignition compared to as HTHR
products [10,19], so have the potential to be used as markers for
LTHR. Spatially and temporally resolved measurement of formaldehyde
would therefore enable in-cylinder detection of the progression of LTHR
processes within the end gas.

Optical diagnostic techniques enable gas-phase measurements
within challenging environments, where measurements with physical
sensors are either impossible or impractical [20-23].

For two-dimensional measurements, Laser-Induced Fluorescence
(LIF) is widely used for species detection, using a laser sheet to excite
the target species to a higher energy state and imaging the fluorescence
emitted as the species returns to the ground state [24]. Selective
detection of species is often achieved by utilising features in either
the absorption or emission spectra of the target species, which allows
multiple species to be detected simultaneously, such as OH, CH and
formaldehyde, in flame reaction zone studies [25].

In the case of formaldehyde, absorption features around 355 nm
overlap with the conveniently-accessible 3rd harmonic output of an
Nd:YAG laser. While more efficient excitation is possible, targeting
alternative excitation lines (e.g. 353.07 nm with a tuneable dye laser),
the higher output energy of a tripled Nd:YAG typically more than
compensates for the lower excitation efficiency [26,27] and allows for
a simpler experimental setup.

Excitation of in-cylinder end gas at 355 nm may excite a range
of LTHR products whose fluorescence cannot be distinguished from
formaldehyde using broad spectral filters [28]. Multi-band filters can
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provide more selective detection of formaldehyde emission [29]; how-
ever, if the intention is to detect LTHR products, exact identification
of the other fluorescing species is not necessary, only that they are
generated during LTHR and consumed during HTHR [27]. This permits
the use of LIF primarily targeting formaldehyde to investigate the end
gas of SI engines to infer spatial temperature variations [30] and to
identify sites of autoignition [31].

Formaldehyde LIF has been used to investigate the first stage of
the ignition process in HCCI engines [27,32,33]. For PRF blends of
iso-octane and n-heptane which exhibit NTC behaviour, LTHR in HCCI
engines typically occurs earlier than, and distinct from, HTHR [34],
enabling the use of either optical or pressure-based measurement tech-
niques similarly to PSHR in SI engines [35]. Graf et al. used LIF to
measure formaldehyde concentration in “cool-flame” (LTHR) events in
an SI engine with PRF50 under HCCI conditions [36]. Their work is
similar to this work in some ways, but measures LTHR prior to ignition
with a centrally mounted spark plug. LTHR in end-gas is unobserved in
their work.

LTHR processes continuing during deflagration has been observed
using formaldehyde LIF in a Rapid Compression Machine (RCM) un-
der Spark Induced Compression Ignition (SICI) conditions [37], how-
ever a significant pressure rise due to LTHR was observed before the
main HTHR pressure rise, putting these SICI conditions in a similar
regime to partially developed PSHR, which may also be measured using
pressure-based methods [35].

This work uses formaldehyde LIF to demonstrate that LTHR occur-
ring simultaneously with deflagration in an SI engine may be measured
optically under conditions in which pressure-based measurement tech-
niques cannot distinguish between the pressure rises associated with
LTHR and HTHR processes.

Recent work by White et al. [38-40] and Bajwa et al. [41] in-
troduced a methodology to isolate LTHR in a spark ignition engine
by maintaining LTHR- and PSHR-prone inlet conditions whilst avoid-
ing HTHR by disabling the ignition system. This can be used to test
techniques for detecting LTHR with optical methods that observe non-
pressure-based markers by comparing them to standard LTHR markers
observed using the isolated methodology.

In this study, we seek to expand the understanding of the occurrence
of LTHR in SI engines through the use of a formaldehyde LIF-based
optical diagnostic method. 2D PLIF images will be analysed alongside
measured apparent heat release rate and high-speed flame imaging to
detect LTHR both in isolation and in end gas while deflagration is oc-
curring elsewhere in the cylinder. LIF signals and LTHR measurements
will be analysed to determine the efficacy of LIF as a diagnostic tool for
observing LTHR in SI engines. In a fired engine, the ignition system is
modified to produce central, optically accessible end gas, and formalde-
hyde PLIF is used to examine said central end gas during deflagration.
The results of this study highlight the ability of non-pressure-derived
diagnostic techniques to detect LTHR and subsequently answer the
question of whether or not bulk gas LTHR reactions occur in the end
gas concurrently with deflagration in SI engines.

2. Methodology
2.1. Experimental facility

Optical and pressure-based measurements of LTHR were performed
in a single cylinder, optically accessible direct injection SI engine
during motored and fired operation with two non-fluorescing fuels:
n-heptane and a mixture of 15% (v/v) n-heptane and 85% 2,2,4-
trimethylpentane (iso-octane) — PRF85. The specifications of the op-
tically accessible engine are given in Table 1 and details of the instru-
mentation are supplied in Table 2.

Optical access to the engine (for imaging) was provided through a
60 mm central piston window. Considering the nature of this work —
to image LTHR in the unburnt end gas — the last portion of the cylinder
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Fig. 1. Optical layout for formaldehyde PLIF and high-speed flame imaging. A 355 nm lase
centrally-located end gas. The cylinder is imaged from below through a piston crown wind
intensified and high-speed camera respectively.

Table 1
Engine specifications.

Bore [mm] 85
Stroke [mm] 90
Fuel injection system Direct injection
Injection pressure [bar] 200
Inlet valve actuation Single valve (of two)
Dynamometer DC, 40 kW

Table 2

Engine instrumentation.

Measured quantity Sensor

Kistler 6043A60

Kistler 4075A10 (with cooling adapter Kistler
7505B)

Kistler 4043A5

Druck PDCR 820-0800

Kistler 4075A10 (with switching cooling adapter
Kistler 7533A)

Roots meter model 1.5 M125

Exposed junction K-type thermocouple

Leine and Linde crank encoder 632006911

Cylinder pressure
Barrel pressure

Inlet pressure
Manifold pressure
Exhaust pressure

Air flow rate
Inlet temperature
Engine speed

to be reached by deflagration would be the central, optically accessible
portion. In a typical ignition setup, where charge motion and spark plug
placement are optimised for combustion speed and efficiency, the spark
is usually centrally mounted, with the flame propagating out from the
centre to the cylinder walls—this is incompatible with the objectives of
this work. Hence an annulus with four simultaneously triggered spark
plugs was designed, in order to produce four flame fronts that travel
from the edges of the cylinder inwards. High levels of swirl motion were
obtained by disabling the flywheel-side intake valve (Schaeffler UniAir
Continuously-Variable Valve Train system) and this setup successfully
produced central end gas.

The optical setup to perform PLIF measurements of the central end
gas, simultaneously with high-speed imaging of the flame luminosity,
is detailed in Fig. 1.

The 3rd harmonic (355 nm) of a 10 Hz, ns-pulse Nd:YAG laser
(Continuum Surelite 1-10), which had a fluence of 0.05 J/cm?, was
used in combination with sheet forming optics (Thorlabs LK1283L1-A,
f = —40 mm cylindrical lens; Thorlabs LA4579-UV-ML, f = 300.0 mm
spherical lens) to pass a laser sheet through opposing pentroof win-
dows. This illuminated a horizontal plane within the engine, 3 mm
above the firing deck, with approximate dimensions 30 mm x 50 mm X
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B oo cump
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r sheet passes through a pair of opposed pentroof windows. A 4-spark annulus ensures
ow, with a 50:50 beamsplitter enabling simultaneous PLIF and flame imaging with an

1 mm, which were determined by using the sheet to illuminate a scale
target. The pulse energy at 355 nm was 14 mJ.

A circular piston crown window and a 45-degree mirror within
the Bowditch extended piston enabled both formaldehyde fluorescence
from the PLIF measurement plane and light emission from the flame to
be imaged from below. A 50:50 plate beamsplitter (Thorlabs BSW27)
was used to direct light from the engine onto the two detection arms.
The beamsplitter’s wide range coating (350-1100 nm, as opposed to a
typical visible coating range of 400-700 nm) was necessary to avoid
ghosting on the flame luminosity images due to partial reflection of
light above 800 nm from the rear surface of the beamsplitter.

One detection arm consisted of a high-speed camera (Phantom VEO
710L) using a Nikkor 105 mm lens at f/2.5 to image the flame luminos-
ity at one frame per crank angle. The formaldehyde fluorescence was
imaged in the other detection arm using a UV-compatible intensified
camera (Andor iStar sCMOS 18U-E4, with a Nikkor 85 mm lens at
f/2) which incorporates a WE-AGT photocathode and a fast-decay P46
phosphor (200 ns decay time to 10%), using an intensifier gate time
of 1 ps. A bandpass filter (UQG optics CDB-5051) and a longpass
filter (UQG optics FGG-39550) were used to transmit the formaldehyde
fluorescence with >75% transmission between 400 nm and 470 nm
onto the intensified camera, while blocking elastic scatter from the
355 nm excitation sheet with an effective optical density of >10°.

During the preliminary testing with n-heptane, cylinder head fea-
tures were visible on the PLIF images, having been illuminated by the
fluorescence emission from the measurement plane. Image processing
steps in Section 2.3.2 partially mitigated this effect for the n-heptane
runs but for all subsequent datasets the cylinder head was painted black
to minimise the intensity of these background features.

2.2. Operating conditions

To isolate LTHR, fuel was injected into the motored engine with the
ignition system disabled and the inlet air heated, as described by White
et al. [38]. Table 3 summarises the operating conditions for the three
sets of tests. n-heptane was chosen for the initial motored tests because
of its strong LTHR behaviour and hence maximised signal intensity.
PRF85 was chosen for the fired tests to maximise LTHR intensity with
its n-heptane content but minimise the possibility of engine knock
with its relatively high octane rating. The fuels were injected early to
give as homogeneous as possible a mixture at the point of LTHR, and
previous work has shown that there is a near homogeneous mixture
in this engine at this injection timing (albeit at a different operating
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Table 3

Engine operating conditions.
Study Cycle-based Intra-cycle Firing
Fuel n-heptane PRF85
Inlet temperature (°C) 60, 100 120
Ignition timing (°CA aTDC) N/A -30, -15
Injection timing (°CA aTDC) -280
Engine speed (rpm) 1180
Equivalence ratio (¢) 0, 0.5 0.5
Inlet pressure (kPa) 80
Injection pressure (bar) 200
Air mass flow rate (g/s) 2.75

point) [42]. With PRF85, the inlet temperature was increased from 100
to 120 °C to account for its lower LTHR propensity. The engine speed
was selected to synchronise with the LIF excitation laser’s repetition
rate of just under 10 Hz (9.83 Hz) — enabling the same crank angle
to be imaged cycle-to-cycle. The laser and cameras were triggered from
the engine crank at the desired crank angle. To maximise the runtime
of the optical engine under fired conditions, the coolant temperature
was set to 25 (°C).

The equivalence ratio of ¢ = 0.5 was chosen to give the best chance
of observing LTHR at engine conditions compatible with the optical
engine. An equivalence ratio higher than 0.5 would have required
increased cylinder pressures and temperatures that exceed the pressure
limits of the engine with optical components fitted, but the LTHR
behaviour observed in this work at ¢ = 0.5 would be expected to
generalise to higher equivalence ratios, including stoichiometric [35,
41].

As this engine is a direct injection engine, it should be noted that
the direct injection causes charge cooling which in turn reduces tem-
peratures and therefore LTHR intensity [41]. At lean equivalence ratios
where LTHR was present, ignition was unstable, causing somewhat
unreliable combustion that presented itself as alternating firing and
misfiring cycles. While nominal fuel and air flow rates were maintained
between motored and fired cases, the residuals in the chamber after a
failed combustion event made the equivalence ratio of the subsequent
cycle slightly richer but ultimately enabled the required sustained
combustion within that cycle. Increasing the equivalence ratio in an
attempt to reliably fire the engine every cycle was attempted but caused
cylinder temperatures to be too low for LTHR to occur due to the
additional charge cooling. When analysing the data, fired cycles were
filtered and presented.

2.3. Data analysis

2.3.1. Engine data processing

Combustion analysis was performed during post-processing with
a MATLAB-based procedure. Cylinder pressure was calibrated with
concurrent barrel pressure measurements to avoid drift, and cylinder
volume was calculated from the engine geometry. Apparent heat re-
lease rate (AHRR) was calculated on a per-cycle basis according to
Stone [43]. A median filter was applied to each AHRR cycle before the
mean trace was calculated to remove noise. To calculate cumulative
heat release (also referred to as LTHR intensity), AHRR for unfuelled,
motored, cases were subtracted to account for an approximation for
most heat transfer effects.

2.3.2. Image processing

A calibration grid, placed in line with the laser plane, was imaged
with all windows installed in the engine and used to transform and
spatially calibrate the intensified camera images and high-speed flame
images using MATLAB. For the n-heptane tests, the cylinder head
was unpainted and strongly illuminated by scattered light and PLIF
emission from the laser sheet region, leading to background cylinder
head structure being clearly visible in the PLIF frames which could not
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be removed by subtraction of, for example, the mean image from a non-
fuelled run without LTHR due to the PLIF-dependent contribution to the
apparent background intensity. To mitigate this, individual PLIF frames
(in Fig. 4) were divided by the mean illuminated image to minimise
the visibility of the background cylinder head structure and partially
correct for spatial variation in laser plane intensity. For the remainder
of test points in this work, the cylinder head was painted black and
this image correction via division did not need to be applied. Three
regions, either could not be painted or were still highly reflective during
the tests and were therefore masked out of the images presented in the
results; these appear as an annulus around the centrally mounted spark
(which was disabled), the area around the pressure transducer and an
oval-shaped patch at around (-10, —10).

Regions of formaldehyde were detected in the PLIF images using a
MATLAB procedure that applied a median filter, then applied morpho-
logical close and open filters to remove speckles and finally applied
adaptive thresholding to create a binary image, with the threshold
based on the overall brightness of the image. Adaptive thresholding
was required due to the nature of scattering—the dark gaps in the plane
that did not contain formaldehyde were brighter in bright cycles due
to the omnidirectional nature of fluorescence and subsequent scatter.
The same method was applied for flame detection without the need for
adaptive thresholding. The flame images are presented in this work as
flame history images, calculated by taking the maximum pixel intensity
for each pixel for the range up to a specified crank angle. This was to
ensure that early, bright flame regions that later become dark are taken
into account when comparing them to the effects of the flames in the
PLIF images.

PLIF signal intensity was calculated by using the above method to
identify fluorescing pixels, then summing their intensity and dividing
that sum by the number of fluorescing pixels to calculate the mean
fluorescing pixel intensity. This was required so that the gaps caused
by formaldehyde consumption did not affect indicated LTHR inten-
sity. Shot-to-shot variation in laser intensity and laser sheet spatial
inhomogeneity were not corrected for.

For the n-heptane data, the cameras were triggered before the
output of the laser had fully stabilised. So, to correct for laser warm-
up which manifested as an increase in PLIF intensity over time due
to increasing laser pulse energy, a logarithmic curve was fitted to,
and subsequently subtracted from, the intensity data. Then, a moving
window correlation was calculated by finding the Pearson correlation
coefficient, r, between the PLIF and LTHR intensity traces for each pair
of cycles and their immediate neighbours.

3. Results and discussion
3.1. Cycle-based PLIF

3.1.1. Qualitative analysis

To qualitatively investigate the effect of LTHR on the PLIF signal,
initial tests were carried out with n-heptane, using the isolated LTHR
methodology [38] at two inlet temperatures—one where minimal LTHR
would be expected and one where relatively high LTHR intensity is
common. The apparent heat release rate traces are presented in Fig. 2
and mean PLIF signal images are presented in Fig. 3; baseline traces and
images for cases with the injection turned off (i.e. unfuelled motored
cases) are also presented, to help distinguish any non-LTHR related
signal strength. Examining the baseline AHRR traces reveals them to
be effectively identical. Since no fuel is present in these cases, the net
heat release — which is negative — can be attributed solely to the
effects of heat transfer from the compression-heated air to the walls at
lower temperatures. The T;, = 60 °C case where fuel was injected still
shows net negative heat release, though it is up to 0.25 J/°CA more
positive than the unfuelled cases, suggesting that LTHR is likely to be
occurring, but with very low intensity. Finally, the fuelled T;, = 100 °C
case shows the clear isolated LTHR that has been observed in previous
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Fig. 2. Apparent heat release rate data for a fuelled and unfuelled engine, motored
operation with n-heptane at two inlet temperatures.

studies [38]—with peak AHRR reaching 3 J/°CA.

The four PLIF images presented in Fig. 3 are mean averages of
images from over 200 consecutive cycles for each test point; each
individual image was taken at 20 °CA aTDC. Formaldehyde is known
to be formed during LTHR [9], and under motored conditions, there
is no cause for it to be consumed so formaldehyde accumulates in
the cylinder until it exits through the exhaust valves. Hence, images
captured at 20 °CA aTDC would be expected to show fluorescence from
formaldehyde that has accumulated over the course of the cycle. The
first thing to note is that the images for the unfuelled cases (i.e. “Injec-
tion Off”) are not entirely dark — even where no laser sheet structure
is present, the shape of the cylinder head can be distinguished. This
non-zero PLIF signal may be attributed to background light of a similar
wavelength (blue visible) to formaldehyde fluorescence, or to small
amounts of fluorescence and subsequent scatter from contaminants
such as gasket sealing compound within the pent roof window recesses.

Examining the mean image for the T}, = 60 °C case where fuel was
injected reveals a slightly brighter signal, most evident in the enhanced
visibility of the cylinder head structure; however, the structure of the
laser sheet is still not present. The small increase in brightness relative
to the unfuelled cases is consistent with Fig. 2 — there is likely very
weak LTHR intensity that leads to the formation of relatively small,
but non-zero, concentrations of formaldehyde at 20 °CA aTDC. The
direct fluorescence is too weak to distinguish but has the effect of
raising the overall brightness of the image. Finally, the image for the
fuelled T;, = 100 °C case is significantly brighter than all other cases.
Furthermore, the outline (and to some extent, the structure) of the
laser sheet is apparent. This is consistent with the high LTHR intensity
AHRR in Fig. 2. Due to scatter, and the fact that the cylinder head
surface had not been painted black during these preliminary tests, the
brightness in the raw PLIF images does not exclusively correlate with
spatial formaldehyde concentration. Hence a strong overall illumina-
tion effect is observed for the whole cylinder. Nevertheless, the pair of
figures serve as evidence that formaldehyde PLIF can be used to detect
the presence of LTHR over averaged cycles—i.e. signal brightness is
qualitatively correlated with LTHR.

3.1.2. Individual snapshots

16 individual example frames from the set of images that were used
to make the T, 100 °C image in Fig. 3 are presented in Fig. 4.
As described in Section 2.3.2, each snapshot image has been divided
by the mean image to partially correct for both laser plane intensity
and the contribution from the cylinder head structure. The spatially
calibrated frames have been masked to isolate the laser sheet area and
are presented in the order in which they were captured. Gas structure is
apparent in many of the images, in particular cycle numbers 70, 100,
130 and 190, though some show almost no signs of it, for example,
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cycle numbers 110, 160 and 200. The cause of the gas-like structures
is likely due to inhomogeneities within the temperature and species
distributions of the turbulent in-cylinder flow. The hottest regions with
the highest local reactivity will experience the most LTHR and produce
the most formaldehyde—then, turbulent cylinder flows will transport
this formaldehyde around the cylinder and LTHR continues to occur
elsewhere. The clarity of these detailed structures within the PLIF
images is characteristic of the planar nature of PLIF measurements,
as opposed to line-of-sight integrated techniques such as natural light
imaging. It is apparent on inspection of the chronologically ordered
PLIF images that there is a trend for image brightness to increase over
time (cycles). Rather than any gradual increase in LTHR intensity, this
can be attributed to laser warm-up for this preliminary dataset. Laser
warm-up effects were avoided in the subsequent datasets of Section 3.2
onwards.

3.1.3. Semi-quantitative analysis

Section 3.1.1 demonstrated a qualitative link between LTHR inten-
sity and the brightness of the formaldehyde PLIF signal. The images and
thermodynamic data captured at 7}, = 100 °C can be further analysed to
attempt to gain semi-quantitative insights into the relationship between
the strength of the PLIF signal and the corresponding LTHR intensity.

The PLIF signal across each image (see Fig. 4) is first spatially
averaged, then corrected for gradual laser warm-up by fitting a log-
arithmic trend to the spatially-averaged brightness vs. cycle number
(time) of the set of over 200 PLIF signals for each run. This enables the
relative brightness between adjacent cycles to be compared in order to
investigate the correlation of PLIF signal intensity with LTHR intensity
(note that these tests are isolated LTHR so there is no contribution
from deflagration). Fig. 5 shows a representative subset of the min—
max normalised cumulative heat release for each cycle, i.e. the LTHR
intensity (the blue solid line), alongside the corrected PLIF signal
intensity (the black dash-dotted line).

There is an apparent similarity between the two traces—as well as
some clear differences. Direct comparison of the two measurements
is non-trivial due to the inherent differences in spatial averaging be-
tween the whole-cylinder pressure-based technique and single-plane
optical technique. However, it is reasonable to expect cycles with more
LTHR to have a higher likelihood of having high concentrations of
formaldehyde within the PLIF measurement plane, leading to brighter
PLIF signals.

This potential relationship is assessed with a rolling correlation
coefficient using a window size of three. This describes the local
similarity in trends of LTHR and PLIF signal intensities for adjacent
cycles (one cycle ahead and one behind). The background of Fig. 5
is coloured according to the calculated correlation coefficient for each
cycle, highlighting the strong similarity between LTHR intensity and
PLIF signal intensity for the majority of this data subset; as well as
notable differences around cycles 39, 48 and 52.

The rolling correlation coefficients for all cycles are summarised in
Fig. 6. Over 37% of the total are 0.9 or above and 77% are positive, sug-
gesting that there is a positively correlated relationship between LTHR
intensity and PLIF signal from formaldehyde within the measurement
plane on a cycle-by-cycle basis.

This is particularly compelling, considering that the PLIF measure-
ment plane represents a very small portion of the cylinder volume (2%
at 20 °CA aTDC), the formaldehyde distribution is not homogeneous
(as seen in gas structure frames in Fig. 4), and PLIF signal intensity is
not expected to be linear with LTHR.

3.2. Ensemble-averaged intra-cycle PLIF

The principal aim of this work is to demonstrate the use of PLIF
to detect, and track the progress of LTHR for application in conditions
where a pressure-derived method of LTHR tracking cannot be applied.
Hence it is necessary to determine whether PLIF signal intensity can
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Fig. 3. Average PLIF images captured at 20 °CA aTDC for the four cases in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

be related to LTHR progress within a cycle. The laser employed was
limited to one shot per cycle, so investigations within a single cy-
cle were not possible and ensemble-averaged PLIF and LTHR data
were studied instead. A motored test condition producing repeatable
pressure-derived LTHR traces (PRF85 at T, 100 °C) was selected
and PLIF images were captured over a wide range of crank angles over
sequential cycles.

Formaldehyde formation is used as a marker for LTHR intensity
(i.e. the rate of heat release from LTHR) and, in the absence of defla-
gration, there is no cause for it to be consumed, so for motored cases
formaldehyde should accumulate throughout the cycle. Interpretation
of the PLIF images as a measure of formaldehyde is complicated by
the change in volume as a function of crank angle. This leads to the
number density of formaldehyde at each crank angle depending both on
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the creation and the subsequent compression of formaldehyde created
at all preceding crank angles of the cycle. The PLIF signal may also
depend on the variation of pressure and temperature as a function of
crank angle.

To investigate qualitative relationships, for the range of crank angles
near TDC of interest in this work where volume changes are a small
(but not negligible) fraction of the total swept volume, corrections for
volume, pressure and temperature effects were not attempted.

Fig. 7 shows averaged PLIF images every 5 °CA. The PLIF images
show a trend of increasing image brightness with time, despite volume,
pressure and temperature trends reversing around TDC. This is espe-
cially apparent in the —5 °CA to 10 °CA region where volume, pressure
and temperature variation is minimised.
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Fig. 4. 16 example PLIF images captured at 20 °CA aTDC, for the engine motored with n-heptane at 7;, = 100 °C.

Calculating the average cumulative heat release from the pressure
traces gives a second accumulating measure of LTHR. If PLIF signal
intensity is suitable to use for tracking LTHR processes, there should
be a qualitative match between the trends of PLIF signal intensity and
cumulative heat release as a function of crank angle for the averaged

cycle data.
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Min-max normalised traces of average PLIF signal intensity and
cumulative heat release are presented in Fig. 8. There is a good level of
agreement, considering the cycle-to-cycle variation of the PLIF signal
and the uncorrected factors influencing the PLIF signal detailed above,
between the two independent methods of following heat release, par-
ticularly the timing of their respective greatest rate of change at 0 °CA,



CHAPTER 4. PLANAR LASER-INDUCED FLUORESCENCE IMAGING OF LOW TEMPERATURE

HEAT RELEASE

S.P. White et al.

Applications in Energy and Combustion Science 21 (2025) 100321

1 — 1
0.9 10.8
208 10.6
2 104
(9] 4 =
£ 0.7 s 3
10. =
% 0.6 8
= 1o €
- s
k: 1:02 9
= S
£ 0.4 1-04 ©
(@]
Z03 106
02 LTHR Intensity 4 {1.08
N PLIF Signal :
0.1 1 1 1 | | 1 |
25 30 35 40 45 50

Cycle number

Fig. 5. Cycle-by-cycle LTHR intensity and PLIF signal intensity for a selection of consecutive cycles of motored operation with n-heptane at 7;, = 100 °C; the similarity in the

traces is illustrated with the local correlation coefficient.
article.)

80

B ()]
o o

Frequency

N
o

-1

-0.5
Correlation Coefficient

0 0.5
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T;, = 100 °C.

in

supporting the use of formaldehyde PLIF to track LTHR progress within
a cycle.

3.3. Simultaneous LTHR and deflagration

As discussed in the introduction, it has recently been theorised that
LTHR could be occurring in a volumetric manner in the unburned
regions simultaneously alongside deflagration (in contrast to occurring
just ahead of the flame as ‘cool flame’ reactions, which are well-
studied). Should this occur, it would not be detectable using standard
pressure-based heat release analysis techniques [13]. The deflagration
results presented in this work used the four spark ignition setup as
described in Section 2.1 as part of the efforts to detect such behaviour.
Fig. 9 illustrates this with three apparent heat release rate traces
from three different test points: AHRR from an isolated LTHR cycle
(Section 3.2) is shown in blue, and AHRR for two firing cases differing
only by ignition timing are shown— a later spark timing of —15° aTDC
in orange and an earlier spark timing of —30° aTDC in yellow. Note that
the AHRR peaks are small in magnitude and long in duration compared

124

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

to typical work. This is because spark plug placement and cylinder
charge motion were not optimised for combustion speed but for optical
access of the end gas.

The later ignition case (orange solid line) closely resembles previous
PSHR work in the literature [13], with a clear initial heat release peak
around 0° aTDC, before the main HTHR from deflagration. Subtracting
the AHRR trace of the isolated LTHR case from the later ignition case
results in a virtual AHRR trace (orange dashed line) that approximates
the HTHR contribution to the later ignition case.

The earlier ignition case (yellow solid line) shows no visible LTHR
peak. This is highlighted in Fig. 9 by translating this trace 15 °CA
later (yellow dashed line) where it closely resembles the approximated
HTHR trace of the later spark timing case. AHRR traces similar to the
early spark timing case exhibit no clear signs of LTHR in the pressure
trace, so when analysing the formaldehyde PLIF signals for the —30°
aTDC ignition case, one might not necessarily expect to see any signals
indicating LTHR.

Fig. 10 presents PLIF images from the —30° aTDC spark timing con-
dition and shows that, in fact, there are indications of the occurrence of
LTHR in the form of mean PLIF signal intensities which show a notable
increase around 0 °CA (top row). These mean PLIF images resemble
the isolated LTHR condition of Fig. 7, albeit with reduced intensities at
later crank angles.

These reduced mean PLIF intensities are a consequence of the flame
intersecting the PLIF measurement plane at later crank angles and
consuming the formaldehyde. The middle row of Fig. 10 displays an
example single-shot PLIF image for each crank angle and the simulta-
neous natural light flame history images are presented in the bottom
row.

From 10° aTDC onwards, dark regions in the otherwise bright PLIF
images qualitatively overlap with the bright flame emission regions in
the natural light images. For the example PLIF image at 30° aTDC,
the flame has almost completely consumed the formaldehyde within
the PLIF measurement plane, leaving only a small bright region to
contribute to the mean PLIF image of the top row.

The intensity of these PLIF signals are quantified in Fig. 11, which
compares the fired case signal intensity to the motored case from
Fig. 8 (the traces are min-max normalised together). To account for
the “burnt” regions, the regions of each image where formaldehyde is
present were identified and only these regions were used to calculate
intensity (as described in Section 2.3.2).
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Fig. 8. Min-max normalised cumulative heat release and PLIF signal intensity (of the
images in Fig. 7) for an engine motored with PRF85 at T;, = 120 °C in order to induce
isolated LTHR.

The two traces exhibit some key similarities and differences. Both
cases show a clear sigmoidal shape rise in intensity from —20° aTDC
to on or after 20° aTDC, which (as shown in Fig. 8) is consistent
with cumulative heat release from LTHR. On the other hand, there is
an approximately constant difference in intensity — 0.2 units on the
normalised scale — suggesting increased formaldehyde concentration
in the motored case compared to the fired case. This can be attributed
to a baseline concentration of formaldehyde from residuals present in
the motored case, that are not present in the fired case because they are
consumed by deflagration. Furthermore, the error bars on the fired case
(which correspond to one standard deviation of PLIF signal intensity)
are considerably wider for data points at —5° aTDC and later, owing
to the cyclic variability caused by combustion—particularly in this
setup which was not optimised for combustion speed and stability. The
increasing PLIF signal intensity during flame propagation indicates that
LTHR is occurring in unburnt regions whilst deflagration contributes
to heat release elsewhere in the cylinder. To the best of the authors’
knowledge, this is the first time it has been demonstrated in an SI
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Fig. 9. Apparent heat release rate (AHRR) traces for fired cases at two different spark
timings, one with a visible LTHR peak (red) and one without (yellow), compared to a
motored case with a visible LTHR peak (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

engine. A key implication of these findings is that the chemical compo-
sition of the end gas that the flame propagates into will be different to
that of the original fuel-air mixture—hence combustion properties such
as knocking propensity will be different as a result.

The variations in flame progression inevitably result in cyclic varia-
tion in combustion phasing and speed and hence variation in pressure
(and temperature) rises. Higher cylinder pressures and certain temper-
atures (i.e. below the NTC region) are conducive to LTHR. For the
PLIF images collected, the cases where deflagration initiated sooner and
flames developed earlier often showed large dark patches, but with the
remaining signal tending to be brighter due to the elevated pressures
and temperatures. This observation is presented semi-quantitatively in
Fig. 12, which shows the test cases grouped into three by the start of
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sample PLIF frames on the middle row and corresponding flame history images on the bottom row. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 11. PLIF Signal intensity for motored, isolated LTHR cycles (blue) and fired cycles
(red) with —30° aTDC spark timing. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

combustion (defined by the crank angle at which 10% of fuel is burnt)
plotted against the intensity of the remaining patches of fluorescence
in the PLIF images. It should be clarified that these trends are specific
to this engine but indicative of more fundamental behaviour that can
be generalised. It was the case that in these tests, the occurrence of
the earlier stages of deflagration modified the pressure and therefore
temperature of the end gas into conditions that are conducive to LTHR.
In other engines, the same phenomena could, for example, increase the
temperature too much, such that it enters the NTC region and therefore
reduces LTHR intensity.

The link between the dark patches within the formaldehyde PLIF
images and the flames was qualitatively demonstrated in Fig. 10 — this
relationship was quantified, as demonstrated in Fig. 13.

10

126

T 121

= —_~~

) |

»n g 1

L 5

S Zo06f

P

S 2047

T O

ESo2f

s

0

Early Average Late
Start of Combustion

Fig. 12. Effect of combustion phasing (as indexed by start of combustion) on the PLIF
signal intensity of the formaldehyde zones in PLIF images from fired cycles with —30°
aTDC spark timing.

The left-hand side column depicts four example PLIF frames with
the dark patches (the gaps in fluorescence) outlined in orange. As in
previous images, portions of the cylinder head paint that failed to
reduce scatter (such as around the spark plug and pressure transducer)
are masked out and appear black. The right-hand side shows the
corresponding flame history images, generated by taking the maximum
pixel intensity until the time the PLIF image was captured. This is to
ensure early bright regions that become dark by the time the PLIF
image is taken are still taken into account. This does assume an overall
charge motion that is slow relative to the flame propagation speed. Gas
velocities were not measured in this work, but the results of Fig. 14
(discussed later) are consistent with this assumption. Flame history is
then detected and outlined in cyan. In the centre column, both the dark
zones from the PLIF images (orange) and the flame history zones (cyan)
are presented for direct comparison and overlaid on a grayscale image
of the flame history.
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Fig. 13. Spatially calibrated formaldehyde PLIF (left column) and flame history images (right column) captured simultaneously for fired cycles with —30° aTDC spark timing—burnt
zones are highlighted and compared in the middle column. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

The independently determined zones show significant similarity — as the flame images are line-of-sight integrated whilst the PLIF image
the formaldehyde gaps (highlighted in orange) are almost exclusively samples a relatively thin plane within the cylinder. Any flame activity
located within the flame history zone. This is not entirely surprising outside of the laser plane will be detected in the natural light imaging

1
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Fig. 14. Distribution of ‘Disagreement fraction’—the fraction of the burnt zone in the
PLIF images that appear outside of the burnt zone in the flame history images.

but will not consume the formaldehyde within the plane and hence
will not cause a dark patch in the PLIF image. On the other hand, if
a dark patch appears in the PLIF image, it will almost certainly have
been caused by flame presence and hence that portion of the flame will
be detected in the natural light imaging.

Fig. 13’s middle column qualitatively shows good agreement be-
tween zones from the two independent imaging techniques for the
example images presented. The overall similarity between the full set
of cycles imaged is quantified in Figs. 14 and 15.

The extent to which the PLIF dark patches (the gaps in fluorescence
signal indicating lack of formaldehyde presence) appear outside of the
flame zone can be described as the disagreement fraction — the fraction
of dark patch pixels that appear outside of the flame zone region. A
histogram plot of the disagreement fraction can be seen in Fig. 14. In
80% of cases, the disagreement fraction is 1% or less, suggesting that
across the images, the gaps in visible formaldehyde fluorescence can be
attributed to formaldehyde consumption by the flame with very high
confidence. It is also consistent with the earlier assumption that overall
charge motion was slow relative to the flame propagation speed.

The proportion of flame zone occupied by the PLIF dark patches (by
number of pixels) is defined as the ‘PLIF/Flame’ ratio and is presented
in Fig. 15. Typically, the dark patches occupied a large proportion of
the flame zone, with three-quarters of the image pairs having a ratio of
over 50%, and the modal ratio was in the range 70%-80%. Again, this
shows good similarity between the methods, considering it would not
be expected to be too close to 100% since the PLIF images were planar
and flame history images were line-of-sight integrations.

4. Conclusions

In this work, n-heptane and PRF85 were injected into a motored,
optically accessible, engine to determine the utility of formaldehyde
planar laser-induced fluorescence (PLIF) for observing and tracking
low temperature heat release (LTHR) without relying on pressure
measurement-based methods. The engine was then fired with four side-
mounted spark plugs in order to observe the end gas through the
engine’s piston window. PLIF was used to track the progression of LTHR
occurring in the end gas while high speed natural light flame imaging
was used to track the progress of deflagration.

The results show that:

1. For motored conditions, a strong formaldehyde PLIF signal is
present when isolated LTHR occurs but not otherwise.
Cycle-based PLIF signal intensity within the selected 2D mea-
surement plane is well correlated with total heat released from
LTHR on a cyclic basis, despite the relatively small sampling area
of the PLIF images.

2.
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Fig. 15. The ratio of the number of pixels in the burnt zone of the PLIF images to the
number of pixels in the burnt zone of the flame history images, plotted as a distribution.

3. Formaldehyde PLIF signal intensity can be used to track LTHR
progression within a cycle due to its strong relationship with
cumulative heat release, as evaluated using ensemble-averaged
data.

. Formaldehyde in the end gas, produced by LTHR is consumed
by deflagration, which makes the presence of flames visible
in PLIF images as dark regions. There was good agreement
between formaldehyde PLIF images of firing cycles and natural
light flame history images, as measured independently by a high
speed camera.

. The PLIF technique was able to observe LTHR in firing en-
gine cycles where the apparent heat release data exhibited no
distinguishable indications of LTHR.

This work has shown simultaneous volumetric low temperature
heat release and deflagration in a spark ignition engine for the first
time when other methods (i.e. pressure-derived heat release analysis)
are unable to observe LTHR. The occurrence of this end gas LTHR
has important implications for combustion behaviour, namely that the
chemical composition of the end gas that the flame propagates into will
be different to that of the original fuel-air mixture, hence combustion
characteristics such as knocking propensity will differ.

Nomenclature
°CA Crank angle degrees
HCCI Homogeneous charge compression ignition
LTHR Low temperature heat release
NTC Negative temperature coefficient
P Pressure
PLIF Planar laser-induced fluorescence
PSHR Pre-spark heat release
SI Spark ignition
SICI Spark induced compression ignition
T Temperature
TDC Top dead centre
¢ Fuel-air equivalence ratio
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CHAPTER 4. PLANAR LASER-INDUCED FLUORESCENCE IMAGING OF LOW TEMPERATURE
HEAT RELEASE

Chapter Summary

This Chapter builds upon the results from the five publications in the previous two chapters to achieve the second
main objective of this thesis—to develop a new technique, that does not rely on pressure-derived apparent
heat release measurements, to observe LTHR in SI engines. This was achieved by testing and refining the
formaldehyde PLIF method on isolated LTHR, first with n-heptane and then with PRF85, and examining the
relationship between PLIF signal intensity and cumulative heat release from isolated LTHR. The method was
then applied to a firing case whose apparent heat release trace showed no indications of LTHR, but the PLIF
signal, indicative of the occurrence of LTHR from the presence of formaldehyde, was observed in the end gas.
A full analysis of the results and implications of this work, and those of the previous chapters can be found in

Chapter 5.
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Chapter 5

Conclusion

This thesis has presented a collection of studies that contribute to the understanding of low temperature heat
release (LTHR) in spark ignition engines. Six studies are presented as published or submitted academic papers,
across three chapters based on their area of focus. The results and conclusions of each study are presented in
their respective papers, with this chapter aiming to provide an overall summary and analysis of the findings

from the six papers.

5.1 Summary of work

A methodology for isolating low temperature heat release in spark ignition engines, which forms the basis of this
thesis, was presented in Section 2.1. It was first used to carry out studies on fundamental physical parameters of
an engine, namely inlet temperature, inlet pressure and engine speed. Tests were carried out across two engines
with the two single component fuels: n-heptane and iso-octane. LTHR is also presented in contrast with high
temperature heat release (HTHR) for clarity. To complete the study of physical parameters, Section 2.2 presented
an investigation into the effect of equivalence ratio on LTHR. To enable a comprehensive analysis of the results,
Chapter 2 presented a range of techniques for observing and analysing the isolated LTHR, from apparent heat
release rate and temperature traces, to ignition delay and Livengood-Wu analysis. Additionally, the study in
Section 2.2 presents alternative methods for measuring LTHR, with exhaust temperature and carbon monoxide
concentration measurements. The methods and results from this chapter were applied in all subsequent studies.

Chemical effects, specifically fuel composition and residual effects were studied in Chapter 3. Across the
studies, binary blends of n-heptane, iso-octane and ethanol were tested to determine their effects on LTHR
behaviour. Further, more comprehensive exhaust gas measurements were carried out in Section 3.1, to determine
the chemical composition of the products of LTHR and to help identify a chemical indicator specific to LTHR
that would help identify it using optical diagnostic techniques. The effect of combustion residuals were tested by

applying a skip firing methodology in Section 3.1 and by directly seeding nitric oxide into the inlet air in Section
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3.3. The studies in this chapter introduced two further techniques to analyse and explain LTHR behaviour: 0D
engine modelling and sensitivities analyses on ignition delay time.

Finally, the insights from Chapters 2 and 3 surrounding fundamental inlet parameters and LTHR products
(specifically, formaldehyde) were applied in Chapter 4 to develop and inform the application of an optical
diagnostic technique—planar laser-induced fluorescence (PLIF) of formaldehyde, with the aim of detecting
LTHR without needing to rely on pressure-derived heat release, or exhaust gas, measurements. This method
was first applied and fined tuned on isolated LTHR test points, and subsequently applied to a fired cycle test case
that exhibited no other measurable indications of LTHR. High speed natural light flame images were captured
alongside the PLIF images to enable detection of the flames and hence the burnt and unburned zones. A non-
standard annular four spark plug ignition system was employed in order to make the unburned end gas optically

accessible. The findings from all six studies are presented in the following section.

5.2 Findings

5.2.1 Isolated LTHR Methodology

Section 2.1 showed that by disabling the ignition system of an SI engine, and curating the inlet temperature and
pressure, it is possible to realise isolated LTHR without inducing subsequent high temperature heat release. This
is one of the most significant contributions of this work, for a multitude of reasons. The methodology enables
more detailed studies on the effect of various engine- and fuel-related parameters on LTHR behaviour—an im-
portant phenomenon in engines. It does not require techniques such as spline fitting to infer the amount of heat
released by LTHR because it can be measured directly using various techniques. Applying the methodology
enables observations of LTHR for inlet conditions where deflagration would otherwise obscure the apparent
heat release data (though it is important to note that the deflagration itself will modify LTHR behaviour as it in-
creases cylinder pressures and temperatures). As the subsequent chapters in this thesis show, the isolated LTHR
methodology opens up opportunities for testing and validating chemical kinetics models, and observing LTHR
using many techniques, such as exhaust emissions measurements, optical diagnostics and exhaust temperature
measurements. In this thesis alone it enabled five further studies with the potential for many more. Ultimately,
these studies help inform the relationship between engine thermodynamics, fuels and combustion behaviour—
learning more about LTHR means learning more about knocking and hence contributing to improving internal

combustion engine efficiency.

134



CHAPTER 5. CONCLUSION

5.2.2 Effect of Pressure

The effect of inlet pressure—and therefore compression pressure—was investigated. It is particularly relevant
given recent trends of engine downsizing and boosting (conditions that tend to be more knock-prone). The
relationship with LTHR is relatively simple: increasing pressure increased LTHR intensity for all test points
across the studies. This is a particularly useful result for advanced combustion regimes that require first-stage
autoignition to have occurred, as increasing pressure is usually a relatively simple step to take. The relationship

was established in the first study and was utilised in the subsequent studies to encourage the required LTHR.

5.2.3 Effect of Temperature

Temperature has a significant impact on LTHR behaviour and has a more complex relationship than pressure.
Section 2.1 showed that the net effect of increasing inlet temperature for n-heptane and iso-octane was the
strengthening and weakening of LTHR intensity, respectively. Furthermore, in Section 3.2 in the study on iso-
octane and ethanol blends trends of increasing and subsequent decreasing LTHR intensity were observed. This
appears to be counter-intuitive at first but, LTHR behaviour is in fact a function of the absolute temperature—not
just the trend—because of the NTC behaviour of some fuel-air mixtures. The effect of inlet temperature (and
therefore compression temperature) on isolated LTHR depends on the specific fuel’s ignition delay characteris-
tics and the temperature and pressure conditions that the mixture traverses throughout its cycle. The more time

the mixture spends in a reactive pressure-temperature region, the more energy was released by LTHR.

5.2.4 Effect of Engine Speed

Engine speed affects LTHR behaviour in two ways: it reduces the time for heat losses but also for low tem-
perature reaction progression. As a result, compression temperatures are elevated (which as discussed above,
has a non-trivial effect on LTHR) with increasing engine speed. Generally, higher speed means less time at
elevated pressures and temperatures and hence less opportunity for the mixture to undergo first-stage ignition
delay resulting in reduced LTHR at high speeds. The main implication of this finding is that low engine speeds

are most prone to exhibit LTHR behaviour.

5.2.5 Effect of Equivalence Ratio

The results from the study in Section 2.2 showed that LTHR can be induced and detected at very lean (¢ < 0.05)
conditions. Its intensity increases proportionally as the fuel-air mixture becomes richer. However, beyond a cer-
tain ¢ limit, in direct injection engines, the proportional relationship ceases, LTHR intensity begins to decrease
sharply with equivalence ratio and subsequently ceases. Equivalence ratio has a relatively small effect on igni-

tion delay time, as defined by 50K rise (which is strongly related to LTHR intensity), though it should be noted
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that the first stage ignition delay definition used throughout these studies (and beyond) does not account for the
effect of dilution on temperature. In a GDI engine, the equivalence ratio can significantly impact thermal effects.
For a given volume of air, an increased equivalence ratio requires increased fuel mass injected which comes
with an associated increase in charge cooling—with a decreasing effect on temperature that is felt throughout
the cycle and hence has a significant effect on LTHR. When the equivalence ratio is increased to the point where

charge cooling effects dominate, LTHR ceases abruptly.

5.2.6 Relationship with LTHR Phasing

The relationship between LTHR intensity and its phasing is more complex than it appears upon reading the
constituent studies from this thesis in isolation. The results in Sections 2.1, 3.2 and 3.3 presented trends where
increasing LTHR intensity saw LTHR occurring earlier (as indicated by CA50), however Section 2.2, which
focused on equivalence ratio, showed the opposite trend for the majority of the results—LTHR CAS50 was
linearly related to equivalence ratio, which itself was linear with LTHR intensity up until a certain equivalence
ratio where the trend reversed. The relationship between LTHR intensity and phasing depends on which factor is
limiting LTHR intensity: when LTHR is limited by the chemistry and thermodynamic conditions (i.e. ignition
delay), not all the fuel that can undergo LTHR does. This is because a longer first-stage ignition delay time
causes LTHR reactions occur to later in an engine cycle so there is less time for those reactions to occur so
LTHR intensity is ultimately reduced and occurs later. Meanwhile, if the quantity of fuel is the limiting factor,
LTHR reactions start at approximately the same time but finish later the more fuel there is available, causing

their CA50 to be later.

5.2.7 Ignition Delay Analysis

Ignition delay analyses were employed extensively across the various studies in this thesis. The results and
discussions demonstrated that it is an essential tool for understanding LTHR behaviour—because it encompasses
all of the engine- and fuel-related parameters, and uses them to explain and even predict LTHR behaviour.
Chemical factors (investigated in Chapter 3), such as fuel composition and residual presence define a first-
stage ignition delay contour over a range of engine-relevant pressures and temperatures. Then, physical factors
(Chapter 2), such as inlet pressure and charge cooling, define the path through the ignition delay space that the
mixture traverses. The more time the mixture spends in the low first-stage ignition delay (i.e. high reactivity)
regions, the more likely LTHR is to occur. Sections 2.1, 3.2 and 3.3 showed that progress towards LTHR can
be successfully quantified by the Livengood-Wu integral. A key implication of this work is that now, given
an ignition table for a fuel mixture, it would be relatively straightforward to explore the pressure-temperature

area (i.e. assume polytropic compression, or use pressure-temperature trajectories from firing data) and employ
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the Livengood-Wu integral to predict whether LTHR will occur, without the need for more computationally

expensive engine modelling.

5.2.8 Fuel Effects: Primary Reference Fuels

The two components that make up PRFs: n-heptane and iso-octane were studied extensively in this work both
as single-component gasoline surrogates and blended with other fuels. They were chosen for their strong NTC
behaviour, which makes them conducive to exhibiting LTHR. Compared to n-heptane, iso-octane’s NTC region
occurs at higher temperatures and it has longer first-stage ignition delay times overall—explaining why it did
not exhibit LTHR in the naturally aspirated engine in Sections 2.1 and 3.1 and instead required a combination of
elevated pressures and boosting to realise LTHR. Section 3.1 focused on the LTHR propensity of the two com-
ponents blended together in various ratios. PRF blends up to 75% iso-octane exhibited LTHR at elevated inlet
temperatures, despite neat iso-octane not exhibiting it at the conditions tested. The key finding was that LTHR
intensity always reduced as iso-octane content increased in the blend with n-heptane. Somewhat surprisingly,
the accompanying HCCI modelling indicated that, despite iso-octane’s reducing effect on LTHR, approximately

50% of the iso-octane was consumed during LTHR of PRF50 and PRF75.

5.2.9 Fuels Effects: Ethanol Content

Like iso-octane, ethanol content reduces LTHR intensity when blended with n-heptane, however, it has a more
dramatic effect for a given volume fraction. HCCI modelling also indicated that, despite ethanol’s reducing
effect, similar consumption behaviour was indicated with ethanol with approximately 40% consumption in the
10% and 20% blends in Section 3.1. Results from the study also indicated that, despite its inhibiting effect, small
amounts of ethanol may be beneficial where LTHR behaviour is required but high-temperature autoignition is a
concern, owing to ethanol’s low knocking propensity. Similar trends were observed when ethanol was blended
into iso-octane in relatively small quantities in Section 3.2. Ethanol had drastic inhibiting effects on the blend’s
LTHR behaviour—much more than could be accounted for by the displacement of iso-octane molecules by
non-LTHR exhibiting molecules. Blends of 20% vol ethanol exhibited no LTHR at the conditions tested in the
study. Blending ethanol with n-heptane or iso-octane significantly impacts the mixture’s first stage ignition delay
contour. The results of the sensitivity analysis in Section 3.2 showed that introducing ethanol had a significant
effect on competition for OH radicals, which are heavily involved in the initiation of low temperature oxidation

of PRFs (by hydrogen abstraction) and the subsequent chain branching reactions related to LTHR.
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5.2.10 Effect of Residuals

Residual effects from firing cycles were found to have mixed effects on LTHR behaviour in PRF80 in Section
3.1. The slightly elevated engine temperatures increased peak heat release and advancing LTHR phasing but
the residual gases reduced overall LTHR intensity by approximately 10% for LTHR cycles that immediately
followed firing cycles. This behaviour was studied in greater detail in Section 3.3, where one of the most
reactive residual gases, nitric oxide was directly added to the fuel-air mixture. The results showed that, contrary
to modelling predictions in the literature, introducing moderate to high concentrations of NO into iso-octane and
air mixtures almost always strongly reduced LTHR intensity and in one case prevented it entirely. Exhaust NO
and NO, concentrations showed strong conversion of NO to NO, whilst LTHR was being reduced but not totally
inhibited; this conversion reduced back to near motoring levels when LTHR was entirely inhibited. To find the
root cause of this behaviour a sensitivity analysis was carried out on ignition delay time and showed that nitric
oxide primarily affected LTHR chemistry through oxygen abstraction from the iso-octylperoxy radical by NO to
create iso-octane alkoxy radicals—steering the reaction pathway away from low temperature chain branching,
and through competition with O, for CH3O radicals causing a knock-on reduction in OH radical production.
With sufficient NO concentrations present, low-temperature chain branching reactions can be almost entirely

halted, preventing LTHR from occurring.

5.2.11 Emissions/Chemical Products of LTHR

The isolated LTHR methodology was taken advantage of to analyse the products of LTHR—which are usually
consumed by HTHR—with an exhaust analyser. Experimental exhaust emissions measurements showed very
high concentrations of carbon monoxide and formaldehyde in exhaust from LTHR cycles, with both species
concentrations having a strong correlation with LTHR intensity. Complete combustion products (CO; and H,0)
were present in much lower quantities than would be seen for complete combustion. The unburnt hydrocarbons
ethene and propene were measured in relatively high concentrations whilst 1,3-butadiene was not. The species
that could be detected by the exhaust analyser in Section 3.1 only made up around 20% of the carbon atoms

from the fuel, highlighting the need for further analysis and new instrumentation in this area.

5.2.12 LTHR Indicators

This thesis has presented and utilised a variety of different methods for inferring LTHR intensity, each with
various benefits and drawbacks. Initially, the magnitude of heat release originating from LTHR was measured
by comparing the pressure-derived AHRR measurements from a fuelled LTHR case to an unfuelled, motored
case. Whilst this generally worked well for making comparisons between test cases, Section 3.2 highlighted

its drawbacks in finding the absolute measurements of LTHR for certain test conditions. Sections 2.1 and
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2.2 demonstrated that isolating LTHR allowed for indexing of LTHR strength using out-of-cylinder measure-
ments such as exhaust temperature. Furthermore, multiple studies in this work demonstrated that LTHR-specific
chemical species such as CO and formaldehyde made for good indicators, and the data presented in Section 2.2
showed strong evidence that exhaust carbon monoxide concentration is proportional to the heat released from

LTHR, independent of other factors such as fuel (within the blends tested) and equivalence ratio.

5.2.13 0D Engine Models

0D engine models were employed as part of the analysis at various stages in this work. Given their simplicity,
it was difficult (and likely impossible) to replicate experimental results precisely. However, they were partic-
ularly effective at predicting trends, assuming they were using an accurate chemical kinetic mechanism. This
was highlighted in Section 3.3 where HCCI modelling was used to show that many popular gasoline surro-
gate mechanisms do not correctly predict trends observed experimentally (instead predicting that NO promotes
LTHR). These incorrect predictions stemmed from the mechanisms not modelling the inhibiting behaviour of
NO seen at low temperatures (as discussed in Section 5.2.10). These findings were particularly significant, as
inaccurate modelling of LTHR will have ramifications for the whole engine cycle due to the effect LTHR can

have on mixture composition and autoignition chemistry.

5.2.14 Planar Laser-induced Fluorescence Technique

Following successful exhaust emissions measurements of formaldehyde from LTHR, a Planar Laser-induced
Fluorescence (PLIF) technique to observe LTHR was developed as an alternative to pressure-derived or exhaust
gas measurement methods. The results from this work showed that, (despite the relatively small sampling
area of the PLIF images) for motoring conditions, a strong formaldehyde PLIF signal is present when isolated
LTHR occurs but not otherwise. Furthermore, formaldehyde PLIF signal intensity could be used to track LTHR
progression within a cycle due to its strong relationship with cumulative heat release. The technique was tested
on fired cases, where formaldehyde in the end gas is consumed by deflagration, making the presence of flames
visible in PLIF images as dark regions. There was found to be good agreement between formaldehyde PLIF
images of firing cycles and natural light flame history images, as measured independently by a high-speed

camera.

5.2.15 Simultaneous LTHR and Deflagration

This work ultimately set out to observe simultaneous LTHR and deflagration with the preceding studies de-
termining the feasibility of the optical diagnostic methodology and helping inform inlet conditions and fuel

choices. The PLIF technique was able to observe LTHR in a firing case where the apparent heat release data
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exhibited no distinguishable signs of LTHR—for the first time. The occurrence of end gas LTHR has important
implications for combustion behaviour, namely that the chemical composition of the end gas that the flame
propagates into will be different to that of the original fuel-air mixture, hence combustion characteristics, such

as knocking propensity, will differ.

5.3 Future Work

5.3.1 Port Fuel Injection

The work in this thesis focused on LTHR in direct injection SI engines because it is the most relevant injection
technology for modern production engines. However, in some of the studies, particularly those involving ethanol
blends such as in Section 3.2, the thermal effects (which are now well understood) from charge cooling had a
significant influence on the results. For more fundamental engine studies, port fuel injection could be employed
to isolate the mixture from these effects, enabling a more focused comparison on the chemical effects of the
fuels. This would be particularly useful for further studies comparing effects between fuels with large or large

differences in charge cooling effects.

5.3.2 Fuels and Blends

Whilst the single component and binary blends tested in this work have much in common with market fuels
(especially the iso-octane and ethanol blends) and allow for repeatable experiments that can be analysed and
modelled in-depth with chemical kinetic mechanisms, there is more that can be done to simulate market fuels,
derived from crude oil fractions, more closely.

There are many, slightly less common—but still highly relevant, gasoline surrogates that could and should
be explored further. These include other n-alkanes and iso-alkanes such as n-octane, n-butane, n-hexane and iso-
pentane; aromatics, including toluene, xylenes and 1,2,4-Trimethylbenzene; cycloalkanes such as cylcopentane
and cyclohexane; alkenes and methanol[7%)—which may have a similar effect to ethanol on the OH radical pool.
Common fuel additives could also be studied. Whilst the lack of NTC behaviour may be established for many
of the fuel components, their interactions with the NTC behaviour of PRFs, particularly in the context of an
engine is yet to be established. Furthermore, there is a need to check if the ignition delay and Livengood-Wu
methodology from Section 5.2.7 holds for all categories of fuel components—initial findings from unpublished
research suggest that aromatic compounds may be an exception to the rule, but further work is required to

establish this.
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5.3.3 Residual Effects

The study of residual effects in this work centred around trapped residuals from firing— albeit with unspecified
composition and nitric oxide. In reality, residuals contain a range of species, which varies depending on engine
operating conditions. Notable components include CO,, CO, water vapour, NO, and unburned hydrocarbons.
These could be studied either by introducing isolated compounds into the inlet, as was done with NO in Section

3.3 or by employing exhaust gas recirculation (EGR) as is commonly used in mass-market engines.

5.3.4 Modelling and CFD

The results in this thesis, particularly surrounding the effect of nitric oxide on LTHR in Section 3.3 have sig-
nificant implications for combustion modelling. So far, computational simulation of pre-spark heat release, or
conditions where simultaneous LTHR and deflagration are likely, have not used a chemical kinetic model that
correctly accounts of the effect of NO on LTHR. Recent modelling best practises have highlighted the need for
chemistry to be modelled throughout the whole engine cycle (i.e. even when the valves are open) so as to account
for residuals; the next logical step is to improve the NO chemistry submodel so that it correctly models the effect
of NO, since it will almost certainly be present at some concentration. This should lead to tangible improve-
ments of simulation of combustion near the knocking limit (since LTHR affects knocking behaviour)—which

is of particular importance given that knocking is a key factor currently limiting ICE efficiency.

5.3.5 LTHR Chemistry

There is a clear opportunity for further species analysis of LTHR products, extending the work in Section 3.1
to analyse the approximately 80% of carbon that was not measured. This type of analysis would open up op-
portunities to develop and validate chemical mechanisms that model LTHR, based on their chemical products
and not just thermodynamic behaviour. On a similar note, there is scope for deeper analysis on the large num-
ber of chemical reactions that take place during the LTHR process for example to discover precise reactions
responsible for heat release or the reactions responsible for specific products—and how these reactions can be

influenced by physical and chemical factors.

5.3.6 PLIF

Whilst the PLIF work in this thesis was only semi-quantitative, it laid the foundations for further development
of the technique for LTHR measurements. Improvements that would enable a fully quantified method include
designing an optical setup that can correct for variation in shot to shot intensity from the laser by using a precise
and independent measurement of shot power, as well as calibrations and corrections for laser plane spatial

variation. Furthermore, the setup used in this work could be further improved by using a laser system with a
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higher pulse repetition rate, to capture multiple PLIF images in same cycle. Alternative optical arrangements
could also be used to observe end gas LTHR, for example integrating a lens in piston window to give a wider
field of view (which may negate the need for a non-standard ignition arrangement). Finally, PLIF could be used
to directly measure in-cylinder temperatures, which could then be used to measure localised heat release in the
end gas. This technique would likely need a temperature calibration technique, such as laser-induced grating

spectroscopy.

5.3.7 LTHR-influenced Engine Design

The findings from this thesis could be used to influence future design. Specifically, the pressure-temperature
trajectory of the fuel-air mixture during the compression and beginning of the expansion stroke could be con-
trolled and optimised to take into account the influence of the mixture’s specific LTHR behaviour. Boosting
and inter cooling, which could adapt to upstream conditions, could be used to fine tune pressure-temperature
trajectory. Of course, this would require relatively precise knowledge of the working fuel to understand the
mixture’s ignition delay contour.

For a fuel where LTHR reactions produce intermediates that are less knock prone, the pressure-temperature
trajectory would be tuned to traverse the LTHR region, which would extend the knocking limit during traditional
operation at high load (like in the work in Figure 7) and open up opportunities for controlled autoignition for
increased efficiency at part load conditions without risking engine damage from autoignition. Conversely, if
intermediates from LTHR are more reactive, the trajectory could be tuned to avoid the LTHR region, instead
traversing through the NTC region to minimise risk of knocking at high load. At low loads the trajectory could
be steered into the LTHR region to ultimately encourage end gas autoignition at conditions where it wouldn’t

normally occur, enabling the high efficiency, advanced combustion technique.
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