Auto-ignition and heat release of alternative
engine fuels.

Inna Gorbatenko

Submitted in accordance with the requirements for the degree of
Doctor of Philosophy

The University of Leeds

The Centre for Doctoral Training in Fluid Dynamics

September, 2019



The candidate confrms that the work submitted is his/lher own, except where work which
has formed part of jointhauthored publications has been included. The contribution of
the candidate and the other authors to this work has been gxpiicidated below. The
candidate confrms that appropriate credit has been given wihin the thesis where

reference has been made to the work of others.
Chapter 4 represents work from a published manuscript:

Bates, L., Bradley, D., Gorbatenko, I. and TomlA.S. Computation of methane/air
igntion delay and excitaton times, using comprehensive and reduced chemical
mechanisms and their relevance in engine autoignit@ombustion and Flame&017,

185, pp.105116.

For the above, the author of the preséwmsis has carried out all the detaled chemical
kinetic modelling, related numerical simulations, evaluations and data analysis of the
results presented in the above manuscript under the guidance of the Prof. D. Bradley and
Prof. A. S. Tomiin. Al the figtes were entirely or partly based on the information and
the results of the study performed by the current candidate, who is accounted for the
production of most of them. Dr. L. Bates is fully responsible for the reduced global
scheme numerical work. Alluthors are jointly responsible for writing, revising, editing

and technical discussion of the manuscript.
Part of work presented in Chapter 5 appeared in the following manuscript:

Gorbatenko, I., Tomin, A.S., Lawes, M. and Cracknel, R.F. ExperimentaMaukblling
Study of the Impacts of-Butanol Blending on the Auttgnition Behaviour of Gasoline
and its Surrogate at Low Temperaturéxoceedings of the Combustion Institl2619,
37(1), pp.501509.

Forthe above, the candidate was the first author te@dead investigator. The present
author was responsible for the experimental acquisitd the data, numerical analse

and detailed chemical kinetic modeling work. The supervisory team Prof. A. S. Tomlin,
Dr. M. Lawes and Prof. R. F. Cracknell prowddenvaluable insights on the topic,
guidance and technical discussion of the work. The candidate wrote the first draft paper.
Prof. A. S. Tomlin proof read the draft,-veorded and wrote part of the discussion. All

authors contributed to the revision arditien of the manuscript.



This copy has been supplied onthe understanding that it is copyright material and that no

guotation from the thesis may be published without proper acknowledgement.

The right of Inna Gorbatenko to be identified as Author ef #ork has been asserted by
her in accordance with the Copyright, Designs and Patents Act 1988.

© 2019 The University of Leeds and Inna Gorbatenko



This thesis is dedicated to
My wonderful parentswho have raised me to be tesgn | am today

My amazingsister who has always been there for me



i Success

snot

a resul
Arnold H. Glasow

t

of

spont aimeous

(



Acknowledgements

| am extremely grateful for the encouragement, suppod,love of the people in my life
that took this enlightening journey with me. My family is an essential base for this
achievement and without them it would not have been possible. | am deeply indebted to
my sister, my parentsand Sergej for their contiing belief, relentless support,

unconditionallove, and all the little ut precious) thingsthey did.

I would ke to express my deepest agpation to my supervisory tearrofessor Alison

S. Tomiin, Professor Derek Bradley, .DMalcolm Lawes and Pressor Roger F.
Cracknel. Each of themvas instrumental in defining the path of the research and its
successMy interest in combustiorhas been fuelled by ProfessBrr ad | ey 6 s infectio
enthusiasm and passion frahe day of Is presentation on this praje Professoomlin

has beera true role model, empowering, supportirgnd encouraging throughout this
journey. Thank yodor inspiring motivating and bringing the best in mBr. Lawes never
wavered in his supporand gwving practical advice. My warnmhanks to Professor
Cracknell for fostering discussions on countless topics, whose help and constant source
of encouragement cannot be overestimat¥du have been truly the best supervisory
team that every student wishes for. It has been a pleasure aledjgrito work under

your guidance.

I would ke to extend my sincere thanks to laboratory technicians, Mark Batchelor, Brian
Leach and Paul Banks, for their friendly advice and help during my time in the

Thermofluids Laboratory.

| am also grateful to DrMatteo Pelucchi for insightful suggestiorsnd valuable

discussionsondetailed chemical kinetics, as wel @®vision of the POLIMI mechanis.m

| gratefully acknowledge the financial support from Engineering and Physical Science
Research Council (EPSRG@nd Shell Global Solutions for funding my research and
gving me freedom in selecting my area of study. | would lke to specially recognise the
EPSRC Centre for Doctoral Training in Flud Dynamigghich contributions made this
accomplishment possibleVlany thanks to DrClaire Savy,Professor Peter Jimack and

Emily BryanKinns for their supprt, guidance, anddvice.

| have been fortunate to meet and maintain friendships that have withstood the test of time
and distance. ¢annot begin to expressy thanls to Eleonora Muller,who haslistened

Vi



supportedand encouragedhe every step dhe way Thank you for making my problems
your problems, just so I do not havefdoethem alone Many thanks tdeviia Sladzevska,
Maria Doibani, Dovie Barauskaite andrddaiteh forthe laughter, kindness, and support.

Thank you forstanding by my sideand keeping me sane throughout this journey.

| have been lucky to call some of the brightest and the best people my coleagues, and

above all else my friends.

Special hank you to Caitin Chalknd Hannah Kreczafor enduring with me through
the seasons. | would miss our inspiring anehugéiting conversations ovepffee breaks
about anything and everything, and detoxing jokes, at times when they were needed the

most.

My PhD. has been an interesting and memorable experience thanks to CDT Fluid in
Dynamics family and Combustion Group: Christian Michelbach, Edirin Addimystafa
Shehata, Pervez Ahmed, Ben Thorne, Mohamed Morsy, Luke Bates, Myeji Materego,
Richard Mumby ad many more, too many to mention in full.

The completion of this thesis could not have been possible without participation and
assistance of so many people, both academically and personaly, whose names may not
all be enumerated. Their contributions, ¥ty or not, are sincerely appreciated and

gratefuly acknowledged.

Vi



Abstract

Diversification of energy sources and transport decarbonisation are growing concerns of
modern societies. Alternative fuels play an important role in addressing these chkallenge
For the spark ignition (SI) engine, the propensity of the fuel and fuel blends iy mito

is a critical characteristic that limits engine efficienoyhich can be assessed by the
ignition delays(l). Severity of knock is also dependent upon theibr of heat release

rate- the excitation time(().

In this thes, detailed evaluations ofj and (4 are employed to study the tendency of
methane to detonate in comparison with other fuels, employing the detonation peninsula
on the x/Hdiagram. The 3-parameter ighe ratio of acoustic to auignitive velocity,
whereasUis the ratio of the acoustic wavesistancetime in a hot spot to thél. It is

shown that ®ichiometric metharair exhibits very good antknock properties in

comparison with othefuels under turbocharged engine running conditions.

The changes in the adignition behaviour caused by the progressive additiom-of
butanol ( a t 10 %, 2 0 %, ndbOtéwol) e gakolin@ FRON ©5 MON 86.6)
and its toluene reference fuel (TR&¥ studied computationally and experimentally in a
rapid compression machindRCM) under stoichiometric condition at 2 MPa and at-678
916 K. At low temperatures,n-butanol acts as an octane enhancereducing low
temperature heat release amcteasing igition delays with marginal additional effects
for blends above 40%his is supported by the results fromiHdiagram, where highern-

butanol blenddie further away from the developing detonation region.

A bruteforce sensttivity analysis of the surrogate model sugg#sit the main reaction
inhibiting ignition at | ow -diecompatand tevem e s
for the 10% blend. At higher temperatures, the behaviour reverses as the chain branching
routes from H abstracton @ H f r o site of hlmtanol and from thelksite by HO

become more dominant, promoting ignition. For the Ilowaends, the largest
discrepancies between simulations and expersnerd foundin the negative temperature
coefficient (NTC) region where a largenumber of reactions contribute the uncertainty

in predicting W. For the higher blats, the largest siirepancies occat low temperatures,
indicating that uncertainties within the low temperatarbutanol chemistry need to be
resolved.Regarding(y, the addition of-butanol to the TRF blends has a negligible effect.

Furthermore, (4, is notinfluenced ly NTC chemistry.
Vii
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1. Introduction to the topic and scope of the research study

1.1 Outline of the problem and rational

Energy is fundamental for modern life and affects the economy,itgeustainability

and environmental goals. By 2040, the global population is projected to reach 9.2 billion
people[1]. At the same time the global Gross Domestic Product (GDP) is likely to almost
double, with the continuing trends towards increased urbamsadiod significant
expansion in the middle cla$$-3]. Largely, the growth in energy demand comes from
developing countries such as China and India, which are predicted to substantially
increase theitransportatio needs[1-3]. In 2017, over 70% of global energy demand
growth was met by oil, natural gas and coal, with the fossil fuels accounting for 81% of
total energy demand3]. Therefore, our society is stil heaviy relant on the finite
resources of fossil fuels. Despite the finite reserves, the wandités far from exhausting

the fossil fuel reserve. There are approximatelyl®3rilion barrels of oil, 50 quadrillion

cubic feet of natural gas, and 14 trilion tons of coal in the wigid However, only a

small part of these seurces are of viable recovery and utlisation. Most of them are
located in the unreliable and variable markets of often poltically unstable regions. At the
present day, effective exploitation capacity is close to being entirely utlised. Therefore,
the @ onomi cal reserves wil/l not be able to

for refined products and can only be fuffilled with additonal capdbiy

In 2018, the global primary energy consumption grew by 2.99% fastesgrowth since

2010, as shown ifigure 1.1 (a) [6]. This growth took place despite a backdrop of
moderate GDP growth and increasing energy pf@fsrhe transport sector accounts for
around 20% of thB 7WMprlOdds remargy use wor
with an approximate consuniph of 466 bilion tonnes and a growth rate of 1.5% or 1.4
milion barrels per day (Mb/d6]. It constitutes approximatelpne third of al energy
consumed [6]. Moreover, according to BP Global2, 6] and ExxonMobil [1], oil is
expected to continue to dominate the wor
204Q This growing demand is primarily driven by commelrdisansportation (including
aviation and shipping), and the chemical indudtty3, 9-11]. Although, the introduction

of strict policies and regulationsf emissions driven by environmental concerner a

technolgical breakthrough in the energy sectonlay lead toadifferent outcome The



global energy mix by sector in 2017 is presenteBigare 1.1 (b), along with projections
for 2025 and 2040.

a) Global energy consumption growth b) Global energy supplies vary by sector
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Figure 1.1: a) Global energy consumption growtAdopted from[6]. b) Global energy
consumption by sector in quadrillion British thermal units (BTUAYapted from[12].

Historically, liquefied hydrocarbons have become the energy source of choice. In 2017,
conventional crude and condensate accounted for around two thirds of the liquid supply
[12]. This is dueto their high energy density, low cost, ease of handling, reliability and
highly integrated infrastructure for their production, transport, storage and distribution.
At present, around 95% of theinsport energy is supplied by liquid fug¢l 8, 13] These

fuels are derived by refining petroleum, which is overwhelmingly oil dependent and
accounts for around 60% of global oil demdrd 8, 13] Light duty vehicles (LDVs),
predominantly passenger cars, account for more than 70% of al transport modes and
around 44% of the global transport energy denfdnd, 8, 13] These are typically (about
80%) powered by spark igntion (SI) ergin running on gasoline with the immense
global demand of more than 4.85 bilion ltres a {lay8]. Figure 1.2 (a) ilustrates the

LDV demand by fuel typeAccording to ExxonMobil projection$l1], the LDV demand

for internal combustion engine (ICE) fuels is going to cuiminate before 2025 and then
reduce to levels of the 2010 by 204he former isattributed to an increase in personal
vehicle ownership, whereas the latisrdriven by electrificationand higher efficiency

gains in engine technologie$l1]. In Europe, diesel engines have a higher proportion of
the market with a global daigemand of 4.83 bilion litre$7, 8]. The road and marine
commercial sectors are overshadowed by diesel enfiddsDue to their affordable price,

durability, high reliability and fast refueling, conventional ICE are predicted to continue
2



to play a leading role in the global fleet in the future, as demonstrategure 1.2 [11].
The ICE technology is particularly important for air travel, trucking and shipfgnd 1]

Figure 1.2 (b) demonstrateshé commercial transportaton demand by sector and fuel.

a) b) .
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Figure 1.2: a) Light duty demand by fuel in milion oil equivalent barrels per day
(MBDOE) b) Commercial transportaton demand by sector and1igl

A steady growth in energy consumption, as well as its overwhelming dependence on
fossil fuels and ICE technology, makes the transportation sector a critical driver of future
world anthropogenic emissions. ®@wad and nomoad ICE combined emsions account

for approximately 4% of anthropogenic nitrogen oxides emissiofib]. The global
greenhouse gas (GHG) emissions rose by a shocking 91% between 1970 aji6R012

An approximate 5% increase in carbon emissions has occurred in the last 25[2¢ars
Whie most sectors were able to decrease their GHG emissions, emissions from
transportation increased by almost 21éteen 1990 to 20105]. Advances in engine
technologies and emission cattrsystems, as well as fuel quality, have helped to stall
the growth in emissions of pollutants closely related to the combustion processes. These
include nitrogen oxides (N{p, carbon monoxide (CO), carbon dioxide (80
hydrocarbons (HC), particula mater (PM) andsulphur dioxide (SQ) [15]. However,

the transport sector igilsconfronted with problems of decarbonisation and reduction of

emissions, particularly in developing countries.
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Emissions from the transport sector have detrimental environmental effects. They impact
the atmospheric chemistry, result in smog formatiod acid rain and drive global
average surfacdemperature increaseand climate change. Nowadays, extreme and
unpredicted weather patterns, including hurricanes, flooding and tropical cyctn®s

more frequently. ®bal warming causes the reduction tleg sea iceni both the Arctic

and Antarctic, the melting of land ice anmcreases in ocean heat contgéfit 5, 1720]

This subsequently increases the sea level and results in the flooding and erosion lof coasta
aread4, 5, 17] Currently, sea level is rising at a rate €8.2 mm per year, as a result of

land ice loss, the melting @k sheetdn Greenland and Antarctica, and thermal expansion
due to the storage of&ein the oceandl9, 20] Between 1980 and 2011 floods impacted

the ives of more than 5.5 milion people and caused direct economic losses of more than
090 bilion [17]. Itis very probable thadverse and extreme weather patterns, heat waves
and heavy precipitations wil become even more frequent in future. Moreover, an increase
in air polution from transport directly affectthe air qualty in urban areas and public
health. Worldwide, ambienair pollution contributed to 7% of all deaths in 201{1].

It claims approximately 4.2 milion lves every yefl]. The influence of urban air
pollution on public health is only beginning to be understood. This is associdte@rwi
increased risk of respiratory and cardetabolic diseases, reduction of qualty of,life

and premature deaths in the most vulnerable populafigns].

Environmental concerns have led to the introduction of strict counter measures and

regulations of emissionswhich have been often influenced by the fundamental and

applied research of combustion processes. The recent Paris Agrd@gijeon climate

change has <clearly de motiors ttareduce GHGtemmissiongo ver nme n
with the ambitionto develop aragreemat of nationally determined contributiod®DCSs)

[1]. The Paris Agreement requires each country to prepare, owlmemunicate and

maintain NDCs that it amto achieve [23]. This subsequently would provide poési

that could change the energy consumption and supply, encourage new technology or

discourage the use of an existing technoldg)y

Since 2009, EU legislation sets mandatd®0©. emission reduction targets for new
vehicles in order to cut down its GHG emissiodsbinding target of 130 grams of GO

per kiometre (g C@km) was implemented for the EU flegide average emission of
new vehicles since 20134]. From 2021, this wil be decreased to 95 gAE@ [24]. As

part of the EU's 2030 climate and energy framework and contribution to the Paris

Agreement, a binding target has been settluce emissions in the EU by at least40
4



below 1990 levels by 203(R4]. Another target is related to the energy efficiency
throughout the full energy chain. This is a headline target of at least 88psove me nt

in energy efficiency by 203R4]. To promote energy from renewable sources and to help
the EU to meet its emissioreduction commitments under the Paris Agreement, the EU
has established the renewable energy directive (RED). The EU RED (2009/28/EC) has
set mandatory national targets for gross final consumption and for the share of energy
from renewable sources in traosp It sets a binding target of ZOgross energy
consumption from renewable sources by 2(24). To achieve this, each EU member
state is required to have at leasd6f their transport fuels from renewable sources by
2020[24]. In 2018, 9.50 of the primary energy consumption in the EU was attained by
renewable energy, which comies to grow considerably more rapidly than any other
form of energy[6]. In 2015, the increased deployment of renewables resultedii6 a
bilion saving in fossil fuel imports and the retion of GHG emissions by the equivale nt

of 1 talyo6s [26]o Hoavéver, ghmiransgportosecsor contributed to ofly B
renewable energy in 2015. Hence, some EU members must maximise their efforts to
attain the 106 binding target for transport by 20225].

In December2018, anew RED (2018/2001/EU) known as RED I, entered into force

[24, 26] The RED lIsets a binding reneble energy target for the EU of at least 32% of
final energy consumption by 2030, with a minimum of 14% of the energy consumed in
road and rail transport as renewable end®jyy, 26] The RED Il details sustainability

and GHG eiission minimum requirementthat biofuels usedh transport muscomply

with in orderto be couted towards thé&ransporttarget of 146. Within the 1446 transport
target, there is specific target for advanced biofuelBhesebiofuels must contributeat

a minimum 0.2 of transport energy in 2022, 1% in 2025 and¥3&y 2030[24, 26]
Hence, biofuels that are economically and environmentally sustainable play an important
role in the future transporihey are seen as immediafeut shortternm) soluions to the
decarbonisatiorof the transport sectoEU countries havéo increasetheir biofuel usage

in transportin order to maximise their ability to reach these targets.example, blending
biofuels with fossil fuels at higher concentrations canesffa route to increastie biofuel

use in transport

1.2 Motivation of the research

COzis the principal greenhouse gas, attributing to 64% of anthropogenic global warming
and 826 of total UK GHG emissiong24, 27]. In 2018, the UK saw some declines in

5



GHG and CQ emissions, primarily due to a change in the fuel mix for electricity
generation[6, 27] There has been a lower usage of coal and a higher deployment of the
renewables[6, 27] Figure 1.3 shows the latest estimates of £€6dd GHG emissions in

the UK between 1990 and 2018. GHG emissions are reportedJdedi@alent units. In

the UK, between 2017 and 2018, the total GHG emissions have declined by 2.5% or 11.7
milion tonnes (Mt), whezas CQemissions have decreased by 2.4% or 9.12vk The

highest share of 38 COz emissions, at 124.Mt, was related to the transport sector in
2018[27]. The majority of these emissions are attributedroiad transpor{27]. Since

1990, the total C®emissions have decreased by 39% in the[2I{. Nonetheless, GO
emissions from the transport sector have declined by less than 3.2% in the same amount
of time [27]. Sadly, in 2018, total global carbon emissions increased B, 2@ fastest

growth in the last Years[6]. Meanwhile, there was a 44% decline in GHG emissions in

the UK between 1990and 20[®]. This is |l ess than half of the
to decrease its emissions by a minimum of 100% from the levels off28P0

2018 UK greenhouse gas emissions are provisionally estimated to be lower than in 2017
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Figure 1.3: The provisional figures of GHG emissions and £#Missions based on UK
energy statistics between 1990 and 2[2173.

This highlights that the current efforts to combat the GHG emissions are far from
sufficient. The world requires practical and robust solutions to meet the needs of societies
and governments, and to reinforcee ttesponse to the threat aifmate change. Further
research and development into innovative methods can improve their effciencies and
reduce emissions associated with the combustion processes of existing energy conversion
devices in compliance with regulations. This can facilitate thelogwment of low or
zeroemission energy sources, which can provide energy security without environmental
consequences. There are two potential areas of research that focus on both advances in

combustion technology and alternative sources of energy.



Alternative fuels can be renewable and used either on their own or blended with the
conventional petrolewhased fuels. They aim to reduce the dependency on the traditional
fossil fuels in order to ensure the energy security and diversity. These fuels inclide bot
gaseous and liquid fuels such as symthétels, hydrogen, natural gas abmfuels (e.g.
bio-methanol, bio-ethanol andio-butanol) among many others. Alternative fuels have
the potential to provide carbon neutral or even carbon negative cycles. tionadtiey

seek to offer scalable demand and similar energy densites, as wel as physical and
chemical properties to fossil fuel. Subsequently, this wil enable their direct use within
the existing infrastructures. For example, the development of ageydnofrastructure is

a main constraint of the rapid expansiorthef hydrogen fuel cell vehicledt is estimated

to be in the range of several hundreds of bilion dollars over several decade&.(50.1
trilion for pipelines and $0.20.7 trilion for refuelling stations) to transport, store and

deliver hydrogen to the end uge®].

At present, alternative fuels account for around 5% of total transport energy d@jhand
and their share is expected to continue to incr¢hse, 30] They often have a chemical
composition and structure that is considerably distinctive to the conventional fossil fuels,
as well as different levels of unsaturation, oxygenation and substituRenewable
energy can fuetransport demand directly with biofuelssubstituting gasoline or diesel

in ICE, or indirectly through the electrification of transport mod@E3]. Biofuels are

liquid or gaseous fuels derived from biomafs 31] The EU renewable energy policy

has beera driving force inincreaseddeployment ofbiofuels and their blending with
conventional fossil fuels They are beleved to be one of the most promising and
strategically important fuel sources in shimtm solutions tancrease the renewable
energy usge, and toreduce carbon impact of the transport sedt@hen produced
sustainably) The chemical compostions of Iels usualy differ from that of
conventional fossil fuels. Thissubsequently may lead to substantially different
combustion behavioursf these biofuels compared to that of fossil fusiéith the diverse

choice ofbiofuds available, a profound understanding of the fundamental combustion
processes and characteristics under various operating conditions is required. This can
faciitate the optimisation of these combustion strategies and the implementation of
advanced technologies. This in turn can help to meet the efficiency and emissions targets,

as wel as facilitate their commercialisation.

Advanced combustion technologies seek to imprar achieve a similar efficiency to

existing technologies, whie reducing the harmful emissions. There are increasing
7



industry trends towards downsized, boosted direct injection engines. These engines
improve combustion efficiency by operating at a higheake mean effective pressure,
while reducing pumping, friction and heat losses. Thicommonly achieved through
intake air charging strategies (supand turbecharging), cam phasing devices, plasma
assisted devices and cooled external exhaust gasukd®n (EGR)[32]. Proposed
advanced technologies include homogeneous charge compression ignition (HCCI),
reactivity controlled compression ignition (RCCI), gasoline compression ignition (GCI),
premixed charge compression ignition (PCCI) and their variaftese technologies
usually tend to operate at fuel lean equivalence ratios (with premixed reactants) and at
high pressures and low temperatures. This can impact multiple fundamental parameters
and impose stability, safety and control problej®8]. These issues arise partly due to
uncertainties in low temperature chemistry. Moreover, there is an increased lkelihood
and effect of abnormal combustion phenomena such as knock or misfiring in ICE, or
flashback and early ignition evenis these engineg34]. Hence, it is of paramount

importance to gain understanding of these factors anefftets of their interaction.

1.3 Focus of the research

This research seeks to understand the role and the effects of some of the key fundame ntal
combustion properties (in particular ignition delay time, excitation time and heat release),
and their interactp in combustion and ignition processes. It also seeks to understand the
chemistry that drives these processes for different fuels at conditions relevant to advanced
combustion strategies. It is of particular interest tolese alcohol fuel with Arrhenius

type behaviour wil impact the ignition delay time (total, firstnd secondstage), heat
release profle and excitation time of the blend, under various blending watoduels

that exhibit NTC behavioufe.g. gasoline)

Auto-ignition is one of the pcipal fundamental combustion characteristics that

inluences the performance of practical combustion devices. Agndion can be defined

as the spontaneousxothermic heat release from the oxidation of the fulbk onset of

selfsustained combustioaf the mixture - in the absence of an external source of ignition,

such as a spark or flame. In practice, the fuelair mixture isunformly dispersed and

autoi gnition firsthotapptpeaftrtsemat aapparaatenistic i
W. Ignition by hot spot consists of three almost subsequent phaskEtion, excitation

and propagation. The induction phase is primarily controlled by chemical kinetics,

diffusion and heat conduction when ignition delays are sufficiently long. Duthisy
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phase the elevated temperature in the hot spot generates a radical pool that leads to
ignition. It is followed by the excitation phase,excitation timete, during which the hot

spot ignites. This is governed by chemical kinetics and gas dynamiegses. During

this time the exothermic chemical reactions accelerate, and rapidly deposit thermal energy
in the centre. The exothermic power, or rate of chemical energy release, evolves until the
reactants are depleted, then deslias the remaining chacal energy is dissipated. The
excitation time can be defined by the growth of the power pulse, which is measured from
the beginning of the heat release to the point of the maximum power. Lastly, the flame
front propagation proceeds, which is mostly oaolletd by chemical kinetics and transport

processef3’s, 36].

Knock is an abnormal and stochastic combustion phenomenon which khets
performance of spark ignition (SI) engines. In Sl engines, fuel and air ansixe and
compressed, and a chemical energy release occurs in the form of a growing turbulent
flame which is introduced by an electrical spark. The temperature and préssine
unburned mixture ahead of the propagating flame front (the end gas) rise as combustion
proceeds. Even in the case of premixed fuel and air, the mixture is never truly completely
homogeneous. This is mainly due to the turbulent premixing of hatsgas the
combustion chamber with the fresh air, which causes hot spots to prevail. Changes in the
thermodynamic conditions of pressure and temperature history, together with the anti
knock quality of the fuel, promote awignition - accumulated around eror numerous

hot spots. A significant proportion of the chemical energy embodied in the end gas may
be rapidly released by adignition. This causes a sharp pressure rise and standing
pressure waves inside the cylnder. The term knock refers to timg assund caused by

the vibration of the engine. High intensity knock can have a detrimental impact on the
engine and cause severe damages, as demonstrateguna 1.4. Therefore, &key

operating principle in Sirgines is to avoid knocld7, 38]

S| engine design has progressively advanced towards turbocharging and downsizing
concepts, with increased compression ratio, in pursuit of enhanced efficiency and lower
polutant emissions. The increase in compression fatols to larger pressure and
temperature in the end gas. Hence, ther@ stronger possibility of engine knodkdeed,

one of the key challenges in combustion is the t@ftlbetween fuel efficiency and knock
mitigation. Despite the selection of engioperating conditions texpressly avoid knock

in existing technologies, sup&nock events are sometimes observed. Skipeck is an

extremely high intensity knock which is a manifestation of a developing detonation. Here
9



the pressure wave generated by #Huteignition is reinforced by the reaction front. It
imits the scope for turbocharging and therefore downsif8¥y 38]

Piston melt

Gemket. Jeakage Exhaust valve melt Piston ring land crack

Figure 1.4: Typical damage caused by a) conventional engine knock and ks
[39].

Characterisation of autignition phenomena is vital for the assessment and paten
predicton of the transition from harmless aigoition to undesirable knocking
combustion. Itis a prerequisite in the implementation anda@velnt of Sltechnologies.
Under controlled conditionsauteignition can be helpful, dispensing with spanitio n.

This is due to the fact that it offers additonal energy for the power stroke of the
compression ignition (CI) engine cycle. Moreover, the atignition event ttself
necessitates detailed research. Engine knock is a result of agritiga in the end gas,

but not each aut@nition event causes engine knock. Also, the -dgiidion phenomena

can present a severe hazard. It was considered as a possible cause of the tragedy on the
Piper Alpha ol platiorm in 1988. Owing to their combustible rabgeristics, there is a
serious risk associated with storing large quantities of fuel at high temperature with
exposure to the oxidising atmosphef@early, the study of autagnition is essential for

the prevention and miigation of adgmition in fud storage facilities, chemical plants,

refineries and transport.

With practical engine systems, there are two typical categories of hydrocarbon fuels based
on their ignition characteristics. Inthe first category are those that exhibit Archgpies
behaiour, wherelJdecreases exponentially with an increase in temperature. These types
of fuels, such as aromatics and alcohols, portray a-stg@ge autagnition behaviour.

In the second category are taakat do not exhibit Arrhenittype behaviour andisplay
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two-stage autagnition, such asr-paraffins, iso-parafins andcyclo-parafins. A twe

stage autagnition usually occurs at low temperature conditions below 850 K. The
negative temperature coefficient (NTC) region of total ignition delay timetchs over

this low temperature region. The NTC is the region whBreloes not decrease
exponentially, and can even increase in magnitude with an increase in the temperature.
There have been few studidsat looked ablends of these two fuel typgsuch ag40-

43]) to explore thenfluence of blending an Arrhenidgpe fuel with a fuel that has an
NTC. However, this research is important due to the need to blend increased amounts of
biofuels (e.g. alcohols) with tréidnal gasoline (which exhibitdfNTC behaviour). Hence,

this motivates the research carried out in this thesis.

The two-stage autagnition of paraffinic fuels is primarily controlled and affected by the
heat release from the firstage autagnition, and intermediate species created. After a
frst-stage igntion, ale-t e mper at ur e heat r ecocd Hasn® ( & T HI
folowed by the main heat lease- a high temperature heetlease (HTHR) stage. The
LTHR is an essential parameter that affects -@utition delay time, whie the HTHR is

a critical parametein determining the excitation time. Consequently, the HTHR is an
important parameter in the uncontrolled aigiwtion during the active ignition process,

e.g. knock, pragnition, detonation and sup&nock. In advanced technologies, where
engine processeare controlled by the kinetics of the fuel (such as in HCCI), combustion
is most likely occur in two stages. A better understanding of these combustion
phenomenon and their interaction is fundamental in the control of combustion phasing
and the extensiorof the HCCI operating range, as wel as the development towards

optimal fuel economy and lower emissio[#4].

1.4 Aims and objectives

Various auteignition behaviours are apparent at conditions that are relevant to practical
combustion systems. These are strongly dependent on the unburned thermodynamic state
and fuel composttion. Aetailed understanding of the ignition behaviour of hydrocarbon
fuels, as wel as the effects of the addition of an oxygenated constituent on key
fundamental parameters (i.e. igntion delay time, heat release and excitation time) is
crucial to the advanament of combustion technologies. In these technologies,
inhomogeneous behaviours and instances of abnormal combustion behaviour are

prevalent. The present study concentrates on the properties of methdnganol, toluene
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reference fuel (TRF) and-butand TRF blendsusing experiments in arapid compression

machine (RCM) and numerical modeling.

This work aims to investigate the ignition behaviour of fuels relative to their constitue nts.
Also, the role of the addition of an oxygenated compound witbimArrhenius type fuels

is studied in terms of key fundamental properties of the combustion processes. The
predictive accuracy of welleveloped chemical kinetic mechanisms in modeling -auto

ignition delay time is also scrutintse

Therefore, the objectives tfis research are:

1. To provide novel data on the excitation times of methambyutanol, TRF anch-
butanol/TRF blends.

2. To present experimental measurements of ignition delay timesbofanol/TRF
and n-butanol/gasoline mixtures at various blending ratidich could aid the

development of chemical kinetic mechanisms.

3. To assess the abilty of proposed surrogate fuel in representing thigratibom

response of real gasoline fuels at various blending ratios.
4. To assess accuracy and reliability of the expeamial measurements in an RCM.

5. To evaluate the performance of chemical kinetic mechanisms in the modeling of

ignition delay times at various blending ratios.

6. To conduct deat release rate analysis of the collected experimental data to derive

the chemicalexothermicity forarange of fuels.

7. To assess the predictive capabiity of the chemical kinetc mechanism in

modelling heat release data.

8. To investigate the role and impacts of the heat release rate in the cool lame and
main heat release stages, in teraisthe ignition behaviour of fuels and the

conditions that could lead to abnormal combustion processes.

9. To assess the chemistry controlling aigtion behaviour. To determine the
main reactions which influence ignition delay times, excitation time laeat
release rates at le'emperature conditons for different fuels particularly with

respect to the blending ratios of an oxygenated additive.
12



10.To gain a deeper understanding of the factors that drive abnormal ignition events,

such as knock, supénock, deflagration and developing detonation.

1.5 Thesis structure

Chapter 2 provides a lterature revievand a crucial content of thesearch. It presents
the background knowledge of the combustion processes, abnormal combustion behaviour,
knocking combustion, @&tnative fuels, combustion chemistry, numerical modelling, and

key experimental approaches to study agtdgion.

Chapter 3 details the experimental facility, equipment and operating procedures used to
collect the experimental ignition delays reportedthis work, as wel as sources of
uncertainties and errors. The approach used to model the ignition delay times, excitation
times and to assess the controliogemistry is presented hereefils on the detonation

theory are provided in this Chapter. Aldbe heat release analysis is detailed here.

Chapter 4 presents results of a computational investigation into the-ignit@ n
behaviour of a methanearelatively simple fuel which is known to have good -&nibck

qualities. Ignition delay times and ekation times for stoichiometric methane/air
mixtures are modeled using a comprehensive chemical kinetic scheme within a pressure
range of 0.1 and 10 MPa, and a temperature range of 700 and 1670 K. To determine the
main reactions that effect ignition dgdaand excitation timedyruteforce local sensitivity
analyses are performed at the four temperatures and the two pressures of 0.1 MPa and 10
MPa.

Chapter 5investigates the impacts of the additonndfutanol to conventional gasoline

and its TRF surroga fuel at different blending ratios (10%, 20%, 40% and 85%nvol
butanol). In particular, the study investigates the ignition delay times in a Rapid
Compression Machine (RCM), through experimental measurements and numerical
modeling for the low temperat region 67816 K at a pressure of 2 MPa under
stoichiometric conditions. The performance afletailed chemical kinetic scheme in
representing the autignition behaviour of studied blends is assessed. Through the use of
a bruteforce sensttivity anals, the chemistry controling the adgnition of the n-
butanol/TRF blends is investigated to determine the main reactions which inflieaice

selected conditions and blending ratios.

Chapter 6 further analyses the acquired experimental data by agpdhsinpreliminary
exothermicity ofn-butanol/TRF blends studied in Chapter 5. It investigates the effects of
13



n-butanol addition on thiew temperature heat releaddiR), accumulated heat release
(@aHR), intermediate heat releas€TKIR) and high temperat@ heat releaseHTHR) of
the blends throughbruteforce sensitivity analyses. The excitation times nebutanol,
toluene reference fuel (TRF) amdbutanol/TRF blendsrereported here. The effects of
n-butanol addibn to TRF on excitation times amssesed. Also, this study further
investigatesthe conditons that lead to knock, sup@ock and different aut@nition

modes.

Chapter 7 concludes the key research findings and contributions of this reseauth,

giving suggestions for future research.
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2. Background and literature review

This chapter provides background information and reviesssting knowledge
governing autdagnition phenomena and ass&ied processes. It describée processes
occurring during knocking combustiprand introduces theoryf dot spot autegnition

and developing detonation. An overview of experimental techniques avaiable to study
autcignition phenomena is presented. The chemistry governingigmiion phenomena

at different temperatures for alkanes and alcohols is a&®msded, along with the
modeling approads and methods for the kinetic model assessment. Finaly, a brief
discussion of alternative fuels and the recent progress in ignition studies of butanol is

given in this chapter.

2.1 Auto-ignition and knocking combusion

A detailed understanding of tlaeiteignition in the endjas is a prerequisite in controlling,
reducing and eliminating the engine knock and its associated limitations on advancement
of practical combustion technologies. Hence, one of the core aithis aksearch is to

gain an improved understanding of aigoition phenomena and associated processes.
The auteignition phenomenon is a spontaneous-igeifion of a fuelair mixture due to
increases in local pressures and temperatures through caampriessngines, or through
compression in a shock wave created ahead of a propagating flame at high flame speeds
[45]. It is a physicechemical phenomenon, as a result of thermal feedback and chemical
chain branching, rendering an awatoceleration of the overall reaction rate, amplified by
the exothermicity of the reaction, which is apparent at both ledvhigh temperatures.

First slow thermal reactions with a substantial cheasnching constituent enhance
oxidation, subsequently leading to an increase in radical concentrations and increasing
reaction rates that ultimately manifest in a rapid explosmMegesin oxidation rate and
temperaturei hence ignition. Having strong dependence on temperature and pressure,
these reactions transform the chemical energy into heat and a relatively small proportion
of light energy. The heat released consequently rdisesemperature of the overall
system resulting in a complex interaction between positive and negative loops that define
the time of ignition event, the ignition delay tié6]. The tendency of a fuel air mixture

to auteignite is generally assessed by this property and it is commonly used as a proxy
for the knocking potential of a fuel, which can significantly impact the combustion cycle

of reciprocating engines. A pictured exampkhomogeneous autgnition ofiso-octane
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and associated pressure timstory for the definition of ignition delay time is provided

in Figure 2.1.
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Figure 2.1: A typical experimental pressure time history during homogeneous ignition,
for iso-octane aP=0.46 MPa,T=1035 K, (i=0.25; whereln is the ignition delay time.

Three frames ilustrate nfiorm chemiluminescence during augmition [33].

2.1.1 Spark ignition engine operation

The four stroke Otto cycle of an Sl engine includes an induction, compression, power and
exhaust stroke, with each stroke consisting ofXfGcrank angle.Figure 2.2 ilustrates

the steps of the basic four stroke cycle. During the induction stfafpard 2.2 (a)), the

fuelair mixture is drawn into the cylinder e piston travels from top dead centre (TDC)

to bottom dead centre (BDC). The compression stréligure 2.2 (b)) compresses the
fuetar mixture to high temperatures and pressuessthe piston travels back T®C.

Near the end of this stroke, before the piston reaches the TDC the spark plug ignites the
mixture and intiates the combustion within the chambf@gu(e 2.2 (c)). The spark
ignted flame expands and propagaterough the volume of the combustion chamber in

a controlled fashion, significantly increasing temperature and consequently peak pressure,
which provides the force required to drive the piston down during the power stroke
(Figure 2.2 (d)). This is the stroke which causes the piston to drive the engine. At the end
of power stroke, the exhaust vale is opened and exhaust blowdown takes place

(Figure 2.2 (e)). During the exhaust strokEidure 2.2 (f)) the piston travels from BDC
16



to TDC, forcing the remaining burned or partially oxidised gases out of the charhieer.
exhaust valve closes as the piston reaches TDC and the intake valve starts tatlmgten so

next cycle advanceglt7].

Figure 2.2: Four stroke Sl engine operating cycle. (a) Induction stroke, (b) compression
stroke, (c) combustion at almost constant volume near TDC, (d) power stroke, (e) exhaust
blowdown when exhaust valve opens towards the end of power stroke, (f) exhaust stroke
[47].

Under normal, notknocking operation, the end gas is consumed in a controlled fashion
by the flane front before autgnition can take place, with the combustion processes

mainly governed by the chemical kinetics of the oxidation. Nevertheless, the propagating
turbulent fiame originated by the spark plug imparts further compression and heating on

theend gas, which can potentially cause agtation of the mixture and ignition prior to
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the arrival of the flame front, leading to a rapid increase of tglinder pressure and
extremely localised temperaturgd48]. The fuelair mixture combusts rapidly releasing
energy (between 5 to 25 times faster than during normal combsticaiusing large and
high amplitude pressure wavdd9]. These pressure waves cause high frequency
oscilations of the cylinder pressure, subsequently creating a sharp sound, like metallic
ringing i knock [48]. Figure 2.3 ilustrates high-speed images and representative in
cylinde pressure traces comparing normal and knocking cycles.
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Figure 2.3: Series of higtspeed direct images and representativeylimde presswe
traces for normal and knocking cycl&9].

The events of knocking combustion reflect the competition between the time for the
complete consumption of the reactants by the propagating flamkethartime of pre
combustion reactions of the end gas agmiion to occur, i.e. the ignition delay time.
Knocking, therefore, would not take place if the flame front uses up the entire mixture
before the precombustion reactions attain the end gas-@miion. Fuels with longer
ignition delay times can withstand atugmition and survive the additional compression
and heating by the propagating spark ignited fladeato-ignition may occur within the

end gas in the cylinder, leading to the substantielease in the chamber pressure, which
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subsequently excites an acoustic resonance between the gas in the cylinder and the engine
block [48]. This causes enormous exothermic oxidatwith temperature jumps of more

than 1000 K[48]. The combination of high temperatures and pressures degrades the
material, and thus engine knock can lead to piston crown mefistnhn ring sticking,

cylinder bore scuffing, piston rilgnd cracking, cylinder head gasket leakage and
cyinder erosion39]. Knocking incidence depends on many factors including the design

of combustion chamber, the equivalence ratio, the fuel chemical composition, the intake

pressure and the intake temperat{%6].

2.1.2 Fuel rating

Fuels inSI engines are therefore designed to resist-igatbon under engine operating
conditons until the spark. The current standard for fuel qualty testing in Sl engine is to
measure the octane rating using a Cooperative Fuel Research (CFR)[gbji@ctane
numbers (ON) are used to describe the fuel knock propensity. This rating system has been
adopted for gasoline fuels since t®@20s[45]. The higher the ON, the longer the ignition
delay time, and the higher the fuel resistatze@uteignition (seeFigure 2.4). The ON is

defined as the percentage by volumasofoctane blended witn-heptane in the Primary
Reference Fuel (PRF), that gives rise to engine knock in the research methotbror m
method with CFR engines under the same conditions as the actuf2fueDuring the
measurements various blends of PRF are tested until the knock behaviour of the test fuel
is replicated. Té Research Octane Number (RON) tests fuel performance under low
severity engine operation at an engine speed of 600 rpm and a temperature of 325 K,
whie Motor Octane Number (MON) replcates engine operation conditions of 900 rpm
and 422 K[53]. RON is generally higher than MON for stanoRPRF fuels. To quantify

these differences between RON and MON, the fuel sensiti8}yis(commonly used,

which is related to how the chemical reactivity of the fuel changes with temperature and
pressure. Largef values indicate that the fuel hadaignition characteristics that are

more sensitive to operating conditiofs4] and is defined as:

Y YOO 000 (2.1)
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Figure 2.4: Dependence of ignition delay times on octane numbers. a) Experimental
data for various fuels from shock ey RCMs and CFR engines. Figure adopted from
[55]. b) Calcuhted ignition delay times taken frof3]. Fuels with higher octane

numbers tend to exhibit longer ignition delay times.

Iso-octane (RON 100) and-heptane (RON 0) have been selected as reference fuels for
the octane rating scale because of their distinctly different reactivity dwxidgtion and

their similar physical propertiegsuch as vapour pressure and vischsity real life,
gasoline is made up of only approximately B#%octane and 0.3%-heptane. Therefore,

using these fuels to characterise gasoline may not be representajparticular when an
increasing use of alternative fuels substantially alters the fuel chemical composition for
Sl engines compared to that when octane rating was devdbpgalb] The octane rating

of conventional gasolne can be enhanced by blending it with oxygenated fuels (e.g.
ethanol or butanol), which have higher &mock propertied57]. However, the effects

of these oxygenated compounds on the-@uttion behaviour is not fully understood.
Hence, the effectshe additionof n-butanol to gasoline and its representativerrsgate
mixture on auteignition behaviour othe mixture are studied in Chaptér. Meanwhile,
in-cylinder conditons under which knock takes place, such as engine temperatures,
pressures, and mixture strengtten considerably differ from those in the CFR tests with
the adoption of modern engine technologies, and hence RON and MON values are an
insufficient guide to the practical performance of engines and description -&haot
qualities of the fueld52]. In order to cover the whole operating range, the octane index
(Ol) was developed that provides the rating of the PRF that only causes knocking under
the same conditions as the tested {&6&l] and is defined as:
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where K is an empirical constant, which depends only on the pressure and temperat
history of the unburned mixture in the chamber and is supposed to be independent of fuel
properties and show the relevance of RON and MON tests. For RON ted{andax is

0 andK is 1 in the MON test. WheK=0.5 for the fuel, the average of the R@N the
MON value, is a good indicator of ahkinocking qualties of the fuel58]. The
development of engine desigrfsuch as those using advanced lingosystems, boost
systems, and injection systemsave led to decreases Havalues [58]. K is often found

to be negative in turbocharged direct itige Sl engines and varies substantially with
operating conditions[56]. There is a good correlation fak with unburned gas
temperature. Figure 2.5 illustrates data o against Tcomp1s(Unburned gas temperature at
a compression pressure of 15 bar) from various studies (adopteB®Pmnit shows that

at 15 bar, values fd decreasedrom 6 at 1000 K to 0 at 76800 K, down to-2.5 at 500

K.
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Figure 2.5: K against Tcomp1s(unburned gas temperature at a compression pressure of 15
bar). Symbols ilustrate different studies. Adopted frf39].

Applying ON to modem Sl technologies requires therefore extrapolation of the
conventional ON t o-knpck eqablityc fThe telvance f af esdclo s
extrapolation is debatable. For example, for negative K values at a given RON, fuels with
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greaterShave better antinock properties. Thus an increase in RON or MON values does
not utimately manifest in improved knock resistance, and operating conditons for
modern engines tend to exceed the boundary defined by the operating conditions of CFR
tests[38, 58] The Ol, in attempting to characterise the knocking propensty, is in fact just
an indicator of the aut@nition potential [57]. This is inversely proportional to the
ignition delay time of the fuel, the principle combustion characteristic, which would
provide a more accurate description of agtation phenomenon and can be measured
directly as a function of the pressure and temperaprofles over timg52]. Therefore,

it is important to obtain ignition delay times measurements for various fuel mixtures over
a wide range of conditionsThis motivates the research carried iauChapters. In spite

of all these deficiencies, automotive and oil industries continue to use RON and MON as

primary parameters in describing augaition.

2.1.3 Compression ignition engine operation

Cl engines onhe other hand depend on aigottion to combust the fuel. Diesel engines
compress air to elevated pressures and temperatmdsthen inject vaporised fuel into
combustion chamber at the end of the compression stroke to intiate the combustion
processg via auteignition. The auteignition tendency of a Cl fuel is defined in terms of

the ignition delay time which depicts cetane number. The cetane number is obtained in a
Waukesha CFR engine with a prembustion chamber and adjustable compression ratio
(CR), as the relationship between the ignition delay time and ratio of cetane and alpha
methylnagthalene. Higher cetane numbers imply shorter ignition delay times and
stronger autagnition tendencies, thus better CI performance because shorter ignition
dday times provide more time for combustion within a cyf#®]. Since only air is
compressed rather than anfagl mixture, diesel engines are not affected byigmiion
problems associated with high compression Sl engines, thus enabling higher attainable
CR. Higrer CRs are desirable because the effective thermal efficiency of the engines
increases with CR. CRs are, on the other hand, restrained by their upper limit due to
knocking combustion, since at high CR the attainable pressures and temperatures are
higher atthe end of the compression stroKeis subsequently promotes the likelihood

of auteaignition in the end gas. The higher values CR of ClI engines necessitate stronger
and heavier engine components and slower engine speeds, consequently increasing
maintenane requirements and costs. Diesel Cl engines have higher thermodynamic cycle

eficiency compared to Sl engines, because they operate on lean mixtures, lack the
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throttling of the intake charge and have higher compression ratios (Cl €R;18rsus
SICR 911).

Clengines are a popular choice in heavy duty vehicles and other commercial applications
due to their high efficiency and durability. These engines are larger and heavier compared
to those used in passenger vehicles, hence they have to operateradeeds, where
knock is more prevalent due to the longer time avaiable forigoit@n. Auto-ignition

at low engine speeds takes place earlier because of the availability of suficient time for
chemical reactions to occur at low temperatures andubeaa the presence of substantial
amounts of unburned amount of mixture in the zone of the end gas, which promotes strong
knock. An increase in the engine speed causes higher turbulence intensities of the mixture
within the chamber, thereby raising theopagation speed of the flame front, decreasing
the duration of combustion and decreasing likelihood of knock#8]. Also, the
eficiency of Sl engines at low loads is especiadyv Idue to increased pumping losses
since they operate at fixed -#a-fuel ratio and use throttle to decrease the amount of
intake air. Throttling increases the pumping work under low loads and therefore decreases
the efficiency. Pumping losses are alseater in S| engines compared to Cl engines since
they compress the fualr mixture rather than only air before heat relefs4). This

makes Sl engine technology less attractive for heavy duty vehicle applicabomzared

to Cl engines Nonetheless, the major disadvantage of diesgihes is their emission of

air polutants, specifically particala matter (PM) and nitrogen oxides (NOXx), whereas

Sl engines are able to control taipipe emissions effectively through-wargecatalysts

[14]. In diesel engine soot is found in the fuel rich zones and NOxin the lubicsteetric

zones, which makes it challenging to cut down both PM and NOx emissions at the same
time through combustion improvement technologies. To control PM and NOx emissions,
modern diesel engines use high pressure fuel injecton and complexrestiee nt
systems that consequently make these technologies substantially more expensive
compared to Sl engines. Moreover, in theory, when comparing ideal cycle efficiencies,
the Otto cycle has always higher efficiency and higher work area compared to #le dies
cycle at the same CRs, since in the diesel cycle the isentropic compression ratio is greater
than the isentropic expansion ratio, while in the Otto cycle they are equal. Cl engines only
become more attractive than petrol engines because of throttisgsicand the knock
imitations on CR. Hence, knocking combustion in S| is a mdjoitation of

implementation and development of these technologies.
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2.1.4 Advanced engine technologies

Whie there are various strategies and concepts present for engine advaniceatein

better efficiencies, engine downsizing coupled with high boosted direct injection
technologies is a mainstream industry trertd provides enhanced power density
(increased power ratio per unit space) and reduced fuel consumption by operating a
higher specific output for the same torque at a given engine speed, and reduced pumping
and frictional losse§32]. Engine downsizing uses smaller engines in the car that give the
power of larger engines through the implementation of advanced technolddies.
concept is associated with number of benefits such as 1) reduction Zrar@NOXx
emissions due to the reduced fuel consumption through the optimisation of the intake and
exhaust valve timing at low engine speeds with scavenging that subsequergiytolead
reduced residual gas content within the cyinder; 2) decrease in the engine weight and
thus the load on the engine; 3) the smaller swept volume by the piston results in decrease

in friction between the piston and the engine bore, thus reduced &lclasses[60].

The performance of downsized engines is maintained by injecting more air into the
combustion chamber to combust addiional fuel through supercharging, where-an air
charging device is driven mechanicallgr by turbocharging technologie$where the

device is driven by the exhaust ggsekhe higher the air pressure or charge density, the
greater he amount of air and oxygen that can be supplied to the combustion chamber
and hence the greater the amount of fuel that is burned. Turbocharging or supercharging
achieves lower NOx emissions because these devices decrease the total amount of fuel in
fuelair mixture, burning leaner mixtures at lower flame temperatures at the expense of
decreased power outp{1]. This can be compensated by increased air charge density
[61]. In boosted direct injection (DI) systema fuel injector difuses atomised fuel
directly into the combustion chamber of each cylinder, rather than theopieustion
chamber of traditonal gasoline engines. Coupled with computer mae@apesystems,

DI enables more precise control over the amount of fuel injected and its timing over the
engine map for any given fiywheel torque, so that the throttle is wider open, thus resulting

in reduced pumping loss¢&0].

According to Alriksson and Denbrgis2] research, to escape high NO emissions at low
equivalence ratios, the combustion should take place at temperatures below
approximately 2200 K. At high equivalence ratios, the teatpes is required to decrease
even further to averextremely heawysoot formation. Bothhigh soot and NO emissions

are prevented if the temperature is kept below approximately 1685€gkrdlessof the
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equivalence ratio value. This concept is known as tlemperature combustion (LTC)
[63]. Moreover, itwasalsosuggested that CO to GOxidation becomes low below 1400

K [63]. According to the LTC concept, the most of the energy released whie avoiding
excessively high soot, NQand CO/UHC formation zones indicaed by the yellow

cloud in thel-T map in Figure 2.6
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Figure 2.6: Regions of high soot, NOand CO/UHC production zones. Optimum
conditions for lower emissions acdag to the low temperature combustion concept are
indicated by the yellow cloudReplicated fron{63].

The knocking in these new tawlogies is an obstacle for engine designers, which
prevents engines from attaining optimised combustion phasing and higher CRs, in
particular in low speed, highad operating regimes. A new form of abnormal
combustion, which is commonly apparent at lemgine speeds, caled supeiock has
become a chalenge in these technologi@]. Such a phenomena differs from
conventional knock, in which the end gas agtutes ahead of the spaignited
propagating flame front, because the pressure and temperature of the unburned mixture
are tremendously amplified by the compression effect due to thermal expansion of the
burned zone (that potentially can overlap the moving pisfe#4). Rapid compression
machine (RCM) experimentf33, 44, 65]have shown that ¢hsuperknock mechanism

can be expressed by hot spot induced deflagration to detonation transition, succeeded by
high pressure oscilationFigure 2.7 ilustrates the comparisonsf typical pressure traces

and heatelease ratof a normal combustion, a conventional knock cycle and a-super
knock cycle.The major discrepency between supa@iock and conventional knock is an
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ampltude of the maximum prage rise at knock onset. For su@ock, anamplitude

of the maimum pressure risegqp) is more than an order of magnitude higher compared
to that of conventional knoc[B39]. Superknock events appear sporadically and show
ittle direct relationship to engine control parametersd &ence the common knock
mitigation methods, such as retarding spark timing, enriching mixture, cooling intake
charge, and enhancing heat transfer would be deficient in suppressinekrsuge[65].
Hence, supeknock is the serious barrier for further advancing the boost level of

turbocharged Sl engines.
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Figure 2.7: a) Comparisons ofypical pressure traces and heat releases oita normal
combustion, a conventional knock cycle and a sépeck cycle b) Continuous engine

cycles ilustrating supeknock Adopted from[39].

2.1.5 HCCI engines

Another combustion concept, Homogeneous Charge Compression Igniton (HCCI) has
recently drawn attention due to its high thermal efficienapd potentially low NOx and

PM emissions. HCCI merates by merging both Sl and CI combustion principles in a
manner that the afuel mixture is premixed in the intake manifold, or in the cylinder
with DI, before the combustion, in order to create a homogeneous charge. Itis then auto
ignited to initiae combustion within the compression stroke similar to the conventional
Cl engine operatior[63]. Comparisas of SI, Cl and HCCI engrs areprovided in
Figure 2.8 and Table 2.1.
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Table 2.1: Comparisons of SI, Cl and HCCI combustion engif@s, 67]

Engine Type SI Cl HCCI
Ignition method Spark ignition Auto-ignition Auto-ignition
Charge Premixed In-cylinder Premixel
homogeneous mixture homogeneous homogeneous charge
before ignition
Ignition point Single Multiple flame At multiple without a
propagation discernible flame
propagation
Throttle loss Yes No No
Compression ratio Low High High
Combustion flame Flame propagation Diffusive flame Multi-point aute
ignition
Fuel economy Good Better Best
Max. efficiency 30% 40% >40%
Major emissions HC and CO NO,and PM HC and CO
Injection type Port injection Direct injection Both port and direct
injection
Equivalence rato ~1 Lean or too rich Lean mixture

The chage is heated through heating the intake air or by storing some of hot combustion

products in the combustion chamber at the beginning of the compression stroke to attain

autoignition conditons at the end of the compression stroke. This raises the gas

temperature throughout the compression process, which accelerates the chemical

reactions that subsequently result in combustion. Despite the fact that the start of the main
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heat release is generaly apparent at temperatures of IM@EDK for gasoling or less

than 800 K for diesel, most of the hydrocarbons in gasolne and diesel release low
temperature heaticcounting for up to 2@ of the total energy released. The amount of
low temperature heat release required for -abion, as wel as the heat releasse

from the HCCI combustigndepends on both the unique chemical kinetics of the fuel, and
the thermal condttions used. HCCI has no flame propagation, instead the ftetture
combusts almost homogeneoyshnd almost instantaneously throughout thandber
causing ahigh rapid rate of heat release. To avoid runaway heat relegsencatedimit
combustion rates, HCCI operates on lean or/and diuted fuel air mixtures with burned
gasses This is achieved through the use of excess air, exhaust ggsing or water
injection [68, 69] However, using highly diuted mixtures substantially decreases the
achievable engine loado that the power density of the engine drops. This situation can

be improved through superchargifig0].

The couplng of a diuted premixed fuel and ar mixture with numeroalsost
simultaneous autaignition points throughout the cylinder removes the high combustion
temperature regions and limits soot particl€hkis therefore results extremely low NOx

and PM emissions.Figure 2.9 demonstrates theones of NOx, soot, CO and UHC
emission inG-T map along with the representative operating ranges of conventional
diesel combustion (CDC) andifferent modes of LTC, thus optimal combustion
temperature and equivalence rasofor ataining emission reductionsan be detected

The adoption of lean or more often diuted-fa&l mixtures with recycled burned gases
enables the unthrottled use of an HCCI gasoline engine, thus resuliing in better engine
eficiency and improved fuel consption compared to S| engines. Therefore, the HCCI
strategy concurrently decreases both NOx and PM emissions from a Cl engine and offers
a potential to decrease fuel consumption and NOx emissions of an Sl engine to meet
current and future emission legistati without costly, sophisticated and often ineffective
exhaust gas aftdreatment systems. Nonetheless, this combustion strategy has shown
different problems to overcome before implementing these technologies at the
commercial scale. These include diffiju in controling the combustion phasing, a
restrained operating range, large hydrocarbon emissions, high levels of noise, cold start

problems, chalenges in homogeneous mixture prepard@n 69]
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Figure 2.9: Countour plots of emissions portraying the operating zones of LTC modes,
namely reactivity controlled compression ignition (RCCI), premixed charge compression
ignition (PCCI) and homogeneous charge compression ignftt@Cl), compared to the

conventional diesel combustion (CDC) modReplicated froni67].

The maximum load is limited by a very high pressure rise rate that accompanies auto
ignition events within this new combustion mode, which subsequently results in
extremely noisy operation and unacceptable mechanicaihsson an HCCl engine. There

is no direct control of the onset of combustion, since there is no ignition @ueht as a
spark in Sl engine or an injection in conventional CI ehgimend it solely depends on
instantaneous autignition. The ignition iming can be only controled indirectlyand
requires the detailed understanding of the -agniition properties for the potential dis

to ensure that the fuair mixture auteignites under the desired compression conditions
within HCCI [68, 71]. Hence, this research aims to improve understanding of the auto
ignition behaviour of fuel mixtures with respect to its constituents over a wide range of
operating conditonsrelevant to LTC strategies. This is achieved through experimental
measuremnts of ignition delay times in ndamental devicdan RCM) accompanied

by detailed chemical kinetic modelling invegitions and theoretical analgseChemistry

that governs important combustion characteristics and influencesigaiiton behaviour

of fuels is also investigated.

HCCI combustion of diesdke fuels shows a distinct twstage heat release. The first
stage heat release is related to low temperature Kkinetic reactions. Low temperature
Kinetics is accountable for engine knock in Sl engi@esl could be related to ONSs.
Smaller values of ON correspond to more apparent low temperature heat release energy.
For gasoline lke fuels with high ONs, the low temperature heat release from the first
stage ignition is lower compared to fuels similardiesel at the identical condtior&3].
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Therefore, this research also seeks to improve understanding of links between the low
tempeature kinetics and autignition processes. The oxygenated compousdsh as-

butano] generally have similar or higher octane rating compared to conventional
hydrocarbon fuels. Blending these oxygenated fuels with hydrocarbons can result in
higher antiknock properties of the blend. However, their effectstlmautoignition
responsarenot fuly understoodAlso, their role in low temperature kinetics necessitates

an improved understandinddence, the effects adddition ofn-butanol to hydrocarbon
mixture on auteignition behaviour and associated low temperature heat release are
investigated in Chaptes.

2.1.6 The chemistry of autaignition

To understand engine knock and the agimdion phenomenon, it is paramount to
understand the kinetics and main reactions influencing ignition delay times, and hence
the fundamental chemistry of hydrocarbon oxidati@he oxidation of hydrocarbons and
related compounds is an intricate process with series of thousands of distinct elementary
reactions It compries many intermediate compounds, which, in theory, result in the final
products of combustion, G@nd HO. Theprocess of oxidation evolves through a radical
chain mechanism. A chain reaction mechanism generally entails four steps: initiation,
propagation, branching and termination. An essential phenomenon of this mechanism is
chain branching which depicts the pess of selcceleration, amplified by the
exothermicity of reactignwhich occurs at both low ardgh temperatureg72]. A static
combustion system can potentially be described to entail two regions: a low temperature
region with slow reactionsand high temperature region with explosive reactipri3)].

The shift in temperature causes the rate of chain branching reactions to alter. These chain
branching reactions are primarily components that control the chemistry eafaitkon

and decide how the oxidation proceeds.

Chain initiation

The chain reaction mechanism initiates when energy input into the compressad fuel
mixture from the compression stroke of engine attains the minimum activation energies
of the endothermic initiation reactions between fuel molecules (RH) ted enolecular
oxygen or radical species. Activation energy can be defined as the minimum energy
required to be added to a chemical system in order to intiate a chemical rg¢@adtion

The most common chain carriers of the radical chain mechanism are radical species O, H,
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OH, CHs, and HQ, which are capable of reacting via the same reactions in the

combustion chemical stems raising the intricacy of combustion kinetj@é¢l].

During the inttiation stepthe initial decomposition of theeactants takes place, during
which atoms or radicals are formed by either dissociation of the relatively stable fuel
molecule (reaction(2.3)), e.g. GCsCHsY CsHsCHz+H, or by reaction between fuel and
oxygen (reaction(2.4)), e. g. GHs+O2Y C3Hs+HO2 [75, 76] Since unimolecular
dissociation necessitates the same or larger activation energies compared to the bond
dissociation of the fuel molecule, these dissociation reaction are gemeialiyely slow

and decomposition of RH is apparent generally at high temperdibgs
YO YE O (2.3)

YO i © YR Q) B 2.4

Propagation

Fuel radicals generated during the initiation step further reastathermic propagation

and branching reactions. During the propagation step, the reactive intermediate species
react with stable species to produce only one radical for each one consumed, e.g.
C2He+OHY C2Hs+H:20.

Branching

In the branching step reaction afe reactive species with a stable species form two or
more radicals for each one consumed, each of which can then propagate another reaction
chain, thus boosting the amount of radicals exponentially, e.g2OQ¥HIO+HO, CH: +

OY CHs+OH.

Termination

Besidesthe chain propagation and branching, the fuel radicals may also undergo a chain
termination route, which stops the chain with no further radicals generatemoves

active species from the systeras radicals combine and produce stable species. For
exanple, chain termination reaction is reducing stable radicals2ifs4C2HsY CaHio.

These reactions are generally not temperature sensitive.
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The overall oxidation rate relies on the elementary steps which change the number of the
radicals. An explosion can result at the point where branching reactions overwhelm the
termination ractions when originally slow, low and intermediate temperature reactions
create a sufficiently extensive radical pool to sustain and accelerate oxidation. Initiation
reactions are paramount but have only alinear effect on the number of radicals. On the
contrary, branching and termination reactions have a significantly greater influence on
the number of radicals. The exponential increase in radical build up due to excess of
branching over termination is accountable for the -gmtbion. The low temperature
kinetics primarily controls the ignition delay times and dictates whether thegaiiio n

takes place or not. Combustion stops either when all of RH are consumed or when there

is not sufficient energy present to promote further combustion rea¢iidnsg 6]

2.1.7 The chemistry of low and intermediate temperature hydrocarbon oxidation

The low and intermediate temperature regions {5000 K) typically involve ignition

and start of combustion before the temperature in combustion chamber attains or exceeds
1000 K, owing to the compression event and the exothermic reaciidis isimportant

in understanding autgnition phenomenon and engine knock. The majority of alkanes
follow a similar mechanism of oxidation in the low to intermediate temperature region
as outlinel in Figure 2.10. A comprehensive detaied low temperature oxidation (55D

K) scheme has been presented by Battidlerc et al[77], with only a brief description
being given here. Except at very high temperatures (above 1200 K), the coauheal r
chain mechanism of hydrocarbons begins with the intiation step, Ridt+@H+OH,
which removes a hydrogen atom-@Bstraction) from the leine producing an alkyl
radical RA. Under low temperature conditior(selow 700 K the Habstraction is malg
undertaken by OH, because it can produce water with abstriagtedgen radical in the
exothermic reaction. The OH radical is generally less particular of the H atom position in

H-abstraction, compared to other radical spejgies 74]
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Figure 2.10: A simplified scheme fothe primary mechanism of hydrocarbon oxidation
at low temperaturesThe orange colour highlightthe pathways that are responsible for
the NTC behaviour. The green colour indisatbe pathways andpeciesthat are

distinctive of tle alcohol oxidation. Adapted frofs7].

The rate of Habstraction by the OH radical changes depending on the typeHdidhd

being broken in the parent ake. Habstraction appears from the weakest®ond of

the fuel molecule. For alkanes, tertiary-HJbonds are more easily broken, folowed by
secondary €H bonds and then the strongest-i& bonds on a primary carbon atom. The
longer carbon chains of alkes generally indicate faster ignition. However, for
sufficiently large carbon chains this effect on the ignition delay is smalleabsitaction

of tertiary branched carbon atoms is easier compared to secondary straight chain alkanes.
However, branching @reases the number of primary-HCbonds. It is beleved that
ignition delays increase with the increased level of branching. Therefore, rate constants
of this type of reaction for the branched molecules, suclis@asctane, are lower

compared with those dftraight ones, such a&sheptane. Moreover, the strength of the
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bond is also affected by the type of bonds and the type of the atoms bonded. For example,
in the case of alcohols, the higher electronegativity of the oxygen atom compared to that
of carbonhydrogen atoms makes-&bstraction from the alpha carbon position faster than
from the secondary posttion of an alkane. At the same tirmabdttaction from the beta

and gamma site is harder and slower than from primary carbon atom of an alkane. H
abstradbn from delta site is somewhat equivalent to that of primary carbon atom of an
alkkane. Therefore, different behaviours emerge from different isomeric structures of the
fuel molecule and the overal -Bbstraction is generally more dificult for alcohols

compared to alkanef’4].

After H-abstraction, molecular oxygen then reacts with the alkyl radical through reaction
(2.5) (reaction (1) inFigure 2.10) to create an alkgyeroxy radical (ROO) or reactiof2.6)
(reaction (2) inFigure 2.10). The competiton between these two propagating reactions is
responsible primarily for the transiton between low and intermediate temperature
combustion. At low temperatures, the alkylperoxy radical is the primary prosince

the forward reaction has a negligible barrier to the rea¢ids). This is due to the free
radical site and thenpaired electrons on the oxygdrence, their association is favoured
and slow degenerateranching occurs. As the temperature increases, the higher activation
energy dissociation of the alkylperoxy radical becomes favoured so that reactions of R
radicals rather thaalkylperoxy radicalsinfluence the oxidation. This can subsequently
lead to be formation of hydroperoxy H{&and a conjugate alkene (reactih6)). In this
intermediate temperature region the predominant propagating free radicap whit®

tends to abstract a further-&lom to form hydrogen peroxide,2€k. However, at low
temperatures, H&s thermodynamically stable and unreactve andslor effectively

terminates the reaction chdi2, 74]

YE O P YO (2.5)

YE O ©° @da QQEND F (2.6)

The alkylperoxy radical produced in reactiof2.5) can undergo intramolecular hydrogen
migration through a five to eightmembered transition state ring via isomerisation
forming anothercarbon centred akyhydroperoxidedical (3QOO0H) (reaction (2.7)).

This type of reaction goes through a cyclic transition, whose activation energies for

isomerisation consist of both the activation energy falidtraction and the strain energy
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of a cyclic transiton state. This reaction generally adies the overall chain branching
sequence and hence influences the formation rate of the radical pool: the higher tendency
of a fuel molecule to isomerise leads to faster production of radicals and earlier ignition.
Isomerisation takes place through adgidon state ring formation, where rings of five or

six carbons are preferred due to their small strain enefgies78, 79] Hence, a faster
iIsomerisation is apparent flanger carbon chains (above five or six) compared to shorter
fuel molecule chains, and this can potentially increase the likelihood of Kr@ckihen,

an unstable alkyhydroperoxideadical may decompose to cyclc ethers or produce
oxygenated products such as aldehydes, or ketones and a highly reactive hydroxyl radical,

which may further propagate the chdifd, 78]

YO P BOD O 6O (2.7)

The oxidation 2methylpentane is a goollistration of the importance of molecular
structure in determining a mechanishs reaction mechanism is ilustext in Figure 2.11.

The GC bonds in hydrocarbons are approximately 108 degf@esn Figure 2.11, the
structure of the 90 degrees (COQ) bonding defines the intermed iaiee kaldehydeand
hydroxyl radicals that form. Here, the isomerisation step (indicated by (3.63) in
Figure 2.11) determines the overal rate of formation akylperoxy radical and

subsequenthain branching[79].

The unpaired electron of the carbon atomatidhydroperoxide radical AQOOH)is
vulnerable to the attack from the second oxygen migle¢reaction (2.8)) to form an
unstable  intermediate  pego akyhydroperoxide (AOOQOOH. A perxy
akylhydroperoxide reacts further by a second internal isomerisation to dtkg
perhydroperoxide radical AJ(OOH)Y), and then decomposes to form keto
hydroperoxides ra release OH. This reaction is a main chain branching reaction
promoting low temperature oxidation, because it releases OH radicals and keto
hydroperoxides, which can further decompose and form more OH radicals. These
degenerate branching steps involvenutiplication of the number of radicals, which in a
chain mechanism increases an exponential acceleration of reaction rates potentially

causing spontaneous aumition [77].

BOO OO0 PREIGOOG OO (2.8)
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Figure 2.11: The reaction scheme forrBethylpentane oxidation. Adopted frgQ].

2.1.8 The chemistry of high temperature hydrocarbon oxidation

The instability of fuel radicals at high temperature conditions 43WI0 K and the vast
range of intrmediate species produced from thermal decomposition (red@ig)),
makes the chemical kinetics of combustion complex in this temperature region. The
thermal decomposition of RH (reactio(2.3)) appears to become important and to
compete with the reactio(2.4) when the cylinder temperature attains 850 K. Above this
temperature reactio(2.3) is the prevailing initiation reaction, where eitherQbonds or

C-H bonds can be brokdi4].

Above 9001000 K, akyl radicals (B produced in reaction further decay to give a
smaller alkyl radicals and adkenemolecule according to reactiof2.10) (reaction (3)

in Figure 2.10). This is the predominant mechanism of most alkyl radicals consisting of
more than three carbon atoms. Reac(A0) adopts theb-scission rule, which says that
the bond to be broken is one position away from the radical7dite77] H-abstractions

are succeeded by isomerisation and susesestecomposition of akkyl radicals until the
quite wellrecognised chemistry ofiC2specieg80] is attained. This comprises the high
temperature mechanism as frst described by Westbrook and [Biyje that eventually
produces CO, part of which oxidises further to :Gf3 part of complete combustion

process.
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2.1.9 Negative temperature coefficient region

A specific characteristic of hydrocarbon oxidation is a zone of temperature in which the
global mate of reaction decreases with temperature, the so called negative temperature
coefficient (NTC) region. This behaviour is opposite to the Arrhenius temperature
dependence of the reaction rate constant where a monotonic increase in the global reaction
rateis observed with an increase in temperature. In RCM studies, the logarthm of the
igntion delay time is plotted against inverse temperature, indicating that ignition delay
time has a similar dependence on temperature as the reaction rate constaoteTHbaeef

NTC region can be easily detected by decreasing portion of the ¢tguee(2.12).
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Figure 2.12: Arrhenius plot ofsc-octane ignition delay time &=2 MPa from differe nt
RCMs The NTC region is clearly highlighted. The variabilty of the data is high in this
region. Adopted fron§82].

The presence of the NTC region is related to another peculiarity of the oxidation of

alkanesd the potential development of ddiame phenomenon at temperatures several

hundred degrees below the minimum agtation temperature. During a cool flame, or

multiple cool flames, there is a substantial raise in the temperature and the pressure over

a specific temperature region (comnmtpo up to 500 K), however the reaction ceases

before the complete combustion is reached owing to the decline in reactvity of the system
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in the NTC region. A common temperature rise related to cool lame propagation is in the

range of 56200 K, hence a tar cdol flame . Cool fl ames are par amo
spontaneous ignition phenomena since they are related to the first stage sthge/o

ignition [77].

The chemical kinetic foundation of NTC can be explained by the displacement in the
RAROOAequibrium at the ceiing temperature and the attributed conversion from low
temperature degenerate branching tolm@nching oxidation modes. The temperature at
which ROOY RAratio is equal to unity, the ceiing temperature, indicates the linfitseo
temperature ranges where either the forward or backward reaction is fay88tedhis

is dependent on the structure of the akyl radicals and on the partial pressureTioé O
reversibility of the addition foakkyl radicals to oxygen molecules (reacti@h5)), when
temperature raises to faciitate the formation of the:t@d the conjugate alkenes
reaction(2.6) is favoured, and causes the reduction in the overall reactiofi/ VdtdHere,

the large oxygeated radical intermediates (alkylperoxy radicatgl alkkylhydroperoxide
radicaly can overcome energy barriers for dissociation, molecular elimination reactions
producing alkenes and HQ@adicals, and cyclisation reactions producing cyclibeest

and OH radicals, and propagation reactions leading to formatidnsa$sion products.
These pathways form less reactive products compared to the aforesaid chain branching
and lead to the formation of highly reactive peroxide species. Hence, in this intermediate
temperature region the accumulation of critical radicals. OH) is lowered and the
overal rate of fuel consumption is decreagéd, 84] The main propagating radical is
then HQ. Important pathways responsible finretNTC behaviour are highlighteth

orange inFigure 2.10.

In addition, the unimolecular decomposition abfylhydroxide radicalstarts to compete

with the molecular oxygen addition tkylhydroxide radical(reaction (2.8)), forming
peroxy alkyhydroperoxide radica{ADOQOOH), which can undergo internal-gtom
isomersation producing akyl perhydroperoxide radicals A((OOH)) and which
subsequently can decompose generating a carpergkide species and a hydroxyl
radical. The cleavage of the-O bond in this peroxide yields a carbealtoxy radical

and another OH dical. This chain branching process results in the generation of three (a
carbonylalkoxy and 2 OH) radicals. Nonetheless, as temperature increases above
approximately 700 K the activaton energy barriers for the propagation reactions from
alkylhydroperoxile radicals resulting in the formation of cyclc ethers and ofter

scission products, along with the concerted elmination of an alkesheéhaioperoxyl|
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radicals from alkylperoxyradica] can be overcomeThis leads to the decrease in
reactivity of the sgtem and NTC behavigursince only one radical species is produced

rather than three radicals through the chain branching pr{8%ss

Griffiths [86] reported that muliplication of reaction chains istaied by displaceme nt

from branching to neibranching reaction modes. The author showed that the OH radical
is considerably more reactive than the H@dical. Griffiths [86] also stated that
considerable exothermicity is associated with OH radical propagation, whie HO
propagation leading to 4@ formation is virtually thermoneautral. Hence, the overall
heat release rate is reducedChlis produced through the reactio(®.11) and (2.12)

which at higher temperatures dissociates to form reactive OH radicals. Moreover, below
approximately 850 K, the rate of282 decomposition to OH radicals is rather low and
thus does not advance autocatalysis rapidly enough. This leads to the increased
concentration of kD2 in the system, which with the further rise of temperature (above
900 K) wil decompose at a growing rdi&2]. The reactivity of the system is enhanced
here through a new branching step (reac{i3)), which increases the radical buid up

leading to the ignition.

QW '0° 00 (2.11)
W W O 06 212
06 0 O 0@ D (213

Therefore, the fuel oxidation route and chain branching processes are controlled by two
different mechanisms in these two distinct penature regimes, which subsequently are
determined by the type of intermediate species produced in the combustion process that
can either accelerate or retard reactions. This influences the overaligratitn
characteristics of a fuel at various tenggares and can manifest as a-stage ignition
(seeFigure 2.13). An early, weak ignition or cool flame, where the OH/ROO radical
process prevais, is succeeded by a subsequent relatively more powerful second ignition,

induced by HO2 decomposition and then chain branching involving H arfd2)
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Figure 2.13. A typical RCM pressure trace for the aigoition ilustrating twestage
ignition behaviour of the diesel surrogate fuek1l MPa,T=671 K and(i=0.5.Adopted
from [87].

The fuel concentration also plays an important role in determining the overall rate of the
combustion and the ignition delay. For alkanaslow and intermediate temperatures, an
increase in fuel concentration increases the overall rate of the combustion, whie at high
temperatures this behaviour is opposite. At low temperatures, reéztieh dominates

over reaction(2.15), forming hydrogen peroxide, which subsequently leads to chain

branching through reactio(®.13) and hence fuel rich mixtures are the fastesignite.

At the intermediate temperatures, the reactions of RH with; Hdicals and the
molecular elimination reactions of alkylperoxy radicals forming an alkene andaHO
depend on fuel concentration, with the faster rate of oxidation for the higtedr
concentration mixtures. On the other hand, at high temperature, RH competes with
reaction(2.15) for H radicals, which becomes faster than read@b5) at this conditions,

and thus an increase in fuel concentration can reduce the rate of the comfaidstiBs]

OF 0 0°'Q) D (2.14)

0 0 0 OGE §'® 2.15)
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2.1.10 The oxidation of methane

Methane displays a peculiar oxidatiomehaviour that differs from those of alkanes,
detailed in earlier sections. Methane has a higher resistance {igrditan compared to

that of other hydrocarbons. This can be related to its strongelrb@nd in the fuel
molecule compared to other hydrdwans [79]. At low temperatures, evenz@ttack is

very slow[79]. Methane autagnition behaviour is investigated in Chap#an this work,

hence it is important to gain an overview of its oxidation processes and governing

readions. The folowing sections briefly describe the oxidation of methane.

2.1.10.1Low temperature methane mechanism

A simplified scheme detaiing the low temperature methane oxidation is ilustrated in
Figure 2.14. It canbe seen that there is ne®t dissociation reaction to OH radical.
Glassman [79] reported that this reaction becomes active at the tatopes above
approximately 900 K. As highlighted in earlier section, the chain intiation reaction of
oxygen addition to parent fuel molecule (reaction (3.7 B)gure 2.14)is slow. The chain
propagating reactions (reactions (3.72), (3.73), (3.76) and (3.Fijure 2.14) and the
chain branching reactions (reaction (3.75Fgure 2.14) are faster, since they contain a
radical and one initial reactant. The chain propagatiegction (reaction (3.76) in
Figure 2.14) produces the CO, whereas water is produced in the chain branching reaction
[79].
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CH, +0, — CH?, + 1—1(')2} (chain initiating) (3.71)

5

CH, + O, — CH,0 + OH (3.72)

OH + CH, — H,0+ CH3 ( (chain propagating)  (3.73)

OH + CH,0 — H,0 + HCO ) (3.74)
CH,0 + 0, — HO, + H'Co} (chain branching) (3.75)

. . A
HCO + 0, — CO + HO, (3.76)

HO, + CH, — H,0, + CH; { (chain propagating)  (3.77)

HO, + CH,0 — H,0, + HCO ) (3.78)

. A
OH — wall (3.79)

CH,0 — wall } (chain terminating) (3.80)

HO, — wall ) (3.81)

Figure 2.14: A simplified scheme for the low temperature methane oxidafaiopted
from [79].

The reaction (3.72) ifrigure 2.14 proceeds through a metastable intermediatepteom

the methyl peroxy radical (séegure 2.15). At the lower temperatures, the formalde hyde
and OH is formed due to the shift in the equilibrium state towards intermediate. At the
higher temperatures (above D) this equilbrium is shited toward the reactants. This

therefore restrains the speed of methane oxidation at these tempefa@jres

H O
CH; + O, H—(‘:—O — H—(‘::O + HO (3.82)
H H

Figure 2.15: A simplified scheme for the low temperature methane oxidatkaiopted
from [79].
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2.1.10.2High temperaturemethane mechanism

Figure 2.16 presents a simplified scheme of the methane oxidation at high temperatures.
The chain branching process in the methane oxidation is initiated by reaction (3.83) in
Figure 2.16. This triggers the KHO2chain branching processes and creates pool of OH,
O, and H radicals. These radicals can then progress according to edR&jqreaction

(3.83) inFigure 2.16). Rate constants of these abstraction reactions are relative [y st

CH,+M — CH, +H+ M (3.83)
CH, + X — CH, + XH (3.84)
CH, + 0, — CH,0+ 0 (3.85)

CH; +0, — H,CO + OH (3.86)

CH;0+M — H,CO+H+M (3.87)
H,CO + X — HCO + XH (3.88)
HCO+M — H+CO+M (3.89)

CH; + CH; — C,H, (3.90)
CO+OH — CO, +H (3.91)

Figure 2.16. A simplified scheme for the high temperature methane oxidatiane, M
denotes the third body species and X represents any railitagited from[79].

The slow oxidation ofmethane compred to other alkkanes can be related to the fact that
reaction (3.82) may not undergo the reaction path ilustratedFigure 2.15. The
consumption of Cklradicals is slow. This leads to the accumulation of; @rtl the
formation of GHe through achain termination reaction (3.9Gn Figure 2.16. The
oxidation of GHe are considerably figrent. In some systems the two parallel oxidation
pathways in methane system can coexist: one via theogidation and the other via
C2He oxidation. A destruction of CHradicals occurs through reaction &).8in

Figure 2.16. This is highly endothermic reactjornence it is responsible foelatively

slow chain branching processes in methane oxidation. Forme@® @dicals decompose

fast and rainly through the reaction (3.Bin Figure 2.16[79].
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2.1.11 The oxidation of alcohols

From earler discussions, an addition of alcohol fuel to conventional fossil fuels can alter
their combustion behaviour and result in higher -lamtick properties of the blend.
Therefore, it is impdant to understandchemical kinetics governing adignition
processes of alcohols. The study presented in Chapteestigates the effects oF
butanol additon at different blending ratios to a conventional gasolne and its
representative surrogate mixture on the -agmdion response of the blend. The following

sections briefly outiine thalcohol oxidation

Alcohols contain a hydroxyl group that makes their combustion kinetics a fascinating
deviation ofthe alkane oxidatior[57, 79, 88] These effects entail preaction system
when reacting with OH that lead to the NB€haviour at low temperaturd88]. Also, in
alcohols, thel C-H bond (where the carbon alpha is bound to the hydroxyl moiety) is
weaker than all other bondS7]. Hence, abstraction frorfi-hydroxy (i.e., U-hydroxy)
radical is faster compared to others when reacting with OH ang reidicals [57].
Consideration of the alcohol fuel oxidaton mechanism is based almestetyir on[57,

88, 89]

2.1.11.1High temperature alcohol mechanism

Similarly to alkkane chemistry, at high temperatures (above 1500 K) and under fuel rich
conditions, the unimolecular alcohol decomposition prevails. Theseimple ©C and

C-H bond scission reactions in alcohols. Dehydration reactions are also important in the
alcohol kinetics[57]. Fuel is consumed primayilthrough Hatom abstraction to form fuel
radicals [89]. In butanol, hydrogen atom can be described as hydraky, p, andu as

well as primary, secondary, or tertiaf§8]. Figure 2.17 ilustrates these characteristic H
atom postions and &l bond dissociation energiefor four butanol isomers Rate
constants for these reactions are dependendant on the radical species and the type of
hydrogen atom being abstractfslV’]. For n-butanol, hydrogend bond in the OH moiety

is the strongest and the most difficult to abst{86{. Tertiary bonds are ¢hweakest and

are the most easily abstract®d]. Similarly, the vicinity of OH group makedC-H bond
strengtls weaker, whieb C-H bonds are somewhat stronger compared to similar bonds

in alkanes[57].
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Figure 2.17: C-H bond energies for butanol isomers in koal calculated at the CBS
QB3 level of theory at 298.15.Kddopted from[88].

H-abstraction andb-scission of prent alcohol can lead to the formation of
aldehydes/ketones at high temperaturég. lower temperatures carbonylssuch as
formaldehyde, acetone, butanol etc., can form fidhydroxyalkyl radical reaction with
oxygen [57]. Enols can be produced via dehydration reactions. hplgase kinetics their
isomerisation to aldehydes or ketones is slow. On the other hand, enofeH@GIng
aldehyde and Hgare faster{57]. The reaction pathway which containg &@ldition to *
hydroxylbutyl radicals to produce aldehyde/ketone and: i$Orapid at atmospheric
conditions [57]. This reactionessentially inhibits low temperature ignition of alcohols
and becomes important in oxydeoh systems, where it starts competing Vtiscission

reactions[57].

2.1.11.2Low temperature alcohol mechanism

At low temperatures, alkyl radicals react with f@rming alkylperoxy radicals, and thus
initiate the chain branching process. Similarly to alkanes, the rate constant of these
reactions depends on whether the radical carbon is a primary, secondary or tertiary site
[57]. A scheme of the low temperature oxidation maidm of alcohols is also portrayed

in Figure 2.10. The green colouin Figure 2.10 shows the pathwaysand specieshat are
different with respet to akane oxidation mechanismA characteristic of alcohol
oxidation at low temperatures is thakhydroxyalkyradical interacts with oxygen to
rapidly form HQ and the parent aldehyde or ketoj@®]. This distinctive alcohol
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pathway is in a strong competition with the alkane analogous low temperature branching

channel. Thiscan explain the relatively high octane numbers of alcof&8.

The second step in the low temperature chain branching iSAR@QOOH. The crucial
isomerisations consist of five six, and sevemember transition state rings. Reaction
rate constants for these reactions depend on the characteritibo@ and on the ring
strain energy barrigs7]. In then-butanol system, the-alkylperoxy radical udergo a six
member ring isomerisation to abstract hydrogen from the OH moiety. This leads to
formation of propanal, formaldehyde and OH. Also this results in an inhibition of the low
temperature reactvity, since these reactionschean propagating and compete directly
with chain branching pathway88].

The ROG QOOH pathway competes with R@CGenoHHQO: pathway. Hence, this
pathway competes with chain braimgy pathway and reduces the overall reactvity of the
system|[57]. It is also a dominant producer of enols and:H®low andintermediate
temperatures. Ehcyclisation of aalkyhydroperoxideradical to form an epoxy alcohol

is comparable to a cyclc ether in alkane oxidation pathway. This pathway competes with
the crucial third step in the low temperature oxidation chain branching pathway
AQOOH+»z LOOQOOH[57]. The carbon radicallf primary, secondary, or tertiary)

site determines the rate of this react|®].

The forth step in the low temperature chain branching process is regrigation of
peroxy alkyhydroperoxide radical and the formation of a carbaagyihydroxy
hydroperoxide species(analogous to carbonyl alkkyl hydroperoxide in alkane oxidation,
i.e. kethehydroperoxide) [57]. The final step in the low temperature chain branching is
the decomposttion ofarbonyl alkkylhydroxy hydroperoxidesto form an OH radical, a
smaller oxygenatedadical, and a stable oxygenatsuch asaldehyde or ketond57].

2.1.12 Hot spot auto-ignition

As discussed in earlier sections, engine knock is associated wittigr@itibon in the end

gas. Auteignitions may arise randomly in space and time during an engine cycle. They

appear in exotheotspoté, cemd rean rcadignbdd iAn differ
modes. Thesen turn are associated with adignition processes related to conventional

knock and supeknock. An improved understanding afechanisms leading to differe nt

autoignition modes can helgharacterigtion ofengine autagnition over a wide range

of conditions ranging from benign autgnition, through mid knock to supémock. It
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can alsohelp to identify conditions that lead to violent or low engine knock. Therefore,

the research on hot spots ignition is important to combustion processes and this thesis.

The hot spots, or exothermic centres formed in the end gas are caused by the
inhomogeneities in temperature and/or in charge and are capable of ignting the
combustible mixture[35]. They can appear close to the boundary layer of cyinder walls

or through charge stratification, foxample, as a consequence of imperfect hot gas and
burned products mixing, heat transfer from hot surfaces or turbul@e Since the
ignition delay ¢, is predominantly teperature sensitive, the hot spot ignites earlier than

its slightly cooler surrounding gas, known as the -dgridion phenomenor{35, 36, 91]

The auteignttion can take place as a result of elevated temperatwesna as 1 K or

active species concentrations. This subsequently leads to space and time dependant
processes governed by the superposttion of chemistrydygasnics and transpofB5,

36, 91] Hot spot ignitionhas two functions: it intiates a significant temperature jump
across the boundagnand it forces the compression wave to propagate outwards into the
surrounding mixture at the local sound speed. The transfer of energy by the compression
wave is the critiel dynamic effect of the hot spot on the bulk mixture and-guaition

[36].

Zeldovich et al[92] demonstrated that gradients of reactivity can generate propagating
autoignitive reaction fronts at hot spots and subsequently can result in different auto
ignition modes. These include () an almost spontaneitwsmal explosion (i) a
supersonic auteagnitive deflagration (i) a coalescence of pressure and reaction front in
adeveloping detonatigr(iv) asubsonic autagnitive deflagration or (v) aconventional

flamepropagating by molecular and conductive processes.

The combustion arresponding to the deflagration mode is apparent in most engineering
applicatons, where the molecular transport of heat and mass drive the processes
folowing weak ignition. It portrays the subsonic mode of combustion and the chemical
reactions take placat constant pressure since compressible effects are negligible in the
burnt and unburnt mixtures due to low initial velocities of these flafga8% On the other

hand, the detonativenode of combustion is differentiated by supersonic front propagation

velocities of the order of a couple of thousand meters per second.

At one extreme, if the temperature gradient reaches a critical value for a specific mixture
and condition, the front dhe pressure wave triggered by the rate of change of heat release

rate at a hot spot can couple with the agiation front. The autagnition front is the
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reactive front that propagates into the unburned medium at approximately the sound speed,
a. Both fronts jointly reinforce to generate a destructive pressure gpiersing at
accelerated veloctties in a developing detonation wave if a mixture is sufficiently reactive
with sufficient chemical energy feeding into the pressure wWaOe 91] To trigger a
detonation, the heat released by agtdtion must be discharged sufficieyttapidly into

the pressure wave as it propagates through the hot spot. The example of developing
detonation from hot spots is demonstrated in Schlieren imagegure 2.18. The period

of heat release is measured by the excitation g6, 94] The heat release rate is the

rate at which thermal energy is releaswdabsorbed by combustion due to a change in
energy between products and reactants in reactions. If chemical bonds are formed the
energy is released and if the chemical bonds are broken, the energy is absorbed in the
form of heat, light, or both according Conservation of Energy Law, which states that

the total energy of system must remain the same.

Figure 2.18: Turbulent fame and hot spot atigmition in engine. Time increases from
left to right and top to bottorf®5].

If a mixture is insufficiently autagnitive, large scale temperature gradients can
subsequently lead to the subsonic agtitive deflagration or more conventional flame
driven just by molecular transport and chemical reactions. On the other hand, very small
gradients can potentially cause supecsateflagration in the absence of reaction front
and pressure wave fronts coupling or a thermal explosion when gradient is approaching
zero [91]. In the event of coupling, the developing detonation that comprises the
supersonic combustion with extreme pressure peaks of relatively short existence, may
vary in intensity ranging from benign atignition or knock with sufficiently large

temperature gradients, to severe knockuperknock with sufficiently small temperature
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gradients. Severe engine knock is associated with the intense heat release rate during the
excitaton time short enough for it teed sufficient energy into, and strengthen the
pressure wave. Therefore, both ignition delay time and excitation time are important
factors controlling potential knock in engines. This requires sufficiently small values of
ignition delays and reactivity rgdient to generate an atigmitive propagating velocity

that is greater than the deflagrative velocity and approaches the acoustic @BLtity

Figure 2.19ilustrates cylinder pressure traces for end datonation (supemock), end

gas deflagration (supdmnock, heavy knock, and slight knock) and normal flame

propagation (not#knock).
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Figure 2.19: Cylinder pressure traces of different engine cy{¥j

2.1.13 Detonation theory

The folowing section describes a theoretical approach used to characterise the auto
ignition behaviour dstudied fuels. This theoretical approach enables the determination
of the auteignition mode according to the characteristics of a single hot spot and the
surrounding mixture. This presents a fundamental methodology for assessing -the anti

knock propertie of fuels, which was applied in studies described in Chaptansl 6.

A spatial distribution of autaynition delay time,#, must hold if the original temperature
dispersions of temperature or active radicals are inhomogeneous. Subsequently, localised
ignitions occur adifferent points in time and locations. Inthis way, the reaction develops
faster at a hot spot, with the temperature gradients creating am@Eibn wave that

propagates from a hot spot in one dimension famethlarges with the distance normal to

49



the gradient from the hot spat, The auteignition front transverse at a velocity relative
to the unburned mixtureya, which is inversely proportional to the gradient of the -auto
ignition delay time[45, 91, 96]Jis given by:
o T (2.16)

71
An Arrheniustype equation of the form suggested in Equati@i?) can be used to

—

express the aorignition delay time at a given pressure:

t 8Q— (2.17)

Growth of the reacted mixture imposes a further gas velocity to produce a corresponding
flame front speed compared static coordinates. On the assumption that the composition

is homogenous and the heterogeneity is caused completely by the temperature gradients
(dTlat) [45, 91, 96] then:

p—

5 Y 1t (2.18)
TEoTY

The gradient of ignition delay with temperature from Equaf@i?7) can be given by:
1 O

— 1

Ty VeV, (2.19

whereE is the activation energyR the ideal gas constant, and their ratio is the localised

activation temperature.
So that from Equatior{2.19):

PO (2.20)
1 YYY

Zeldovich et al[92] have demonstrated that if the temperature gradient is of a critical
value (dT/af)c, such that the autignition front would propagate into the unburned
mixture at approximately the same magnitude as an acoustic spetd front of the
pressure wave set off by the rate of the heat release can combine and grow, with the
mutual reinficement of both fronts, to a developing detonation. The critical condition
for such a chemical resonance between the chemical and acoustic waves where the two

velocities must be the samay=a, can be expressed #6]:

50



B

P

(2.21)

J—
—

(A)—"Y

J—

The resonance parameter describing the incidence of a coupling mechanism can be
indicated in terms of nedimensional parametex, the ratb of the local speed of sound

to the reaction velocity:

7Y

" (0]
D — — — — & 2.22
0 — - t vy T &) (2.22)

If x21, then the speed of sound is sigaifitly larger compared to the reaction velocity
and no coupling takes place. Here, the pressure pulse moves ahead-ighitiut
deflagration and the subsonic aigoition regime is entered with no harmful damage to
the engine. These modes of aigition are forced by, rather than by molecular

transport processes, as in the more conventional fi@ne91]

Thermal explosion takes place wher0O, which could be characterised in instances
where the reaction velocity is significantly higher than the speed of sound and the reaction
wave is running ahead of the acoustic wave. Here, all fresh gasses austandne
combustion chamber auignite simultaneously owing to a minor temperature gradient.

This auteignition mode is analogous to the one detected in HCCI engines.

The auteignition reaction front and the pressure wave are fully coupled and the eltemic
resonance takes place when 1, provided that sufficient energy is fed into the wave to
create a high pressure ratio of a detonation front. Nevertheless, there is insufficient room
for this condition of detonation to be fully achieved in the enclosetespf Sl engine

and therefore we can only contemplate the developing detorj&ign

The original value ok atthe hot spot on its own is an incomplete guide of the subsequent
mode of ato-ignition. Heat conduction, species diffusion and chemical reaction alter the
temperature gradient. This holds especially in cases for larger ignition delay times with
the conditons for chemical resonance remaining unmet and local values a#
everyhere less than unity. In contrast, for more reactive mixtures and smaller values of
ti, xcould locally reach the value of unity and subsequently develop a detonation wave
[91].

To trigger the detonation, the chemical energy release rate bygakin must be

transferred sufficiently fast into the developing acoustic front as it propagateghthitee
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hot spot at transit time. The duration of the heat release rate can be expressed as the
excitation time, fe, which is in the order of microseconds. At a hot spot, an approximate
guantification of this is the number of excitation times that canro®sed within an
acoustic time defined as the dimensionless hot spot radius divided by soundrgpeed,
creating a Or elgastpioposed Yy Bradiey anthredrkers[91, 96]
Therefore, His a measure of the hot spot reactivity and indicates the resistance time of the

developing acoustic wave in the hot spot, given by:

l
or (2.23

The higher the value df] the greater the reinforcement of the potentially damaging
acoustic wave and therefore the larger the extent of the regime over which the detonation

can potentially take place.

Bradley et al[91] plotted x againstHas is ilustrated irFigure 2.20for 0.5 B 0.5 CO

fuel mixed with air at various equivalence ratios. It defines a detonation peninsula, within
which localised detonation can establish from a hot spot andh iehibounded by upper

and lower limits for the development of detonation.andxi, based on the original values

of Hand the regimes for the five adgmition modes. Therefore, detonation can form
within the bounds of the peninsula, but not outside libendaries. The developing
detonations are enclosed to the lower values, approaching unity, within the narrow

toe of the peninsuld91].

Figure 2.20 shows that with greater values Hf and hence lowfe and high ro, the
detonation can propagate outside the hot spot and hence there is greater scope of a
developing detonation regime. Supersonic deflagration occurs at valuesbofe zero

but lower thanxi, indicated by letterP in Figure 2.20. Conditional to the distance, the
reaction wave front transverses before the lapse of the ignition delay time, which can
include a thermal explosion mode. At valuelsx below xi, thermal explosions are more
rapid with less intense pressure fronts and smaller temperature gradients. xAlmmine

B is apparent irFigure 2.20 where subsonic deflagration takes place. The emional
laminar flame can potentially occur at relatively high valuex.dhe propagation of the
reaction front after hot spot auignition evolves into progressively more deflagrative as

x increases. As equivalence ratio (fuelai), decreaseste increases,Hdecreases, the
detonation regime narrows and vice versa. This indicates that atiyadlies more of the

chemical energy can be transferred into and strengthen the acoustic front, and hence the
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detonation can commence over a ful rangexgélues. The lower values of, and the
narrowing of the toe in the region of the small values{agipear due to the deficiency of

the chemical energy transfer into the developing acoustic [Bdnt94] Therefore, it is
important to study these parameters for different fuels to assess th&ncakti properties

over a wide range of conditonsAccurate evaluations of ignition delay timesnd
excitaton times faciitate the assessment of the tendency of different fuels and their
blends to detonate by employing the detonation peninsula owr/ifgiagram. These
analyses were carried out for methane/air, toluene reference fuel (TRF) sumatate,

n-butanol anch-butanolTRF blends. These studies are detaie@hapter4 and 6.
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Figure 2.20: Developirg detonation peninsula in terms of resonance parametemnd
reactivity parameterH, for a B-CO/air mixture. Supersonic and subsonic deflagration
appears in regions P and B respectivaysymbols show the data points which indicate
the upper limit ofetonation, xu, and + symbols demonstrate data points which reveal the

lower limit of detonation, xi [91].

The structure of the developed detonation, a-dimensional planar detonation, is
originally unstable with regard to the propagating waves, but it can be stabiised when it
interacts with a leading shock wave. Atvalues close to unity, andnaller values of
E/RT, the detonation wave front is apparently flat and stable with relatvely weak

propagating waves and an associated cellular pattern. If these smaller vt arfe
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merged with negligiblell eWalues, the reaction front is spdyiatelatively uniform, with
separate power pulses coupling in time and strengthening the overall stability and strongly
coupling with the shock wave. On the other hand, the instabilities could arise due to the
sensitivity of(Jto temperature, with an inease iNnE/RTvalues or due to an increase in

the / cWatio where the apparent roniformity of the power pulse and the spiky heat
release leads to the instabilities. Therefore, the coherence and stability of a detonation can
be increased by lower valuesf both terms E/RT antll <lJand their product giving an

approximate estimation of stabilitj45, 90}

s —— (2.24)

Smaller values ofS describe more stable detonations, whie larger values unstable
detonations with irregular cellular structures. Thisldobe expressed in terms of non
dimensional parametergand Hthrough the driving hot spot dimensionless temperature
gradient, & €'Y ['where their productxf] indicates the stability of the detonation and
could be implemented in theHdiagram[90]:

ey
-~ ° 2.2
X S T (2.25)

wherei [ i 71 ,1 the radius of hot spot within the hot spot of inttial radius

This term can be approximated ByT"W'Y [90], with To the peak temperature at the

centre of the hot spot.

Figure 2.21 ilustrates thex/Hdiagram for hot spot autignition with the detonation
peninsula confined byuand xi. It is showing important autgnition regimes, namely
developing detonation, thermal explosion, subsonic-gaiton and deflagration. Also

dashed curves of w@®| & & Y parameters, from Equatioii2.25), are ilustrated.

These parametes arerepresertive ofthe intensity of ignition.The stabilty of detonation
amplifies whenS value beomes small, whereas small temperature gradients increase

probabilty of detonation and supknock occurrence.
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Figure 2.21: Thex/Hdiagram for hot spot autignition with addition of curves of constant
values of theO] a & TY parameters,showing the detonation peninsula and other

regimes.

These methodologies undeniably provide invaluable insights, as wel as a quantitative
criteria on abnormal combustion behaviour, which was applied to stutbyignition
phenomena in this work. They enabled characterisation and assessmentkid @ati
properties of various fuels over a wide range of conditions, relevant to advanced engine
technologies. Previously, Bradley and Kalghat$7] demonstrated by theoretical
analyses on ignition delay gradient, that severe knock is induced in the NTC regime.
Therefore, these analyses were complemented by further teseatice potential effects

of low temperature chemistry on various combustion modes, as detailed in Ghapter
Low temperature chemistry is known to fundamentally affect-guiton kinetics and
amplify normonotonicity in combustion systems. The effects of the oxygenatedniuel,
butanol, on low temperature kinetics and associated-ignit@n were investigted to

improve a current understanding of the processes governinggaiticon phenomena.

2.1.14 Low and high temperature heat release

Leppard[98] was among the first to demonstrate tstage ignition kinetic behaviour for

alkkane fuels. Here, low temperature heat release (LTHR) is preceded by a NTC region

and then the apparent high temperature heat release (HTHR) event. HTHR is

representative of high temperature combustion where the major heat release takes place.
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The transition between LTHR and HTHR can be characterised by the intermediate
temperature heatlease (ITHR) regime, which often is more dificult to identify. ITHR
entails a more gradual pressure increase that can be attributed to coupleshtsed
without a sharp inflection point preceding the main ignitj[88, 100] FromFigure 2.22,

it can be seen that the rate of heat release (ROHR) is an intricate function -efagéi
kinetic behaviour of the fuel air mixture with apparent LTHR, ITHR and HTHR.
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Figure 2.22: Rate of heat release (ROHR) plotted against eeagie degree (CAD) for
different primary reference fuel (PRF), which are scaled by total energy input. a)
llustrated LTHR and HTHR. b) Zoomed LTHR behaviour with different ITHR profiles
as a functionof PRF. HCCI combustion for a 1.9L Volkkswagen turbocharged direct
injection engineoperation at a compression ratio of 17:1, intake pressure, 1.4 bar, 1800
rpm, (=0.4 and 50% heat release (CA50). Adopted ffeaj.

Recently, Westbrook et dlL01] have elucidated fther the chemical origins of multi
stage ignition processes and demonstrated that molspdaific effects on local
electron destabilisation is probably the main mechanism for LTHR reaction pathways in
alkkanes. Alcohol fuels such asbutanol do not exbit this peculiar behaviour. As
discussed in earlier sections, oxidation pathwafyaicoholsdiffer from that ofalkanes.

Itis possible to decrease the overal LTHR magnitude of the mixture by blending alkanes
with other high ON fuelssuch as alcohols-igure 2.23ilustrates heat release profies for
ethanoh-heptane andn-butanolh-heptane blends, whe an increase in alcohol
concentrationwithin the fuel blend results in decreased LTHR magnitude and delayed
ignition. Hence, an addition of the alcohols akanes can result in retarded ignition
timing, longer ignition delay times and better &mock properties of the mixture. The
effects of additionalcohol fuel fraction tootherfuels have been studied bwiSkirat et al.

[102 ]. The authordound that ethanol ana-butanol addition to diesel delayed tH#HR
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and the autagnition event This can be related to LTHR, where a decrease in LTHR
magnitude has been observext wel as a reduction in activated intermediate species
after LTHR. Also, Saisirirat et a[103] showed that the rate of production of OH is
smaller for alcohati-heptane blends compared to a puleeptane fuel.
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Figure 2.23. Heat release evoluton for a) ethanelieptane blends by-butanol/n

heptane blends. Heat release rates deduced from the pressure history of HCCI engine
experiments and plotted against cramigle degree (CAD) for 28, 37% and 57%
volume of alcohol im-hepgane. (i=0.3, Tinlet=353 K, 1500 rpm]103].

The fundamental studies in shock tubes and RCMs have contributed to improved
understanding of the fuel kinetic processes of LTHR, but heat release analysis generally
is more the focus itHCCI combustion studies where LTHR as well as the NTC is known
to have a significant impact on augmition behaviour of the fugf104]. LTHR usually

emits heat during the compression stroke, raising charge temperatureo pro€ tand

hence advancing ignitiofil05-107]. Moreover, LTHR kinetics influence ITHR activity

that generates a radical pool that is capable of both facilitating ITHR and advance HTHR
that can contribute to advangincrank angle location for HTHR. Fuels exhibiting two
stage igntion have been found to offer benefits in controling combustion phasing and
extending the HCCI operating ranff08, 109] hence fuel design and blending can offer

a route to control the kinetics. This is onelaf primary drivers for this research. Despite

the fact that LTHR and ITHR in HCCI atbustion can improve certain aspects, such as
combustion stabiity and intake temperature, it might also increase the likelihood of
knocking and degrade the efficiency of engit@®0]. Therefore, a thorough investigation

in LTHR and ITHR is required to uedstand the interplay between LTHR, ITHR and
HTHR and to understand chemical effects of range of fuel blends that lead to abnormal

combustion.
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The development of advanced low temperature engine technologies coupled with a
current trend of intake boost amohgine downsizing, which generally shits the NTC
region to the high temperature regime, reinforces the importance of low temperature
combustion behaviour and associated-stage ignition for conventional gasoli@10].

Heat release analysis can help quantify the trends of preliminary exothermicity of various
fuels to faciitate improved understanding of abnormal combustion pheoomdt can

also offer extra targets for the evaluation and valdation of chemical kinetic models.
Therefore, the study on effects ofbutanol addition to TRF on fuel prelminary
exothermicity and associated aigoition behaviour was undertaken, as dktain
Chapter6. In this study investigations of the role of LTHR and ITHR on atgaition

ard abnormal combustion phenomerespecially inthe NTC region, has been conducted.

Also the main reactions govamgi these processes were studied.

2.1.15 Experimental studies of auteignition

Characterisation of fuels continues to be a crucial prerequisite in the development and
implementation of future advanced engine technologies. Fuel combustion in ICEs is a
complicated process potentially involving fuel injection, spray, vaporisation, - &iel

mixing, heat and mass transfer, ignitioand combustion. Designed engine experime nts
can be performed to study the fuel behaviour to assess its knocking potential at specific,
usually quite limited, operating conditons that often fail to capture the entire operating
scope of practical systems. Observed trends change depending on physical and chemical
properties of fueld7]. Also wideranging engie tests carry high costs and cannot be used
directly to develop and valdate detailed chemical kinetics used in improving

understanding of the aufgnition behaviour of various fuels.

On the other hand, fundamental combustion tests performed -Hnomdilucted chemical
reactors and/or canonical flames present valuable data related to detailed chemical
oxidaton mechanisms, the relative reactvity of diferent fuels and the effect of the
external control parameters on the reactiity of the system. Allifformation can be

used etther in the direct assessment of the combustion characteristics of the system or to
develop and valdate chemical kinetc models. These in turn can be used to aid
understanding of trends and comparisons among various fuelsden to predict their
behaviours over a wide range of engine operating conditions facilitating investigations of

the main factors controling knock. Also such fundamental experiments provide a
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valuable tool to decouple the physical and chemical aspedtelobehaviour and aid
improved understanding of the effects of molecular fuel structure on fueligaitton.

Ignition delay time is a global indicator of fuel oxidation behaviour and is often used as
a proxy for assessing knocking potential, and heheeabilty to accurately model delay
times for arange of fuels under differeht Pconditions is important. Ignition delay time

is greatly affected by the fundamental elementary reactions and offers an important target

for kinetic model development andldation.

Scientists have developed and employed numerous fundamental tests in an attempt to
improve knowledge of combustion chemistry over the years. If the focus is primarily on
fuel chemistry, the fundamental experiments are designed in the wayethettetmical

kinetic processes define the fuel oxidaton assuming idealsed flow fields, while
physical/mixing processes have insignificant effects. Typical operational boundaries of
the most common experimental devices faciltating the study ofignitmn behaviour

of various fuels are ilustrated iRigure 2.24, and comprise motored engines, flow/jet
stired reactors, shock tubes and rapid compression machines (RCMs). In the present
research, the attention igefited to this later experimental apparatus (detailed description
presented in ChapteB) which perhaps shows the most potential in enhancing
understanding of autgnition chemistry of fuélair mixtures relevanto low temperature
advanced technologies. The main characteristics of all these experimental facilities are
briefy summarised below and for detailed comparisons and descriptions the reader is
referred elsewher§77, 82, 111113] Each experimental device provides information on
specific aspects of the chemical kinetic behaviour of the fuel, and each has its own
advantages and its own limitations. Hence, data colected from these experimental
apparatuses must bardled with care when developing chemical kinetc models and

using this information for understanding fuel chemisfiry.
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Figure 2.24: Typical operating boundaries of the most common experimental facilities

enabling study combustion and aigoition characteristics of the fue[82].

Motored engineq111] are typically single cyinder continuously recipatiog CFR
engines driven by an electrical motor, without direct fuel injection or spark, which can
exhibit repeated compression events for the fuel. Despite the lack of the additional
compression of the fame or consumption by i, the charge does expetengpression

and heating, which may result in augnition. Although, the combustion processes in
this experimental apparatus more accurately replicate the typical operation of a real
engine, the flow inside the cyiinder is turbulent which results uglien of temperature

and velocity, affecting reaction rates, and leading to variation in each single stroke. This
makes it difficult to interpret igntion delay times from motored engines in order to
accurately determine the effects of chemical kinetdge advantage of motored engines

is that species evolution can be inferred from timed sampling events at consequent crank

angle postions, or by exhaust gas analy8iz].

Flow reactorsor jet-stirred reactorg[77, 112]try to divide the concurrence of mixing

and reaction by presenting very efficient mixing conditions throughout the system in a
way that renders fluctuations of temperature and speciesemoation through the
volume of the jefstired reactor or across the radial dimension of plug flow reactor
insignificant. The difficulty in these reactor operations is to maintain a high and
homogeneous temperature and high pressure conditions at whictiom timescales and
mixing timescales become very similar. The advantage of these experimental facilities is
their ability to vary compostion, temperature and pressure individually, as wel as

providing direct measurements of the concentrations ofriatkiate species and products
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of fuel oxidation. The measurement of ignition delay times in fow reactors is defined as
a time difference between the point at which fuel and oxidiser are sufficiently mixed and
the point at which autanition takes placeidentified by light emission or a pressure
spike. The primary limitation of flow reactor systems is their operating range of up to
1000 K and low pressures of approximately-8.Q2 MPa depicting limited ignition delay
data, based on the location downstreahthe jet. Jestirred reactors are able to operate
only at very diute condtions, e.g., less than 1%t0® ensure temperature homogeneity
[82].

Shock tubefl13] are used for measurements of ignition delay times at high temperature
and pressure conditions. A plane shock wave is generated in the long closed tube by the
sudden bursting of a diaphragm (e.g. aluminium or copper foil) separating the drive gas
at hih pressure, from the test gas at low pressure, which subsequently enables
propagation of high pressure gas into the low pressure reactive mixture. Conservation of
mass, momentum and energy relations, coupled with the equation of state of the test gas
and he measured speed of the shock wave, faciitate the calculation of the step change in
temperature and pressure of the moving test gas behind the wave. Upon reflection of this
incident shock wave from the tube end wall of the driven section, the test fgehes
compressed and heated to its intial -peaction temperature and pressure whie it
propagates back across the driven section, and is efficiently stagnated. Owing to the
virtually onedimensionality of the shock tube fow and essentially plamactste of the

shock wave, measurements of the incident shock speed can be accurately determined. The
combination of eficient step change in shock conditons and the effective stagnation of
the test mixture, enables effective modeling of the environnimtiind the reflected

shock wave as a zedimensional homogeneous read®?, 113].

A particular strength of shock tube studies remains high temperature diute conditions
with ignition delay times of less than typically 5 i&2]. Over this period shock tubes
exhibit the best performance with the pressure behind the reflected shock waves
remaining almost constant avoiding complex flow conditions. At low temperature
conditons and in the NTC region, ignition delay times may bewvediationger, and the
resistance time of shock tubes is insufficient for the temperature of the test mixture to
achieve equibrium[7]. Measurements of ignition delay time values in shock tubes are
thus limited by the timebetween the point at which the incident shock wave compresses
the mixture to the required pressure and temperature within the driven section, and the

time for the reflective shock wave to travel back. Thus, the reactity of the system might
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be too slow ompared to the time during which shock tubes are capable of maintaining
constant conditions, and the gradual increase in pressure behind the reflected shock waves
become significant.In the recent past however, longer driver sections and driver gas
taloring have been shown to increase the distance between the shock wave and the
driving gas contact surface facilitating, much longer achievable test times, although this

necessitates considerable effort and experimentdipth13]

Rapid Compression Machine@RCMs) [82], are pistorcylinder devices rapidly
compressing a fuelir mixture to preset temperatures and pressures to trigger
combustion, thus emulating the compression stroke of a commb@sigine. They provide

an experimental faciity with wetontrolled conditons for studying the atigmition
properties of various fuels and are commonly used to measure longer ignition delay times
which are not attainable by shock tubes. Physical sayngd therefore possible and the
ignition delay time is attained through the acquisition of pressure traces within the
chamber. Generaly, RCMs are capable of investigating combustion regimes
charaterised by low to intermediatéemperatures (600200 K),and moderate to high
pressures (0-8 MPa) [82]. Therefore, they play a critical role in improving
understanding of autgnition behaviour of various fuels for low temperature and NTC
behaviour, commonly apparent in modern engines. The changes among va®usrd
magnified in the NTC and low temperature regions, and experimental observations are
more likely to exhibit stronger sensttivity to coupled physitemical processes within

this regime. Hence it is essential to characterise the fuel reactMopv demperatures

and within the NTC to accurately describe the LTHR and ITHR, which are critical in the

design of modern low temperature combustion technolofjie82]

In theory, the ideal RCM apparatus should compress a homogenous fuel air mixture
instantaneously, adiabatically and wihotriggering any reactions, to a homogeneous
pressure and temperature, with a systematic -igoi@dn appearing in a thermal
explosion thereaftef114]. However, in practicethe compression is sufficiently rapid

but not spontaneous, and could potentially ental some chemicaibgrtions during the
pressure and temperature rise of compression. With slow compression, very reactive fuels
in particular, with relatively short igtion delay times may undergo quite significant
extents of reactions during the compression pliaté]. Also, some heat is lost to the
surrounding environment after compressidhe piston rebound is quite probable, and
autoignition does not entail a fuly homogeneous na{re4]. This makes comparisons

of experimental ignition delay measurementiween different RCMs quite challenging.
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Differences in measurements between different sets of results can appear due to variation
of their designs and therefore fow dynamics, the usdiflefent buffer gasses which

have different thermodynamic propess attributing potentially to different chemical
kinetic consequences, differences in compression ratios which affect the rate of heat
transfer etc.[7]. Therefore, valid comparisons can only be made with addiion of
numercal modelling techniques that attribute the heat losses of specific apparatuses. A
great deal of historical and recent effort has been devoted to tackle problems associated
with RCMs, such as heat transfer induced boundary layer growth, as wel as Athers.
more detaled description of the RCM used in this work, its limitations, operating

principles and procedures are presented in Chapter 3.

2.2 Chemical Kinetic Modelling

In the recent years, chemical kinetic modeling has become an imperative technique in
the analysis of combustion devices and prediction of fuel behaviours. Itis a powerful tool
in obtaining quantitative knowledge into Kinetic interactions at the elementary reaction
level governing the global processes. Availability of the elementary Kkireita,

i mproved met hods for reaction rate esti:i
soluton methods, and advancements in computational technologies have all faciitated
the application and use of detailed chemical kinetic modelling. Nowadays,cellem
kinetic models are commonly used in the analysis of many practical combustion systems,
assessment of the influences of kinetic factors on safety of fuel storage and transportation,
as well as predicton of combustion behaviours and processes in edivangine
technologies. A thoroughly valdated kinetic model is capable of providing accurate
simulation of engine experiments and chemical systems, especially under the conditions
that may not be accessible otherwjSd, 115]

Chemical kinetics is the branch of physical chemistry that studies the chemical
transformation as a process that takes place in time according to a defined mechanism
with the predictabilities relevant to this procd$46]. It is a science that is concerned

with the understanding, measurement and interpoetaif the rates of chemical reactions.

In contrast to chemical thermodynamics, which only study the initial states of the
reactants and the final state of the system when equilibrium is reached, chemical kinetics
predicts the speed of the reaction andeffiect of reaction conditons. Moreover, it also
attempts to understand how exactly the transformation of reactants into products occurs,

the reaction mechanism. Chemical kinetics help to determine from which elementary
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steps the reaction mechanism cossisthat intermediate species are produced in it, via
what pathways the reaction takes place, what factors lead to the chemical compositon of
the products. Therefore, the subject of the chemical kinetics is the detaied study of the
chemical reaction. Thigntails consistency of its development in time, the dependence on
the conditions, the mechanism, a relationship between the kinetic characteristics with the

structure of reactants, energy of the process, and physics of particle ac{vatiall6]

In the past, chemical kinetics related to combustion processes generally targeted the
research of chemical systems at the conditions of explosive reaction. Recently, however,
the rates and mechanisms of sie@brrexplosive) chemical reactions have attracted a

lot of attention driven by the development of low temperature technologies as wel as
higher environmental requirements, since complex polutants are generally produced in
the zones of steady letempeature reactions during and after combustj@d]. The rate

of each individual chemical reaction can potentially inluence many prociesaadCE

such as heat release, flame stabiisation, soot and polutant formation, cool flame

characteristics, ignition behaviours and agtotion modes[78].

2.2.1 Rates of reactions

Chemical processes are governed by a number of reversible (or irreversible) reactions that
consist ofN chemical speciesAll chemical reactions occur at a specific rate and are
defined by the conditions of the system, such as concentrations of the reactants, pressure,
temperature, radiation effects, the presence of catalyst or inhibitors. The reaction rate is a
rate at wigh the substances involved in chemical reaction are transformed into products.
For the elementary, one step reaction, the law of mass action states that the rate at which
reactants are consumed is proportional to the product of the concentration ofbesaft re
raised to a power equal to the corresponding stoichiometric coefficient and can be

represented by the equation:

0OP VO (2.26)

where 0 is the stoichiometric coefficient of the reactantv is the stoichiometric
coeficient of the product with respect to spediesi is an arbitrary specification of all

chemical species, aridis the total number of specigg9].

Therefore, for any reaction the rate law represents the time dependence of the chemical

reaction and is basically the equation that defines tmedspf the reaction and its
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relationship to the concentration of the chemical species involved. The rate law for
reaction (2.26) can be expressed as:
Qo ., .
— 0Q o 2.2
a6 (2.27)
where 0 U L sinceb moles ofci are produced for evey moles ofci consumed,
G is the concentration of specigsksis the proportionality constant called the specific

reaction rate coefficient, the opera®@drmeans that the product of al terms behind it

should be calculated amg: is the reaction ordewith the respect to specie$79].

In theory, all thermal elementary reactions are reversible, implying that the products may
react wih each other to reform the reactaft47]. The rate law for the reversed form of

reaction (2.26) can be written as:

v O° (2.28)

where,ni2is the reaction order of theth product species. The equilbrium can be attained
when the forward and backward reactions have the same microscopic rate and no net
reaction is apparent on a macroscopic level. Hence, the equiibrium constant expressed in

molar concentrationsKeqcan be expressed g8]:
Q .
0 — W 2.29
- (2:29)

For an ideal gas{eqcan be calculated from the thermodynamic properties of the species
through [117]:

B

A O | LYY ¥y 230

=  — Qwh (2.30)
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wherer) is standard pressur®, Y and¥ "O are the standard molar reaction entropy
and entropy changes, respectively, calculated from the respective standard molar
entropies and enthalpies of the species involved in the rea&ienthe universal gas

constant.

e
2
C
<

(2.31)
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These standard molar entropies and enthalpies of the species are commonly determined
from the thermodynamic properties, in turn obtained from 14 fited polynomial
coefficients called NASA (National Aeronautics and Space Administration) polynomials
for ead species. The NASA polynomials are the polynomials fited to tables of
thermodynamic or thermochemical properties of a distinct species applying the least
square method, which are successively determined based on experimental data,
complemented by theoiedl calculations such as electronic structure calculations and
bond additivity rules. Seven polynomials are used for the low temperature range generally
between 300 K and 1000 K and seven for the high temperature range typically between
1000 K and 5000 KThen these NASA polynomials can be used to calculate different

properties at any given temperatur€), (such as standard molar heat capaaiy J,

enthalpy © ) and entropy Y ) according to following equations:

&

~ O QY QY @Y oY (2.33
O o @ y @ vy @ vy @ vy o) (2.34)
Y'Y C o T 0] Y
Yo ey sy WL, ©, O, . (2.35)
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Y C o T

where @ parameters are NASA polynomial coefiicier]&8, 117]

2.2.2 Arhenius law

Despite the relationship between the chemical reaction rate and the concentration of the

reactants in the law of mass actiolne trate constant is independent of concentration but

dependent on the conditions, primarily, temperature. This is due to a stable structure of

each atom, which necessitates weakening of certain bonds and subsequently requires

energy consumption. This engrgthe activation energy, is needed for the chemical

conversion of the reactants which breaks the reactants chemical bonds. The fraction of

colisions of reactants, whose energy is greater than certain aniyuntuld react and

is equal teexp¢E/RT)acca di ng t o B116l.z mamenrbesf olraew the rate

dependence on the temperataa@n be expressed in the form of an Arrhenius equation:
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6 Qo (2.36)

where A is the preexponential factor or Aactor, which is a constant specific to each
reaction that depels on the chance the particle wil colide in the correct orientation
accounting for the steric factor and the terms in the colision frequency other than the
concentrations,E is activation energy,Ris the gas constant afdis the temperature,

whie E/Ris called activation temperature. If equati@36) can describe the temperature
dependence of the rate constant showing an increase of rate constant with the temperature
that permits straight line correlation of dataliofk) versus1/T (Arrhenius plot) then it is

said that the data is following #enius kinetics. The slope of this line (#&/R) and the
intercept isin(A). Low activation energy processes commonly take place faster compared
to high activation energy processes at low temperatures and are much less temperature
sensitive, while at hig temperatures, this behaviour could be opposite due to their

temperature sensttivity79, 117].

Il n high temperature gas phase JAirmehteinci us)
behaviour of rate constants is typically standard rather than an irregularity, especially for
processes that have a smal energy bafi®, 117] Therefore, for these cases the
temperature dependence of the rate constant can be described by the modiisdusir
equation where the -factor is not a constant but rather a function accounting for the
temperature variation of rate data:

T 60'YQmN 2 (2.37)

Y'Y

where the powen of T accounts for all the prexponential temperature dependent terms.
If nis known, E can be calculated from the slope of the ploin¢¢/T") against 1/T[117].

Typically, the values oh are only relevant over a speciic temperature range, and they
may be calculated by the techniques of thermochemical kingts

2.2.3 Pressure dependence of reaction rates

Almost all reactions are intiated by bimolecular colisions, but some particular
bimolecular reactions may display fistder kinetics. A popular combustion example is

the decay ohydrocarbon radical to an olefin and an H atom (e.21s€ C2Ha + H). The

order of such reaction, and hence the form of the applicable rate constant expression may
vary with the pressure. Also, the rate constants of thermal decomposition or isomerisation

reactions of some small organic species have been shobapgressure dependent at a
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certain temperaturd79, 117] These are unimolecular reactiorsnce only one species

goes through chemical transformation. In the simplest case the pressure dependence can
be interpreted using the Lindemann mofdl8], which gives a simplified representation

of the physical processes involved in these reactions. According to this model,
unimolecular decomposttion is only possible, if the energy in the molecule is high enough
to break the bond. Hence, before the decomposition reaction, the energy is increased by
colision of the molecule with other moleculdd ( third body) for the excitation of the
molecular vibrations[119]. This third body can be a molecule of bath gas or any other
species of the reaction system. These mols produce excited reactant species which
have a broad range of rovibratonal energies, that can travel up and down the energy
ladder, hence the rate constant is defined by the energy of the excited rgdctarthe

excited species may decompose into products or it can deactivate by another colision
before it decomposes. K is the reactant molecule amd is a nonreacting colision

partner, the Lindemann approach can be presented as follows:

6 0008 b ©ho QL HO QE & (2.38)
6 0086 0 QQO®MO QL WO NE & (2.39)
6 01 € 'Q06 Cooti Q& & & D AXDI'QE & (2.40)

The rate of decay of speciésis given by

% MO0 Q6" 0 (2.41)
Due to the activation and deactivation of the spedigsts concentration is relatively
small, so that it can be assumed that the concentratioh isfin steady state and does
not change with time (quasteady state approximatiorfl19]. Hence, the rate of change

of the activated species is given by:

(OX . .
~——— Q60 Q8 0 Md enmn (242
Q0o

Hence, the concentration of the activated spekieand the formation of the product P
are[119]
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0 (2.43)
Q0 Q

Q0 QQO6 0

i 2.44)
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Due to the size, complexity and a possible presence of the energygexctiee efficie ncy

of a colision partner (third body) can be different. Generally, the colision eficiency is
not important, however for some reactions particular species can have a significant impact
[79].

At high pressures, the colision partner M has a large concentratiov, M. When t
rate of colisional deactivation is significantly higher compared to the unimolecular
decompositon, Q 6* 0 | Q& or Q0 | Q, the decomposition process
becomes first order:

QL  QQ .

— —=—0 Q0 (2.45)

Qo Q
wherekpis a high pressure rate constant. Here the reaction rate does not depend on the
concentration of the colision partners, since at high pressures the (fisobabihe
colision is high and frequent, so that the decomposition of the activated mokcisle

rate limiting instead of the activatioi19]. Therefore, at the high pressure limit, the rate

constant does not depend on the pressure and is constant for a given temperature.

At low pressures, the ooentration of the collision partndf is very small. When the rate

of colisional deactivation is much smaller compared to the rate of rea€ion, L Q,
then:

% MO0 QoD (2.46)
whereko is a low pressure rate constant. The process is second order. The reaction rate is
proportional to the concentration of species A and colision partner M, because the
activation is slow (rate miting) at low pragses. Hence, above the low pressure limit,

the rate constant of the unimolecular reaction is proportional to prggsSurl19]

The Lindemann mode]118] shows that the reaction orders of f&l@mentary reactions
depend on the concentration and conditons chosen. Howigerdoes not cover the
mechanisms of the energy processes. More precise results for the pressure dependence of

unimolecular reactions can be deducted fromthi@ory of unimolecular reactionsee
69



[120-122). This theory is capable of taking into the account a vast number of activated
species with different levels of activation andgamting falloff curves which ilustrate

the pressure dependencekdor different temperatures, whedfP]/dt=k[A] . A typical
fall-off curve is presented iRigure 2.25(a). ForpY  Ek=kikp/(ko[M]+K p), tends to the

limit, ke, and the rate constant becomes independent of the pressure, whi foRis
proportional tdM]=p/RT, yielding alinear dependence. In a similar wawil decrease

with temperature ithe effective activation energy kéis small. Figure 2.25(b) ilustrates

the resulting temperature dependence of rate constants, if-tb# falrves are combined
with ke [119].

a) k/k. b) 1og k/cm3mor's™
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Figure 2.25: Example of fii-off curves for the unimolecular reactiorebsY  CsH
CHs (a) and temperature dependence resulting1{f)].

The deviation from the Lindemann model can be described by the application of the
pressure and temperature dependent broadening fadtmr each reaction considered
[117]. A popular representation of the broadening factor is the TROE formulgtes3j:

a € "QOM (2.47)

€& Qa&eMm —
P € Qa ¢ "Quw

where ¢=-0.4-0.610gFcen; N=-0.751.2710gFcen; d=0.14,Pr is reduced pressure given
by:

5 2V (2.48)

and

~ . y
0 Pl QeNmm | Qong Qo - (2.49
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so that four additonal parametetd, T, T*, andT™, have to be defined to represehe

fal-off curves with TROE parameterisation. The two first terms are important in
atmospheric conditions, but the last term becomes important only at high temperatures
[117].

Many falloff reaction cannot be fitted using a single Arrhenius function, hence another
formulation known as PLOG was introduced. This is a generalised polynomial fit of the
temperaturedependentand pressurelependentpolynomials [85, 124] Rate constants are

calculated over arange of pressuresR1, P2,..,Pn) as

(2.50)

. - . o . o e

Q Yo oY Aob ‘Y_"Yh"Q phB hd ho
whereN is the user defined number of pressures included in PLOG parameterisation and
M is the number of duplicate pressures. The rate constant at a given pressure is the
summation of the internally duplicate reactions. étrapolation is bounded by the two
pressure limits,P1andPn. This equations only applicable for a single pressiein the
PLOG statement. To calculate,(T,P)for any other pressuréogku is interpolated as a
inear function oflogP [85]. If P is betweenP; and Pi+1 for any temperature, a rate
constant can be deduced using the following expreg$8ibh

[ L/ NN aeg " TQ TQV
G QW a0 & QE £0°Q7 - ® h o, (25

Y
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The PLOG formalism shows more accurate performances compared to TROE formalism,
when the composition of the gas is kept consf@Bl. On the other hand, if the average
third body colision efficiency of the mixture substantiallyteed, then the PLOG
calculated rate coefficient can vaj§5]. Also, a particular attention should be given to
the method the falloff data for a single third body colision efficiency is converted to the

third body colision effciency for a mixture.

2.2.4 Numerical modeling

Numerical modeling of chemically reacting flow problems can be achieved by solving
equations for conservation of mass, momentum, energy and the concentration of every
chemical species along with equations of state and thermodynamic relationships.
Chanmical kinetics couples chemical species with the energy equation via the enthalpy of
reaction. Combustion problems where the spatial transport inluence can be ignored, such

as plug flow reactors can be characterised by the conservation equations exgeessed
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the kinetic system of coupledrdinary differential equation§ODEs) for the species
concentrations and energy (temperature) with time as the independent variable. On the
other hand, when the transport properties are important (e.g. laminar flarhes), t
conservation equations are coupled partial differential equations with characteristic time

and space derivativeg81].

Accuracy of the prediction of the tingependent behawio of a chemical system is
affected by the performance of the chemical kinetc mechanism and the level of its
chemical detail, which for hydrocarbon combustion could be in the range of hundreds of
chemical species and thousands of elementary reactioribe Atemical processes grow

in complexity, the requirements for simulations and analysis of rather extensive systems
of chemical species and reaction mechanisms also increase, whie the computational cost
of modeling such processes strongly depends ordétails of the chemical kinetic
mechanism. In adiabatic systems or in systems with a defined heat loss rate, where the
transport term is neglected, the number of equations in the kinetic systems of ODE is
equal to number of chemical species N in the i@aanechanisms plus the energy (or
temperature) equation, yielding (N+1) equations. Both the computer memory and the
CPU time required increase approximately as (RAt)case of the presence of transport
properties this has to be solved for each spadiaé, additionally to conservation of mass

and each momentum equation, with as many ad®B8patial zones required for each
dimension for a simple problem, so that two dimensional problems can contain 1000
zones, whereas 30000 zones can be observedrdar timensional problems. As detall

and complexity of the problem grows, the required number of spatial zones rises rapidly.
Moreover, these equations have to be solved at each time step and, since these equations
are coupled, they have to be solved siamdiously to determine the state of the system.
Hence, the computational load increases enormously and the implementation of fully
detailed chemical kinetic mechanisms into tho#eensional computational fluid
dynamic (CFD) simulations is extremely compiataally expensive[81, 117] While

more expensive computational techniques increase the accuracy in the prediction of heat
release r@es and peak pressures, sigie simulations are favoured for studying trends
and relative fuel properties. Often a traafe has to be made between the intricacies of
fluid dynamics and the level of detail in chemical kinetic mechanism depending on the
objective of the study. Singleone simulations, that assume spatial homogeneity and no
multi-dimensional flud transport, are computationally efficient and relable for

simulating ignition delay times in fundamental devices, such as an R@B]. The
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following sections provide a brief description of the governing equations required for
numaical modelling of zeredimensional (singleone) homogeneous reactors, which

was employed in detailed chemical kinetic modelling investigations in this thesis.

2.2.5 Conservation of mass
The model of the thermodynamic system of an RCM reactor is a closenh,stfais there
is no mass flowing in and out of the system. Therefore, the total mass of the mixture is
constant:
4 6 F GEogs w (252

wheremis the mass ofie reactor content,is time, m; is the mass of theé"jspecies and

K is the total number of species in the mixtie6].

2.2.6 Conservation of species

The chemical reactions are the source term in the energy equation, where the temperature
changes based on the energy being converted from one state to another due to reactions.
Therefore, the source term of the species conservation equation details the formation or
consumption of specieg in chemical reactiond126]. The rate at which speci¢ is

produced in a homogeneous phase reactions and closed system of an RCM reactor is:

ap  GOD (2.53)

where M; is the molecular weight of elcspeciesw; is the molar rate of production of
each species by ggdhase chemical reaction per unit volume, &hd the volume of the
reactor, which may vary in time.

If the surface reactions are not considered, the rate of change in the mass oéeiash sp
is given by:

Qbaw

b0 0 (2.54)
00 uL U

where Y] is the mass fraction of each specigsV/mis the specific volume,M; is the
molecular weight of each species amds the molar rate fogproduction of each species
by gasphase chemical reaction per unit volume.
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2.2.7 Conservation of energy

Thermal energy is conserved in the chemical reacting flow systems, and the energy
equation is used as the basis for such reactors. The equation derivettiefrfnst law of
thermodynamics for a pure substance in an adiabatic, closed system is:

AL
where U is the specific internal energy is the reactor pressure aNdis instantaneous
reactor volume. The law of conservation of energy for the ideal gassthe reaction
chamber is:

J

QY QO
— U — (0]
Qo

5 @ (2.56)
Q0o Q0o

where cv is the specific heat at constant volume of the mixtwre, the specific volume,

up and Yj are the specific internal energy and mass fraction of the speceslt is

time[127].

2.2.8 Solving the goveming equations

Finding a numerical solution require soling the system of differential equations
describing mass, energy and species concentratiorcaicatate the chemical kinetic and
thermodynamic properties in each differential element as time proceeds. This enables
simulation of reactions that result in heat release and the ignition characteristics of the
fuelair mixtures, such as ignition delaynéis. The integration of these equations is
performed in timesteps through the implementation of the integration control. This is
required to maintain the convergence of the solution ensuring that the species,
temperature and pressure do not change sgnifiy in any one timestep providing the
accuracy of the overall calculatiof85]. These predictions then can be compared to or
validated against experimental data from one or morecheilacterised combustion
apparatuses, in this work rom RCM experiments. Tlaeeedifferent software packages
available that are used in simulating chemical reacting fow systems such as Reaction
Designds CHEMKI N -RdL28] 6OPEANSMOKERY, GANTERA

[126], LOGESoft[130], FlameMaste{131], DETCHEM [132]and WorkbencH133] etc.

This study models the chemical reaction fow systems using CANTERA and CHEMKIN

software packages.
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2.2.9 CANTERA

The Cantera software was originally written and developed by Prof. Goodwin, D. G. of
California Institute of Telanology with significant contributions from Moffat, H. at
Sandia National Laboratories and sevgidl4]. The Cantera C++ lbrary for chemical
kinetics, thermodynamics and transport processes is an open source androyjesd
software that integrates with Bgh, MATLAB, C++ and FortranCantera is able to read
and interpret a range of reactiorechanism formats and thermodynamic data formats,
such as those used by Chemkin and NASA, and set up a framework for modelling
combustion using detailed chemical kinetic mechanifiB4]. It has capabilties to
perform stiff chemical kinetic integration and work in conjunction with Huifreactor
functions. The rate of reaction steps can vary and spagad over many (1P5) orders

of magnitude. Such differential equations are known as stiff ODEs. The numerical
solution of stiff systems of ODES can impose severe sgeplimitations on the numerical
method[117].

In Cantera, extensive thermodynamic data is stored in the Solution classes. For this work,
the Solution classes required two independent properties, namely temperature and
pressure, lps compostion to set the state. The thermodynamic data for each species is
read from a fle in the CTI format. To model horeogous reacting systems, such a
RCMs, the two objects namely Reservoir for air, and ldealGasReactor for fuel mixture
were usedThe state of the Reservoir is fixed, wherdasthe |dealGasReactat is not

fixed [127]. Cantera presents more user controllability, and is an appealing tool for
scientists interested in creating model specific to their research question. It enables full
control aml versatiity in terms of both the simulations and the results. This was found

especialy beneficial in conductingbaute force sensitivity analysis in this work.

2.2.10 CHEMKIN

Chemkin is a Fortrabased software tool that was designed at Sandia National
Labordories to provide general capabities to represent multicomponent
thermodynamics, transport and reacting chemistry in chemically reaction flow
simulations to model Continuous Stirred Reactor (CSTR) reactions and premixed flames
as well as carry out semgity analysis [134]. Chemkin is a popular choice for chemical
reacting flow problems due to ifsuit-in models for such. ChemkiRro combines the
leading functionality and most recent numerical algorithms and methods to deliver
accurate and fast results, which enable the solver to perform complex simulations 100

times faster than previous version§ Chemkin and competing codes. Among others, it
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incorporates a Reaction Path Analyser useful in investigations of reaction paths and
Reactor Networks, which enables simulation of complex chemical reactors, such as
RCMs [128].

2.2.11 Zero dimensional model

Zero dimensional (@) models function on basis of the first law of thermodynamics and
mass balance by using the mass andggneonservation equations, along with the gas
state equation, which are solved in their differential form, so that the parameters of the
gas within the reactor, such as pressure, temperature and gas compositon can be
simulated. The mixture is considered be perfecty mixed with a spatially uniform
temperature and chemical composition so that the entire reactor is assumed to be a single
homogeneous zone. Therefore, there is no spatial gradient throughout the combustion
chamber and spatial variation oétmodynamic (pressure, temperature, composition, etc.)
and transport (viscosity, thermal conductivity, diffusion coefficients) properties are
assumed to be negligible, which eliminates the need to spatially define the temperature.
However, in real chemicalreacting systems the temperature flow field is rarely
homogeneous with the presence of a boundary layer andniform heat release,
especially during the twatage ignition phenomenon. Inthe RCM, the core temperature
region deviates from the temperatuthat would be calculated based on an isentropic
compression due to heat loss and radical pool effects. Several empirical heat release
models with time as the only independent variable try to replicate the heat losses,
considering a constant volume aftéhe end of the compression. Although the
implementation of these heat loss models in the-denensional approach attempts to
capture these mullimensional effects, they tend to overestimate the overall heat release
rate, because they underestimate kesstes. Alternatively, the adiabatic core assumption

to an effective volume Vet(t), which is the volume that is obtained from the-neactive
experimental pressure considering an isentropic compression. More details on this are
provided in Chapter 3.imally, in the zeredimensional model, the conservation of
momentum is not considered and all chemical species are considered to behave as an ideal
gas[78, 135, 136]

2.2.12 Chemical kinetic mechanism

Models based on dsled chemical kinetic mechanisms are capable of replicating
hydrocarbon oxidation process, which can be attributed to their core methodology in
describing atthe molecular level the chemical transformations of reactants to intermediate

and product speciess well as thermal energy, taking place during the readiiahs80}]
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A chemical kinetic mechanism consists of the comprehensive record of species with their
thermodynamic parameters and elementary reactions, which are the stoichiometric
equations of the reaction step corresponding to real molecular changes, and their
associated rate constants and third body colision efficiencies. In addition, numerical
problems encompassing diffusion involve the values of all transport parafg&eid 7]

This molecular method has two consequences. First of al, it faciitates the systematic and
hierarchical development of kinetic mechanisms by sequentially implementing similar
reaction classes and gathering wedognied general reaction schemes to the primary
oxidation reactions of the fuel molecule and its derived spg34. However, there are
some dissimilarities in reaction classes between different research groups as
comprehensively detad in the BattinlLeclerc lterature review77] of the combustion

of alkkanes. Secondly, fuels involving heavy molecules, generaly above 6 carbon atoms,
contain complex mechanisms. This subsequently results in two approaches used in
deeloping these chemical reaction mechanisms based on whether they are computer
aided or nof137]. Schemes produced without computer assistancegeaezally created
teratively by modules, starting with smaller esters and advarnoiigrger ones. These
includes some of mechanisms from Lawrence Livermore National Laipprét NL).

Onthe contrary, computeided schemedo not capture the earler sutechanisms and

are generally smaller, owing to tailoring of mechanisms to the peil Therefore, for
example EXGAS software may only initiate the major classes of reactions for the specific

temperature ranggl37].

The process for developing and validating chemical kinetic models has been formerly
outined by Freklach et al[138] and summarised by Simmig80]. Generally, these
models are valdated by modeling a broad range of experimental targets at various
temperature and pressure regimes, such as ignition delay times, flame speeds and species
concentration data in flow and {stirred reactors, shock tubes and RCMs agrited

earier in Section 2.1.15 Details of experimental physical environments and
measurements including any uncertainty bounds, as wel as potential standardisation of
experimental results and physical conditons to enable comparisons between the results
of different scientific groups/experimental faciities, are required to facitate the
development and validation of chemical kinetic mechanisms. The comprehensivatiess a
detail of a chemical kinetic mechanism can be defined by its competence in performing
well in describing combustion phenomenon broadly. Indeed, as it has been demonstrated

in Sections 2.1.7 and 2.1.8 there are quite substantial differences in the reaction
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mechanisms driving chemistry at low temperatures compared to that of the high
temperatures, which can lead to different chemical coesegs. A comprehensive
chemical reacton mechanism should be able to model a fuels oxidation covering an
extensive range of physical conditions including mixture compositions, temperatures and
pressures. The scope, performance and predictive capabiitg aifemical Kkinetic
mechanism depends on whether or not all of the required reaction pathways and relevant
product channels are incorporated within the mechanism and whether the values/accuracy

of the rate constants, thermochemical and transport datppiepaate[85].

2.2.13 Surrogate mixtures

The chemical kinetic processes that result in fuel oxidation and the potentiagréiion
phenomenon may entail thousands of elementary reactions with different reaction rates.
The size of the chemical kinetic mechanism is lysigoverned by the magnitude and the
complexity of the parent fuel moleculg’8]. It is well recognised that the number of
reactions and species involved in a chemical mechanism grows almost exponentially with
carbon numbef[139]. Figure 2.26shows that the size of the mechanism increases almost
exponentially as a function of the number of heavy -imgirogen) atoms in the reactant
molecule(s). On the other hand, there is a linear correlation between the number of the
reactions and theumber of species in the mechanid®0]. Typically, it is desired that

the reacton mechanism detais the chemistry as accurately as required for the
understanding of particular phenomenon of interest. However, it is generalijedetu
enhance the prediction of the process performances. Due to these immense reaction
system networks, especially for complex fuels such as petroleum refined products, and
the limitations in computer hardware and software, it becomes extremely tdifficul

handle these huge chemical reaction mechanisms during simulgti®®p
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Figure 2.26: The number of reactions as a function of the number of species fphgss
kinetic models of oxidation and combustion processes. The secondary axis is the number

of heavy (norhydrogen) atoms in the reactant moles)ig140].

Practical fuels, such as gasolne, are complex mixtures of hundreds of different
hydrocarbons, additves and blending agents. The chemical composition of commercial
gasoline varies significantly, depending on the soufagheocrude oil used, the refinery
processes implemented, the additives taiored for optimised drivability depending on the
season, the overall balance of product demand and the product specifications. A typical
gasoline comprises 4o Cion andiso-pardins (alkanes), olefins (alkenes), naphthenes
and aromatics in varying proportions as shown Figure 2.27 along with their
corresponding structures. To enhance the performance and stabilty of gasoline, addiives
and blending agents, such as -&ntbck agents, anbxidants, oxygenates, metal
deactivators, lead scavengers, -amt agents, aniting agents, detergents, upper
cylinder lubricants, dyes and others, are commonly added to the hydrocarbon fixture
141]
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Figure 2.27: Ranges of hydrocarbon classes found in U.S. gasoline along with the

representative molecular structures in gasoline ffls

This nature of gasoline mixtures makes it practically edrgly challenging to model
exactly the chemistry of each individual component. Therefore, it is required to reduce
the chemical and physical complexity of the simulation through the representation of
gasoline with a simplified surrogate fuel. Surrogaftelsf consist of reduced numbers of
selected neat constituents blended together
characteristics. There can be either chemical (e.g-ignit@n characteristics) or/and
physical characteristics (e.g. viscositdistilation curve). These fuels present a fixed
datum for experimental studies, which in contrast to real gasoline is invariant with the
season and location. The suite of species produced during the combustion is also quite
substantially decreased duethe limited number of components in the surrogate fuel.
The behaviours of such fuels are more elaborate compared to that of singular fuels since
intermediate species from one component can interact with species from another
component or with the radicgdool [7, 141, 142] However, detailed chemical kinetic
mechanisms have been developed for these more complex mixtures, asrecently reviewed
by Sarathy et al[7], employing converginal methods that couple the sulechanisms

of singular constituents used to formulate the surrogate.

The original gasoline surrogate consisted of primary reference fuels (R&tFsitane
andn-heptane, has dominated fuel ratings in spark ignition engrspecially due to their

relationship to RON and MOIN43]. However, they are unable moatch some targets,
80
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in particular the hydrogen to carbon (H/C) ratio and Octane Sensttivity, exposing a need
for more sophisticated surrogate formulations. This motivated the research of ternary
surrogate mixtures, such as toluene reference fuels (TREE&h \@re mixtures oiso-
octane,n-heptane and toluene as studied by Chaos §t44l] in a variable flow reactor

and Gauthier et aJ145] comparing ignition delay predictions with those obtained from
gasoline shock tube experiments. In addition, the PRF surrogate has been expanded to
also involve olefins as studied by Vanhove eflal6], who used a ternary blend ieb-

octane, 1hexene and toluene. Kukkadapu e{¥®d7] also studied the TRF surrogate and

a fourcomponent mixture thaibvolved the addition of olefin(2-pentene) to the first
mixture. The comosition of their surrogate fuel was targeted to replicate the relative
content of alkkanes, alkenes and aromatics in the studied gasoline, as wel as its RON and
MON values [147]. Using an RCM, the authors showed that the -tmmponent
surrogate fuel mimics the behaviour of the real gasoline relatively wel. However, this is
debatable athe model faled to accurately predict the NTC behaviour, which could be
due to fidelty of the reaction mechanism or the adequacy the surrogate formulation.
Puduppakkam et aJ148]lby empl oyi ng Reaction Designos
formulated gasoline surrogates based on the distilation curve, H/C ratio, and estimated
RON and MON values, which showed adequate performances in replicating combustion
behaviour of engine experiments and modeling them with CFD numerical tools, apart

from a few exceptions.

The gasoline surrogate model by Mehl e{®3]is an important coribution that using
conventional methods combined the kinetic modelsabctane n-heptane, toluene and
1-hexene into a single mechanism. The model was valdated against an extensive
experimental dataset including ignition delays, laminar flame speerdsspecies
concentration profiles from a JSR. This model later has shown adequate performance in
replicating ignition delay data as presentef#B, 149, 150]A different method was used

by Dooley et al[151, 152]who appled group additvity theoryl53] to formulate
surrogate fuels based on composttion of molecular functional groups instead of
hydrocarbon classes. The authors implemented this approach and developed their
surrogates by targeting a real j et fuel 6
cetane number and threshold sooting index, which showed satisfactory performance
under a broad range of fundamental combustion experiments. Despite the effective ness
of the method and surrogate fuel performance, it still relies on accurate modeling of

individual compounds that involve the functional groups for the surrogate formulation
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[154]. Complex surrogate fuels containing up to six componghb, 156]and seven
component[141] mixtures have also been proposed to represent gasoline. For such
complex surrogates, the size of the kinetic scheme becomes significant and the collective

uncertainty of kinetic and thermodynamical parameters grows drastitd#).

Similarly to the earlier discussion, the number of chemical compounds in the surrogate
fuel would impact the accuracy of the model and the efficiency of the computations.
Therefore, a compromise has to be made between the numbempdnents, hence the
possible accuracy with respect to the gasoline chemistry, and the time required for both
chemical modeling and experiments. Al these chemical compounds vary in oxidation
chemistry and when mixed together for practical use, caadtteonsiderably during the
oxidation [154]. Despite the complexity of thedeuel sé6 chemi c al interactdi
rarely assessed. The chemical interactions between oxygenated additives, such as ethanol
and butanol, and other surrogate fuel hydrocarbon components are particularly
sophisticated processediso, the effect of addibn of such oxygenated compousntb the
surrogate mixture on combustion characteristics such as ignition delay times is especially
intricate due to the complexity of the chemical kinetics involved. This was demonstrated

by recent studies that found extréynenontinear blending behaviour in the octane
number of ethanolhydrocarbon fuel mixtureld57, 158] in which supeiinear
(synergistic) octanenumber of ethanolparaffins mixtures was found in contrast to
extremely nofinear (antagonistic) blending for ethanolaromatic mixtures. Whereas
correlations have been recommended to assess thefigeaorblending behaviourfl59,

160], the chemistry producing such blending behaviour has not been fully understood.

Agbro et al.[41] examined the abiity of a pure TRF anebutanol/TRF mixtures to
replicate the behaviour of gasolne amdutanolgasoline blends and demonstrated a
relatively good agreement between thdéels. Ignition delay times of the TRF mixture
displayed similar trends to that of gasolne. However, they were consistently longer than
those of gasoline. This can be potentially attributed to the recent requirement of addition
of ethanol to conventiothagasoline mixtures. Agbro et g42] complemented this study

with further experimental and modelling investigations of knock onsets of this surrogate
fuel and is blend withn-butanol in a strongly supercharged Sl engine. They showed that
similar to previous results of ignition delay times Agbro ef4i], the simulated engine
onsets were consistently higher than the measured data. The authors highlighted the
importance of the low and intermediate temperature chemistry, and accurate

representation of LTHR and ITHR within Sl enginiesinfluencing the higtemperature
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heat release and consequently the overal knock onset. This behaviour is not however,

currently fully understood.

This therefore motivated the study of the effectsndjutanol additon to TRF and a
representative gasadi on the autggnition characteristics in this work as described in
Chapter 5, and the heat release analysis as detailed in Chapter 6. Based on the literature
review on surrogate fuels the mixture of Agbro et [4ll] has been proposed to
numerically study the behaviour and ignition characteristic of real gasolne and
butanol/gasoline mixtures. Also the chemistry driving thgs®cesses and the
performance of a kinetic model to simulate the oxidation of the fuels studied is assessed

in this work.

2.2.14 Methods for kinetic model assessment

As mentioned above, the detailed chemical reaction mechanisms of hydrocarbon
oxidaton may commse several thousands of elementary reactions. As the reaction
mechanism increases in size and complexity, the topic of sensitivity analysis and reaction
pathway analysis becomes more and more cry8id]. Uncertainties in reaction rate
parameters, transport coefficients, thermodynamic properties, intial and boundary
conditons, and other kinetc model characteristics may raise uncertainties in modelled
results and affect the agacy and performance of the predictive capabilty of the reaction
mechanism[81]. During the detailed chemical reaction mechanism development process,
a series of elementary réiaos are compied, whose reaction rate parameters may be
established from individual rate measurements, reaction rate theory, or a combination of
both. For large hydrocarbon fuels, large number of reaction pathways as well as rates has
to be calculated Is®d on the extrapolation of knowledge of smaller species reactions,
which introduce further uncertaintiegl61]. Moreover, some of the rate constants are
frequently tuned within theiuncertainty limits for satisfactory model prediction accuracy
[162]. Therefore, the impact of these cumulative uncertainties onicglieaccuracy is
questionable, as wel as whether useful predictions of the intricate nature of the
combustion phenomenon can be made. The model uncertainties could also originate from
incomplete physics and missing reaction pathways within the nfih@&]. Sensitivity
analysis and reaction pathway analysis provide the means of assessing the reaction
progress of the species and help to determine the main input parameters that drive
uncertainties in model predictiofil17]. Sensitivity analysis determines the flt@ting

or rate controling reaction steps, while reaction pathvemysis identifies the dominant

reaction paths.
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2.2.15 Sensitivity analysis

Sensttivity analysis describes mathematical methods that can be used to examine the
relationships between the values of input parameters of a model and its predtctions

163] Sensttivity analysis reveals which are the dominant control parameters in the model,
which are the indirect impacts of parameter changes and generatesdgeowaleout the
structure of the model, so that the important parameters can be prioritised for model
improvement. Sensitivity analysis can also be used for mechanism reduction, in other
words, evaluating the reactions in the mechanism and identifying larsm@chanism

that depicts almost identical results for particular variables (e.g., species concentrations
and temperatuje[164]. Within combustion science, sensitivity analysis can be used to
examine hw the changes in rate parameters or thermodynamic data impact the
performance of the model in predicting the main target parameters such as ignition delay
times, fame speeds or species concentration profles to provide kinetic insights into

model and itsstrengths and weaknesses with respect to experimental measur§ho&its

A frst-order local sensitivity analysis determines the derivative of a model output with
respect to model parametdi®, 161] The change in the model output (e.g. concentration)
in time for spatialy homogeneous (zestimensional) reaction systerogn be determined

by the folowing ODH117, 163]:

oo il o G (257)
where the parameter vectgrthaving m elements may involve any physically definable
input parameters of interest, such as rate constantsenius parameters, thermodynamic
data etc. The species concentratigis the dependent variable, tinés the independent
variable andvois the initial concentration. The effect of changes in parameterosethe
modelled concentration¥ at a giventime can be introduced by a Taylor series expansion
[117, 163]
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where the partial derivative— is the firstorder local sensttivity coefficient; is the

secondorder local sensitvity derivative, etc. The local sensitivity coefficients

demonstrate the change in the model outputwing to a small change in input parameter
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Xj compared to its nominal value by keeping all other paemieunchanged. The

sensitivity matrix 'Y — , which elements are the local sensitivity coefficients,

therefore represents the linear approximation of the impacts of parameter changes on the
model prediction of the solution. In ordergocount for differences in units of parameters

and the various output quantities of a model, the sensitivity coefficients are often
normalised forming a normalised sensitivity matik — — , where normalised

sensitivty coefficients represent a fractional change in concentratiocaused by a

fractional change of parametgy[117, 163, 164]

Several approaches to calculate the local sensttivities have been developed ywamsthe
including the brutdorce method[164], the Greens function methofll65] and the
decoupleedirect method[166]. The simplest method is the britece method, where

each input parameter is perturbed in turn by a small percentage around the nominal value,
re-running the model and then calculating the sensttivitie sheofselected results to the
change by comparing the outputs to a reference or baselingltdase 63, 164]When

the model output undergoes significant changes as the parameter is modified, the
sensttivity to thagparameter is high. The results can be ranked accordingly to measure the
importance for each parameter with respect to important targets in the scheme. For
combustion problems, when rate parameters are under investigation, the rate constants of
elementaryreactions with high sensttivities would have a great influence on the outputs
of mathematical modelling, such as ignition delay times, and hence the rate constants for
these reactions would require accurate evaluation. To calculate the sensitivity matrix
using this methodm+1 simulations have to be executed, one for the baselne case and
one for the perturbation of every paramef@63]. The bruteforce method becomes
exceedingly expensive as themmber of species, zones and parameters gri@i%
However, for zeredimensional models such as jet stirred reactors this can be viable even

for complex mechanisms, because thaukition times would be relatively smal63].

2.2.16 Reaction pathway analysis

Reaction pathway analysis is a useful tool in investigating complex chemical reaction

mechanisms, which provides the mesmsgjuantify the activity of species such as the flow

of conserved property from one species to another in a reacton mechanism. Element flux
diagrams portray the dominant reaction pathways and underline the major and minor
channels within a scheme by cheterising the intensity of fluxes through arrow

thickness. This can be used for the simplification and reduction of mechanisms. Also the
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reaction pathway analysis can be used to analyse the reaction chain that shows how other

species contribute to the foation of a specific species under examinatiah7].

These diagrams can illustrate different features of the flux, such as the total net reaction
rate along a pathway, or the flux of a specific element associated with the reaction. They
may also be time specific or show integrated fluxes over a selected modeled extent of
time, hence an appropriate description of the figure and its exact meaninip bas
provided in order to interpret these figurfisl7]. A local reaction flow analysis examines

the formation and consumption of species localys at specific times in tirgependent
problems (e.g. ignition processes) or at specific locations in steady spatially dependent
processes (e.g. laminar flame). An integrated reaction flow analysis takes into account
the total formation or consumptioof species, so that the results for homogeneous- time
dependent systems are integrated over the entire or selected time period, whie results
from steady spatially dependent systems are integrated over the reactiof Yo
example of a Gatom element flux diagram of a local reaction flow analysis is given in

Figure 2.28 for methane combustion.

Figure 2.28: Carbon atom element flux diagram for an atmospheric freely propagating
CHad/air flame, at the location where the temperature is (a) 1500 K, (b) 18067K
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In a closed chemical reacting system, the amount of the element in moles is one of the
conserved properties. The instantaneous element fux of elefatdm from specieg

to speas k through reaction steppcan be calculated by:

5  ERERL 259
L 259

where¢ ; and¢ j are the number of atonfsin specie§ andk, respectively, and ; is

the sum of numbers ofams A on either side of reaction sten all species, whiel is
the instantaneous rate of reactofmol/s) [117].

The total instantanes flux between specigsandk, taking into the account al viable
reaction steps that contribute to transformation process, can be then calculated by adding

all of the element fluxes at a given tirhéogether:

(2.60)

where Nris the number of reactions in whom these species participate as reactants or
products. The atomic fluxes for particular elements (C, H, O, and N) are calculated based
on reacthn rates at each time step using the above equatidB®) and (2.60) and
arranged in descending order; active sowink pairs can be determined by setting a cut

off value on the atomic flu{167]. Since the ignition processes of hydrocarbons are
studied in the present work, hydrogen element flux analysis is ugaelte the active

species are determined setting aaftiton the hydrogen flux.
2.3 Alternative fuels

2.3.1 Natural Gas
Natural gas has drawn growing attention as a way to reduce the dependence on crude oil
and attempts to tackle environmental concerns. Preddigingaonsisting of methane,
CHa, natural gas is a combustible colourless and odourless mixture of hydrocarbons in its
pure form derived from oil or gas fields and coal mines, but commonly containing varying
amounts of other higher alkanes such as ethapeEs{propane (@Hs), butane (GH:o),
pentane (6Hi2), and sometimes smaller proportions of carbon dioxide, nitrogen,
hydrogen sulphide or helum. Contrary to other fossil fuels, its reserves are relatively
uniformly spread across the world providing energgrket security and access to a
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plentiful energy resources for -gieficient countries with the current total global gas
reserves of approximately 187 trilion3rfi68]. It continues to be the fuel of choice for

the electric power and industrial sectors in many regions partially due to its low carbon
intensity compared to coal or oil. Moreover, it is an appealing fuel for new power station
plants because of its relatively low capital costs and the beneficialrdteatfor natural

gas generatior{30]. The accessible domestic resources,-astlhblished rdueling and
distribution infrastructure, supporting governmental policies encourage the increased
integration of natural gas vehicles into the transport sector, particularly doy ity
vehicles [169].

Natural gas is classified by selbée combustion when utiised in ICEB69]. Its high

octane rating favours its use in Sl engines rather than Cl engines. The short carbon chain,
simple and stable molecular structure encompassing only chybloogen bonds, lla
faciitates effective fuel resistance to the knocking phenomedd®]. A better anti

knock quality of natural gas Sl engines facilitates higher compression ratios and hence
higher thermal ficiencies compared to their gasoline counterpfl®l]. Vehicles can

be designed to run only on natural gas with dedicatedfie®SI orb e -féubeil 6 , capable
of running on both natural gas and conventional fuels which would have higher soot
emissions [8, 169] Some countries such China, Iran, Pakistan, Argentina and Brazil
commonly use naturalag in passenger vehicles, with approximately 24 milion natural
gas vehicles on the road globally today, athough its share of global transport energy is
less than 1%8].

Being a primary compound of natural gas, methane has the highest hydrogen to carbon
rato among all hydrocarbons, which manifests in natural gas engines having low specific
COz, UHCs and CO emissions compared to conventional gasdii&]. By replacing
gasoline by natural gas, it is possible to achieve3S3%, 2030% and 30% reduction in
emissions of UHCs, CO and G@spectively, in combination with downsizing, increased
compression ratios, appropriate exhaust gas recirculatioc®@R)(Euse and careful
optimisation [171, 172] Moreover, natural gas engines display lower paste matter
emissions compared to diesel engines, since they do not include aromatic compounds
such as benzene, as wel as reduced amounts of impurities (e.g. sulphur) compared to
petroleum fuels[173]. However, fi operated at stoichiometric conditions, the high flame
temperature of natural gas could cause elevated NOx emissions. Hence, lean burn
technologies or appropriate exhaust after treatment strategies are preferable to meet

emissions regulations with carefulonitoring of fugtive and taipipe methane emissions
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which is a key weakness of dual fuel engirjé31]. Methane emissions from unburnt
methane from natural gas vehicles are more severe GHG emissions and have a much
higher global warming potential than @Oalthough not currently regulated.
Notwithstanding natural gas is often regarded as a temporary fix to environmental issues,
since it is sli a fossil fuel with just comparatively lower G@missions. On the other
hand, sustainably produced renewable natural gas from biomass generated by the
anaerobic digestion or through the thermal gasification, can potentially offer a greater

GHG benefitscompared to fossil fuel based natural gas.

Despite having a higher energy density on a mass basis, the energy density of natural gas
on a volume basis is lower compared to gasoline or diesel. At atmospheric pressures and
temperatures, a ltre of naturalsghas approximately 800 times less energy density than

a litre of gasoline[8]. Therefore, it is generally compressed or liquefied to achieve higher
molecular weights and hence energy that is stored in a restricted volume of the fuel tank
in the form of gaseousompressed natural gas (CNG) under 20 MPa or liquefied natural
gas (LNG) under extra low temperaturd35 K) at atmospheric pressure. Whie the CNG
concept is suitable for urban transport systems with an easy access to the refuelling
infrastructure, the_NG concept is an especially attractive alternative fuel in commercial
transport applications such as lemgul fleets, heavy duty vehicles, rail and marine,
where there are few alternatives available to conventional gasoline and diesel due to the
driving range requirements, reliability and cost. The higher cost of LNG infrastructure
can be easily recovered through savings in the fuel cost and larger fuel consumption in
such long haul transport applicatons. However, reliability concerns associated with
naural gas engines in terms of vehicle range, lowered by up to 40% due to the limited
fuel tank size for CNG vehicles, and overall engine durability that increases the downtime
and maintenance costs continue to favour their diesel fuelled countef@ari$9]
Stringent emission legislation may alter the balance towards the implementation of

natural gas fuel.

2.3.1.1 Modelling methane oxidation

Methane is a major constituent of natural gas, comprising more than 90%ght; Viteis

also one of the simplest hydrocarbon fuels with relatively simple oxidation processes
compared with those of heavier hydrocarbons. Therefore, the chemical kinetics of
methane is relatively well established and provides generaly a satisfaetseyipton of
oxidation chemistry over the broad range of thermodynamic conditons. Indeed, with an

increase in the complexity of the fuel, the complexity and the uncertainty in the predictive
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capabilty of the reacton mechanism also increases, whichd dmilattributed to the
numerous degrees of freedom and reaction pathways that a detailed kinetic scheme has to
take for the comprehensive illustration in the combustion of the specific fuel, especially

at low temperatures and high pressytest].

There $ a vast number of kinetic mechanisms describing methane oxidation available in
the lterature, which are usually set to replcate combustion phenomenon at specific
conditons. Typically, the range of effectiveness of these mechanisms, in terms of initial
fuel concentration, operating environment and chemically reacting systems varies broadly,
usually with each novel mechanism offering improved capabilties in predicting

combustion phenomenon over the yedrgs].

Intial chemical reaction mechanisms for methane oxidation developed between 1958 and
1978 (e.g.[176-178)) contained a limited amount of species and reactions, arel we
commonly advanced through the addttion of chemical species and representative
reactions for hydrogen and carbon monoxide oxidation. Successive methane mechanisms
consisted of larger numbers of species to account for molecular growth reactions wherein
radicals derived from methane could recombine to form larger hydrocarbons {e&). C
C2H4 etc.) especialy under rich conditiorid75]. Advances in reaction rate consta
measurements and calculations over the years led to improved detailed chemical kinetic
models, with a plethora of methane oxidation models with broadly varying rate
parameters published since 1995. This is potentially due to uncertainties in the
measurments/calculations and due to the requirements to simulate different global
combustion data, such as ignition delay times, speciation profies, laminar flame speeds,
flame extinction and ignition, flame structure, etc. In order to tackle problems redated t
uncertainty, GRIMech carried out a mathematical optimisation to ft reaction rate
constant parameters against a variety of experimental measurements that culminated in
the generation of GRMech, one of the most popular methane oxidation mechanisms to
date[85, 175]

One of the benefts of GRWech can be attributed not just to the extensive range of its
validated applicability, but due to the fact that it was one of the frst to be made freely
available on the internet. More recently, réhevere several detailed chemical kinetic
mechanisms developed, such as San Diego N1&®j, USC Mech 1I[180] and JetSurf
[181] in additon to the CRECK mechanism from the Politecnico di Mida82],
AramcoMech[183-186]from NUI Galway, Glarborg Meckl87]and Leeds mechanism
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[188] from the University of Leeds, which all faciitate numerical modelling studies of
the oxidation of small hydrocarbon systems. Al of these mechanisms have emerged from
fairly distinctive, but at thesame time very much alke, versions of an identical
mechanism comprising analogous reactions but with different rate con@ahtIhus,

it is imperative to know the corresponding predictive range of the mechanism in order to

achieve the required degree of thewmacy and obtain reliable resuits.

Owing to the simplicity, vast availability of chemical reaction mechanisms and relative ly
good understanding of its oxidation chemistry, methane has been selected for the initial
numerical work in this PhD project andtdis of this study are provided in Chapter 4.
Furthermore, the high octane number of methane makes it an interesting fuel to study
from the view of its antknocking potential to assess its detonation propensity and thus
make comparisons to that of othaels. This can aid understanding of the characteristics
that drive thetransition from harmless auignition to undesirable knocking combustion.

This, in turn can help in the development of SI technologies.

2.3.2 Biofuels

Biofuels are fuel predominantly pragted from biomass materialorganic matter that

can be used as fuels in the transport sector or an energy source in industrial applications
[5, 31] They can be used directly as sold fuels (e.g. charcoal or wood pellets) or
converted into liquid fuels (e.g. alcohols and biodiesel) or gaseous fuelangitgine),

so that the chemical energy encompassed within the biological material is converted into
useful energy via combustion procesfgs This chemical reaction enables the release of
the binding energy that keeps electrdn a nucleus in the biological molecules to produce
work or heaf5]. If produced sustainably, biofuels can offer reductions in carbon footprint

by the growth of feedstocks used through the photosynthesis in terrestrial bhiomass
because plants absorb the £Hmitted to the atmosphere during combustion processes or
via decomposttion of vegetation of biological waste. Therefore, they usualy are
considered to be carbon neutral. Carbon neutralty is attained # @d@sions
sequetered and subsequently released are balafiee8l]. This highly depends on the
location where the feedstock grows, land and cropping management practices, modes of

transportation and conversion techniques (i$84].

Biofuels are believed toebone of the most promising and strategically important fuel
sources in shoierm solutions to reduce dependence on fossil ,fuebntribute to

decarbonisation of the transport sector, diversify the energy mix, provide energy security
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and meet rural devglonent goals owing to their market maturty compared to other
alternative fuels[13, 190] Biofuels are an especially attractive choice of fuel in aviation,
shipping and heavy goods vehicles, whereetlage few alternatives to conventional fossil
fuels available[31]. However, faiure of their sustainable production can lead to serious
negative environmental and social impacts, such asimeesive use of resources,
increased water usage, reduction in food dgcudeforestation, loss of biodiversity, lfe

cycle GHG emissions, soil polution, land usage chdh&é.

2.3.2.1 Classification of biofuels

Biofuels can be diverted from various biomass feedstocks, such as bieddgrad
agricultural, forestry or fishery products, wastes or residues, or biodegradable industrial
or municipal waste through different conversion processes such as fermentation, Fisher
Tropsch, transesterification, hydrolysis, hydrocrackimgdrogenation, pyrolysis and
gasification among many othej®1, 190] They can be distinguished according to their

raw material sourcing, conversion technologies and technical specification of the fuel.
Biofuels can generaly be divided into primary biofuels, the fuededuin their
unprocessed form, and secondary biofuels, the ones produced from biomass. Secondary
biofuel s can be further categorised into
bi of (3&,6190pBiofuels classification according to their feedstocketyas wel as

their potential benefits and sustainability challenges associated with their production and

use, are summarised Fkfigure 2.29.

First generation biofuel s are commonly
production technologies and processes are mature and wel established, such as
fermentation, distillation and transesterificatigB1]. These fuels are derived from
dedicated dltivation of bioenergy crops, otherwise used for food production or animal
feed, such as sugaor starch based crops and vegetable oils (e.g. wheat, corn, sugar cane,
sugar beet, palm ol, soybean, rapeseed ¢1@]]. Since first generation biofuels
compete with agricultural lands, there are several susthitpalbhalenges associated

with the expansion of first generation biofuel production, such as upward pressure on
food commodity prices, the risks of increase in GHG emissions through direct and
indirect land use change from production of biofuel feedstat production system
emission of polutants, environmental degradation of land, forests and ecosystems,
including biodiversity losses owing to land clearing of biodiverse systems, diversion of
agricultural land into fuel production, as well as depletifrwater resourcef31, 192]

Moreover, an increasing agricultural demand subsequently creates risks associated with
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further deforestatio and use of land with high biodiversity value to accommodate this
demand, in additon to related use of freshwater, fertlisers and pesticides with the
negative impact on the environmef@1]. These concerns can potentially be addressed by
employing the second gentoa biofuels and hence encouraging the use ofaubble

biomass for the production of biofuels.
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Figure 2.29. Biofuels classification based on feedstock type, as wel as associated

potential benefits and challenges. This diagram was based on informatio 3 ph®0]

Second generation biofuels are-biased products which aobtained from notfiood
feedstocks. These are nfmod celulosic and lignocellulosic plant biomasses containing
celulose, hemicellulose and lignin, such as agricultural residues, forest and sawmill
residues, wood wastes, dedicated energy crops (e.ghgra#s, short rotation coppice

and many others) and other waste materials (e.g. herbaceous, industrial and municipal
solid waste)[31]. A crucial feature is that these feedstocks cannot be used for food or
feed, and therefore they remove any concerns associatecadtpfoduction of the first
generation biofuels. However, unless the feedstock (e.g. Jatropha, Croton) has capability

to grow on norarable land, introducing efficient land exploitation, there is stil a potential
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confict of land usage for feedstock gra energy crops otherwise suitable for food
production[31, 191, 193]

Generally, the average carbon footprint of second generation biofuels is significantly
smaler when compared to traditional fossil fuels. Ligrlulosic biofuels from
agricultural and forest residues show lower emissions than that of energy crops, since the
N20 emissions during the cultivation of energy crops associated with pesticides and
fertilisers are withdrawn in the case of resid{@%]. However, theproduction of second
generation biofuels has proved to have lower efficiency due to low yield production and
involves complicated process technologies, hence more investment per unit of production
and larger facilties are required to accommodate théatagustg190]. Also, due to low
conventional fuel prices, the economic feasibility of some of these biofuels is

guestionable in the present economical environnjdmi.

Despite the negatveralues of GHG emissions for some of second generation biofuels,
their capacity to significantly lower the carbon footprint of transport fuels at the national
level is relatively small at the current blending mandate of 5% (E5) in Europe. Thus, if
5% of bicethanol is blended to all conventional gasoline used annually in the UK, it will
result in 0.35% reduction of GHG emissions on average pefd@4}. In order to tackle

the problem of climate change and comply with the EU binding targets on renewable
energy share for transport sector, the much higher blends are required to achieve

substantid reductions in GHG emissions from transport.

As introduced in Sectiord.l, under the original RED (2009/28/EC), edfd member

state is mandated to produce 20% of its energy share through renewable sources by 2020
[24]. As part of this effort, a binding minimum target of 10% renewable energihdor
transport sector by 2020 has been set for each member [28teA new RED
(2018/2001/EU) sets a nelegally binding target of 3% renewables in its energy mix

by 2030. It reserves the right to adjust this target in Zib28quired. At the same time,

there is a binding minimum target of 14% of the energy consumed in road and rail
transport by 2030 asnewable energyRED II) [24, 26] Within this target sitssub
targetsexpresslyfor advanced biofuels: ammnum of 0.26 by 2022, and 3.5% by 2030.
Hence, biofuels are expected to play a prominent role in achieving these binding targets.
This will be partly achieved bintroducing higher blending ratios of alternative fuels
within fossil fuels. Current EU ledmstion that limits theblending of biofuels withpetrol

to P is being revised to enabldgher blending ratio$190]. However,issues associated
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with compatibility of some older vades with higher blend ratios of ethanol stall an
introduction of E10 insomecountries(e.g. Ireland)[195]. Thus, thentroduction of higher
blend ratios of alternative fuels within conventional fossil fuels is bounded by their
compatibility within existing onew engine technologies. nAmproved understanding of
their combustion characteristics under blending can help in assessingelactingthe
optimum alternative fuglas well aghe optimum blending ratio for their use within

engine technologies. This is one of important driving forces irthis research.

Third generation biofuels are derived from aquatic cultivated feddst®.g. algae)191].

One of theadvantage ofthird geneation biofuels is their easily accessible and available
feedstocks, soling the problems associated with their predecdg$88is Microalgal
production systems, including open ponds and closed photobioreactors, have a potential
to overcome some of the challenges of first generation biofuels, such as issues of food
versus fuelcompetition and land usage, because microalgae can be grown-arabda

land orin wastewater systems and industrial>€dirces, as wel as in salne and brackish
water. They can be grown very fast offering higher biomass yields than terrestrial crops
per unit area, and hence faciltating water remediation and decreasingen@3ions

[192]. However, the production of biofuels from microalgae requires high energy inputs
that can counter any GQavings and remains economically unfeasible at prg3aht

More advanced technologies are required for the sustainable prodokctiifuels from

algae that are currently less effective in the exploitation of resources than the less
competitive alternative biofuel§l91, 193]

Second and third generation biofuels aremam | y referred to as i
since their production techniques and pathways are still within the research and

development, pilot or demonstration stdgé].

2.3.2.2 History of biofuels

Biofuels have a long history and have been employed since the beginninge of th
automotive industry. Ethanol and turpentine mixtures were first tested as an ICE fuel in
a boat by inventor Samuel Morley in 1826, whie Nicolaus August Otto developed
another ICE that ran on an ethanol fuel blend in 1860, preceding the launch of ciarhmerc
production of gasolne in 19131, 196] The inventor of the diesel engine, Rudolph
Diesel, selected peanut oil as the fuel for his first engine after pulverised coal was proven
to be ineffective. Later, industrialist Henry Ford designed the Mdd=ar powered by
ethanol [31, 196] Untl the Second World War, biofuels were regarded as feasible
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transport fuels with bioethangla s ol i ne bl ends such as 0Agr ol
competing with gasoline in the USA, Europe and other redBhs197] However, with

the new discovery of cheap extensive reserves of crude oil, increased supply of petroleum,

expensive fermentation processes of ethanol and high cost of feedstock, further
development of biofuels has diminish¢8l, 197].

A resurgence of interest in alternative fuels and the commercial production of biofuels

was sparked by the oil crisis in the 1970s. Nonetheless, only Brazi commenced a

commercial production of ethanol and mandated blending of sugarcane ethanol in

gasoline throughout the country with a strong governmental support of neat -ethanol

fuell ed 0flex fueld vehicles, as well as assdc
[31, 197] These fex fuel engines are capable of operating on gasadthanol or a

mixture of these two fuels in any blending ratios.

The increase in crude oil prices, concerns over energy security and dependence on foreign
oil prompted the USA and many countries in Europe to provide strong poltical and
economic incetives for the implementation of policies advocating national domestically
produced biofuel industries in the late 1990s. In the last decade, an increased awareness
of clmate change and subsequent governmental policies and strategies encouraging
reduction of GHG emissions in mobility sector and diversification of the energy mix have
further strengthen the interest in biofuels. Over 60 countries have since impleme nted
intiatives and set targets for adding biofuels into their fuel pools boosting the déamand
biofuels [31]. For the EU, a binding minimum target of 10% and 14% renewable energy
for transport sector has been mandated for each member state, by 2020 and 2030
respectively [24, 26] The RED Il includes specific sustainability requirements for fuel
suppliers to include bioek in the mix that they offerThe share of first generation
biofuels is capped at % EU-wide. On the other hand, the use of advanced -foomul

based) biofuels is strongly encouraged with a minimum cf3teir use by 203(R26].

Thi s l ater target demonstr at e-sut ctoppmsedRED |1 6s
biofuels.

The global production of biofuelkas seen a rapid increase in demand in the recent years.
For instance, bioethanol production increased from 20.5 bilion ltres in 2000 to 123.4
bilion ltres in 20171 atremendous 500 percent rise after a modest 12.5 percent increase
between 1990 andORO [196, 198] First generation biofuels are currently the only

alternative liquid fuel that can be produced on an industrial scale and economically
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compete with fossil fuels, due to the very high share of feedstock cost of other biofuels
in overall production cos{13, 199] The most prevalently produced biofuels are
conventional ethanol derived from sugarcane, corn, wheat and sugar beet and biodiesel

diverted from vegetable oils, typlba from rapeseed, soybean and pgiB].

2.3.2.3 Alcohol fuels

The similar physical and thermodyn&mproperties of alcohol fuelsompared to fossil

fuels make them viable lower carbon fuel components in spark igngil) engines with

ittle or no engine modificationsequired at low blending ratids7, 200, 201] Moreover,

some alcohols have similar or higher octane numbers than conventional fuels, and
therefore compressiomatios can be increased in the ICE, enabling more power to be

produced efficiently and economicall$7].

For a compression ignition (Cl) engine, the adiitof an alcohol compound to diesel

fuel enhances oxidation during the combustion process and provides the oxygen required
to form CQ instead of carbon rich particles, therefore subsequently substantially
reducing PM formation202]. On the other hand, for Sl engines, the addition of alcohol
compounds to gasoline can significantly reduce knock tendency, carbon monoxide (CO)
and soot, whereas unburned hydrocarbons (UHC) and nitrogdas (NQ) may either
increase or decrease depending on operating condif®®3, 204] These changes in
emissions can be attributed to the larger latent heat of sapon values of alcohols
compared to petroleum fuels, leading to lower fame temperatures that subsequently
inluences the ignition chemistry and final emission prod[&@%]. Whie a better knock
resistance foalcohols has been predominantly related to the distinct nature of the alcohol
fuel auteignition chemistry and the better charge cooling abiities which leads to
increased charge density and thus higher volumetric efficiency due to their larger latent
heats of vaporisation[206]. Mipied et al. [207] showed that additon of ethanol to
conventional gasoline can increase knock resistance up to 60%. Rbeligher knock

resistance enable earler spark timing at high loads, which increases engine efficiency.

2.3.2.4 Ethanol

Ethanol, a biodegradable colourless transparent liquidanialcohol fuel and if it is

derived from renewable biomass, it is called-étibaml [208]. Ethanol is the most

popular choice of biofuel whether used by itself as a neat fuel within mod&ifieshgines

or blended with gasoline or diesel as an extender and octane enhancer, attributing to more
than 90% of t he wo 209 ®is-ethanal tcanlb sebn as cTleaa, | u ¢

97



renewable and green combustible fuel atternative to gasoline due to its oxygen content,
high octane rating, high heat of vaporisation, and low vapour pressure. Moreover, ethanol
is easy to blend with gasoline and is employed as the oxggern@ortion in gasoline for
less emissions of CO, UHC and carcinogens owing to the presence of oxygen in its
molecular structure, as well as in order to increase octane rating of thd2dépdt has
the capacity to replace gasoline in internal combustion engines; nevertheless, its
production cost remains considerably higher than the production cost of gd2alte
The competitiveness of biofuels has been drastically affected by the low cost oil climate
since 2014. Although, there are stil some economically favourable environments
persistent for biofuels where they are protected by mandates andtsappolicies and

few, with Brazilian ethanol among others, are competifii/g].

Presently, ethanol is mostly produced through frst generaton methods and
predominantly derived from sugar containing raweamais (i.e. sugacane) and starch
grains (i.e. corn, wheat and cassava), which is objectionable because of their food and
feed value[212]. In 2017, the main ethanol producer was the USA, with the production
volume of 71.8 billion ltres or 58% share of global production, mostly derived from corn.
Brazil was the second largest ethanol producer with 32.1 billion litres or 26% share of the
global production, primarily derived from sugarcane. Europe produced 6.4 bilion ltres
of ethanol or 5% of the global production. Its ethanol was predominantly made from
wheat and sugar beet. China produced 4.0 bilion ltres or 3% of the global praductio
and Canada produced 2.0 bilion litres or 2% of the global produdtis, 198] In China,

the primary bioethanol feedstock are corn, wheat and cassava, whie in Canada, they are
corn and wheaf196].

Brazil is currently the principal country on exploiting ethanol in ICE with 2275%%
ethanol by volume mixed in standard gasoline sold at the pump, accounting for 40%
automobile fuel demand for cars, lories and bassithin the country[190, 213] The
Brazilian sugarcane network is a successful example of a policy, cooperation of institution
and technological innovatiofil99]. Its unique superior edge over the majority of other
biofuels from oil seeds and energy crops can be attributed to 70% reductionz in CO
emissions when substituting the gasoline, that ultimately qualfies Brazaliamnol as

6advanced biofueld according[l9o the USA gover

Meanwhile, the leading producer of the ethanol, the USA, has also seen some success in

recent yars. Its annual biethanol consumption rate accounted for 65.5 billion litres in

98



2017, replacing slightly more than 10 percent of the USA gasoline demand with ethanol
and hence &exceeding a so call ed[198].bThee nd
slower ssiccess of Nor-baked Atimgot i$ poterdiadly doedorarowerld
feedstock of approximately 0.374 ltres per square metre. This is 50% less of what can be
produced from water sugarcane or 90% less than using algae. Moreover, due todincrease
bio-fuel requirements and its usage in recent years, the U.S. stopped exporting corn. This
has had a drastic effect on world food supplies, causing shortages in low income countries
such as Guatemala, which reported increases in hunger as the price dBsaisen
because of the demand for ethafil4].

Ethanol production through second generation methods from lignocellulosic biomasses

such as agriculture residues, woody biomass, and algae, industrial and municipal solid
waste are more appealing options. They are not only renewable, but also relatively cheap,
plentiful and sustainable. For mass production ofddlmanol through second generation

methods, there are readily accessible large quantities of biomasses from the major

agricultural residues, such as rice straw, wheat straw, corn straw and sugarcane bagasse

while starchy industrial biomasses, such as waste from starch processing factories and

potato food factories, offering favourable feedstock for high yield production especially
in equatorial countrie$212]. These advanced biofuels hold more promise however would
stil struggle to compete with fossil fuels without introduction of carbon pricing or

technological breakthroughs in futuf23].

Despite a drawback of biethanol current largecale production from food sources raw
materials and its potential solution of {mthanol largescale production from
lignocellulosic biomasses, there areestproblems associated with ethanol. One major
disadvantage of ethanol is that above 20% ethanol concentration in gasolne blends,
complex modifications to conventional S| engines are mandatory to avoid engine
corrosion[208, 215] This usually entails modifications to the carburettor, fuel injection
system and often compression ratio, which can cost up to £550 to the end cojisymer
208] In Europe, a 5% (E5) mixture of ethanol is a standard, that is 5% ethanol and
conventional gasoline blend, whie in the USA 10% ethanoldb{€i0) is quite popular
[157, 215] In the USA approximately 97% of the gasoline contains ethanol that extends
the gasoline supply, increases the octane rating and cehts burning properties of

oxygenates[216].
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In Brazil, ethanol has been used extensively as neat filekiiuel engines and in other
regions such as North America and Sweden it is used at as high concentrations as 85%
(E85) by employing bfuel vehicles specially designed to operate at this fixed volumetric
blend[208, 215, 217]On the other hand, flex fuel vehicles are able to operate on various
blends of ethanol and gasoline ranging from 100% gasoline to 85% ethanol, atthough they
operate the best at an E85 blda08]. The variation of fuels and blend ratios in fiex fuel
vehicles is achieved through the implementation of electronic technology that controls
the fuel inpction and ignition point. In the flex fuel engine, sensors detect the ethanol
gasoline ratio of the fuel and inform an electronic injection system, which subsequently
adjusts the engine parameters such as ignition timing, the fuel injection timingys-the ai
fuel ratio, the opening and closing of the valves according to the fuel blend used and
operating conditons[218]. These engines are generaly more eficient compared to

modified conventional gasoline engines for alcaj@doline blend opation [208].

One major disadvantage of ethanol is that it has a significantly lower calorific value.
Therefoe, high addition of ethanol to gasoline would have an unfavourable effect on the
fuel economy of vehicles. There are also problems associate@tidthol nature of being
hygroscopic and fully miscible in both gasoline and water. These include a higmdgnde

of ethanol water absorption, dificulties in storage and transportation of ethanol through
existing gasoline pipelines, and formation of uniform and homogeneous water/ethanol
blend [219].

2.3.2.5 Butanol

Butanol is a four carbon atom alcohol 46gOH), containing more hydrogen and carbon
compared to ethanol and hence it is easier to blend with gasoline and otherrinminoca
products. It can be produced from the same feedstocks as ethanol, however its yield is
approximately half of that of ethanfl90, 220] Increased hydgen and carbon content

also means that a molecule of butanol has a higher volumetric energy coatemgy
density than ethanol, which is defined as the amount of energy stored in a system per unit
volume, representing 25% increase in harvestable yenargl therefore wil have a less
negative effect on vehicle fuel economy and better mileage when compared with ethanol,
especialy at higher blend ratios, due to a smaller ratio of oxygen to carbon in the fuel
[219, 221, 222] This, combined with the higher stoichiometric-fagl ratio, enables
higher blend ratios of butanol in gasoline up to 85% without changing regulations and
engine control system@23]. Currently, in the USA, blends of up to 16% vol butanol in
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gasoline (Bul6) are permitted as a legal fuel equivalent to\id%thanol in gasoline
(E10)[89, 224]

The volatility of alcohols decreases with an increase of carbon content, which means the
tendency to vaporisation decreases. Therefore, butanol has a significantly lpwer va
pressure than ethanol, minimising the evaporative (volatile organic compound) emissions
and the likelihood of detonation, reducing cavitation and vapour lock problems, although
making evaporation more difficult. It has a lower latent heat of vaponsand higher

flash point than ethanol, potentially decreasing issues with fuel atomisation and
combustion during cold start of engine, commonly associated with alcohol fuels. In
addition, butanol is considerably less hygroscopic compared to ethandheeefdre less

prone to water contamination. Being less corrosive to materials, enables butanol be
transported and distributed through the existing fuel supply infrastruf2a@ 221] The

properties of gasoline, ethanol and butanol are summarisédblia 2.2.

Table 2.2: A comparisons of fuel properties of gasoline, ethanol rabditanol[216].

Parameter Gasoline  Ethanol  n-butanol
Chemical formula Cs-C12 C2HsOH  C4H9OH
Energy density (MJ/]) 32 19.6 29.2
Lower heating value (MJ/kg) 42.7 26.8 33.1
Density (g/ml) at 293 K 0.720.78 0.79 0.808
Boiing temperature(K) 298488 351 391
Latent heat of vaporisation (kJ/kg) at 298 K 380500 904 582
Auto-ignition temperature K) ~573 707 658
Stoichiometric aifuel ratio 14.7 9.0 11.2
Saturation pressure (kPa) at 311 K 31.01 13.8 2.27
Flash point (K) at closed cup 228235 281 308
Cetane number 0-10 8 25
RON 88-98 109 98
MON 80-88 90 85
Octane number (RON+MON)/2 80-99 108 96

There are several butanol isomers with viable production pathways from biomass, each
with different branching degrees and OH postiods:-butanol has been the most
prominent to date. As lhas been mentioned in Secti@ril.7and2.1.1] usually straight

chain molecules have shorter igntion delay timesmmared to branched isomers,
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resulting intert-butanol being the least reactive amthutanol the most reactive butanol
isomer [225-227]. Alternatively, the OH group position impacts the strength &fl C
bonds, as idcussed by Gu et aJ228] which could lead to various distributions of
probabiity of Habstraction from other species or free radicals (majohwaat
controling the lowto- intermediate temperature chemistry of hydrocarb{#g). The
combined effect of branching and OH group position can resulifareseen combustion
behaviour of these fuels when blended with other hydrocarbons, as has been shown in
several studie$229-232]. For exampletert-butanol and diesel blends have shown shorter

ignition delay tines compared ta-butanol and diesel blends.

The longer hydrocarbon chains of butanol, its lower oxygen content and higher heating
value compared to ethanol make its characteristics quite similar to conventional gasoline,
including its octane ratingThe orolary of a lower octane number than ethanol is a
higher cetane number, suggesting tdiutanol could be a possible blending component

for diesel as well as for gasoline. Whikebutanol has a higher energy density than ethanol,

it has a lower octaneating and therefore the potential octane enhancing benefts of
butanol addition are unclear, since the lower octane number value can potentially decrease
the efficiency of the engine. This can be addressed by advancing the spark timing.
According to Merda et al.[233], there are no negative effects on engine performance for

blends up to 40%-butanol in gasoline.

Nevertheless, when blended with gasoline it is important to determine its impact on the
potential knocking characteristicsf the blend. This is particularly important because,
athough it has a similar Research Octane Number (RON) to gasoline, it has a lower
Motor Octane Number (MON). Therefore, it has a higher octane sensttivity, which could
be benefcial in modern downsizedoosted engineqd234, 235] Relevant conditions
relating to the antknock qualty of fuel blends within engines are the terafjure and
pressure conditions experienced by the unburnt end gas, which in modern engines tends
to be at lower temperatures than those in the RON test. Hence, the most appropriate way
to describe the octane appetite is neither RON nor MON, but an datiapo of
RON/MON values to cooler conditiongR36].

Despite these few distinctive advantages of butanol over ethanol, there is one major
drawbacki the cest of production. At the moment, the cost of butanol production is
substantially higher compared to ethanol, preventing butanol from becoming a

mainstream fue]237]. This is due to its very low production yield through its traditional

102



acetonebutanolethanol (ABE) fermentation, which uses baaterfermentation to
produce acetone, butanol and ethanol from carbohydrates through anaerobic conversion.
The yield of butanol varies depending on the type of biomass and bacteria used. However,
even though the theoretical butanol yield is approximateB6 #3s than that of ethanol,

its energy value is approximately 32% higher than that of etfja@0l.

There are several biechnology companies, including Butyl Ku€athay Industrial
Biotech, Cobalt Biofuels, Green Biologics, Metabolic Explorer, Tetravitae Bioscience,
and others around the world committed to providing strains and process solutions for
ABE fermentation for industrial customers. In general, the yedisthe ethanol
fermentation process has a-30 times higher production rate compared to that of the
yeast of butanol productioff21]. Continued research by Busche and Al@38] and

Ezeji et al [239, 240]into butanol production through fermentation of agricultural
feedstock decreasing butanol toxicity to the fermentation culture and boosting product
recovery via pervaporation and gas stripping has the ibagacconsiderably cut down

the production cost of butanol. However, attaining profitability fdsutanol production

as biefuel remains challenging, despite its attractiveness for chemical markets that offers
higher revenueq216]. The comparisons of ethanat-butanol and sugar prices in the
international market in 2016 are reportediable 2.3. The further development of novel
technologies and processes in the productiomkaftanol can bring it to commercial scale
and enable it to economically compete against gasoline and ethanol. Thandiatanol

can offer many attractive features for transportation fuel and it is vital to consider it as a

potential alternative fuel in near future.

Table 2.3: Comparisons of prices for ethanokbutanol and sugar in 2016 intetimzenal
market[216].

Commodity Price (US $)
Sugar cane 27.26 $ per tonne
Sugar 0.48 $ per kg
Ethanol 0.66 $ per |
n-butanol (chemical) 1.34 $ per |
n-butanol (biofuel) 0.83 $ per |
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2.3.2.6 Ignition studies of butanol

As aforementioned,n-butanol is a promising renewable fuel that has a potential to
overcome the drawbacks introduced by the ethanol combustit®ES) whie improved
methods have increased the yieldndbutanol. On the other hand, some factors, such as
uncertainty in oil prices, greenhouse emissions, the need for increased energy security
and diversity, promote the research and development oklsofAlso, the development

and implementation of advanced engine technologies, combined wih the broader
penetration and use of biofuels and their blends with gasoline in SI engines necessitates
a thorough understanding of aupition phenomenon. Sinckiofuels are more likely to

be blended with conventional fuels rather than entirely replace them, at least in short term
[5], t is paramount to study the effects on the dagmdion characteristics of butanol
addition to gasale at different blending ratios. Thus several studies on butancl auto
igntion behaviour have been carried out in welhtrolled fundamental combustion
systems such as shock tuljé8, 225, 227, 231, 24248]andRCMs [40, 226, 230, 249,

250].
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Figure 2.30: a) Comparisons of experimental ignition delay measuremeriRs1ad MPa
and 3.0 MPa andi=1.0. b) Comparisons of simtdal ignition delay times with RCM
experimental measurements Ratl.5 MPa andi=1.0. Lines through the experiments are
least squares fits to the data. Adopted fr¢250].

Weber et al[250] investigated autdagnition of n-butanol at pressures of 1HBMPa and
temperatures of 67925 K in an RCM. They showed a systematic reduction of ignition
delay times over these conditions as temperature was raised, as illustr&igareir2.30

(@). Also, the autagnition response exhibited singitage characteristics. Weber et al.
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[250] also compared measurements with thedjgtions from simulations, which had a
relatively poor agreement as showrFgure 2.30(b). They attributed these discrepancies

to uncertainties in the rate constants of the parent fuel decomposition reactions.

Moss et al[225] studied the high temperature ignition characteristics of all founess

of butanol: n-butanol, 2butanol, iso-butanol andert-butanol, at pressures of 0.1 and 0.4
MPa and temperatures of 120800 K in a shock tube. A detaied reaction mechanism
describing the oxidation of butanol isomers was developed and validatadstaga
experimental measurements. Results of their work concludech-tiatianol is primarily
consumed by Habstracton by H atoms and OH radicals vyielding radicals, the
decomposition of which results in the formation of highly reactive radicals, suchias cha
branching agents, H atoms and OH radicals. They also concludeterthatitanol is the
least reactive, whilen-butanol is the most reactive isomer as demonstratéagumne 2.31.
These observations were lategriied and expanded to broader ranges of pressures,

temperatures and equivalence raf@g7, 231, 245, 248]

1 1% butanol / 6% O, / Ar, ¢ = 1.0
A tert-butanol, 1.2-1.4 bar

® 2-butanol, 1.1-1.4 bar
1000 4 @ iso-butanol, 1.2-1.4 bar

B |-butanol, 0.96-1.3 bar

1| = Least-squares fits

Ignition delay time (us)

T S S SR — i ;
050 0.5 060  0.65 070  0.75 0.80
1000/T(K)

Figure 2.31: Comparisons of experimental ignitioreldy measurements of four butanol
isomers for a mixture composition of 1% butanol/ 6% 3% Ar,(=1 andP=~0.1 MPa.
Adopted from[225].

Black et al.[248] studied the autanition of n-butanol at pressures of 1, 2.6 and 8 atm

at temperatures from 1100 to 1800K. They also developed a detailed chemical model and
validated it against the measured ignitidelay data. Although, the modelled ignition
delay times showed reasonable agreement with the measured data, at the lower
temperatures the model overedicted ignition delays. Results highlightedabistraction
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to be the primary route of consumption ofdout o | where the -sitebstraction
prevails, s uc caenedditeSd whilb wabsttadtiien fram the hydroxyl group
suggested of being less important (B@gire 2.32), as detailed in Sectiop.1.11

PC,H,OH C;H,00H-3

CoHg-1

ANF + HO

19%

<
/CM-1 OH G 3 A~
C,H;OH-3

84%
90% jH 93% '
Z + & /ﬁ\ GH,
CH i
C,H PC,H,OH C,H;0H o H® "H ¢
2, 2y 273
A\ + OH e Dy AT
CHg1 CsHe CH,OH

Figure 2.32: Reaction path analysis forbutanol in the shock tubdj=1, T=1450 K,P=1
atm, 20% consumption. To ease interpretation, chemical formulasudéists have been
written out. Adgted from[248]

Heufer et al[247] measured ignition delay times at high pressures-421IMPa and
temperatures of 770250 K of stoichiomic n-butanolair blends. Their results showed
that experimental ignition delays deviate from Arrhenius behaviour at lower temperatures
(below 1000K) compared to isochoric simulations ($agure 2.33). The authos
attributed this unusual auignition behaviour to pressure and temperature gradients
which are caused by shock attenuation. They also suggested that experimental data might
have been affected by pignition. Without the impact of chemistry, both efecresult
in higher pressures and temperatures compared to that of constant (eanfiant
energy and volumepehind the reflected shock, hence shorter ignition delay times. The
authors highlighted that a fuel +H@eaction is the most important reaatidor ignition
delay times, in particular atlower temperatures. In their further study Vranck{246jl.
authors measured ignition delay times in the temperature range efZD@65K and
pressure range between 6.1 and 9.2 MPa& Bhudy ilustrated also nelrrhenius
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behaviour at elevated pressures, with this behaviour amplified as the pressures increased
(seeFigure 2.34). The authors noted thadue to the large inner diameter and the longer
driven section of the shock tube used in their study, the facility effects would have a
negligible influence on the experimental data. However, for longer resistance time (abov

3 ms), these effects stil can be quite significant. Therefore, in therr simulations, the
authors incorporated the measured pressure gradients. Their detailed chemical model

showed a good agreement with experimental data and the lterature.

10* =
g m Peor = 40 bar, p,,, = 10 bar - 42 bar
B simulation, mech1
10° = ——emme simulation, mech2 ”
10? =
) i
E 10}
-0-45’ ;
10° |
107 |
10'21\|I|‘/|||‘|\‘|||||w||:||\ww|.w»||\1
0.7 038 0.9 1 11 12 13
1000/ T[1/K]

Figure 2.33: Modeled and experimental ignition delay times febutanol, (i=1, P=4
MPa. Adopted fron{247].
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Figure 2.34: Pressure dependence of experimental ignition delay timestatanol, G=1.

The dashed lines represent high temperature Arrhenius behaviour. Adoptd@46im

Zhu et al[245] also studiedn-butanol auteignition behaviour in a shock tube using both
conventional operation and constraimeactionvolume method (CRV) at pregres of

20 and 40atmat temperatures of 716121 K andat equivalence ratios of 0.5, 1.0, and
2.0. The authors demonstrated that ignition delay times with strorgniiren pressure

in conventional operation were substantially shorter compared to thgisg CRV
strategy (se€igure 2.35). Their reported ignition delay measurements did not show NTC
behaviour at the conditions of thetudy. However, their CRV results did not cover the
temperature range at which Vranckx et [@46] simulations showed NTC behawo
(770-820 K) at a pressure of 20 atm. Therefore, the NTC behaviour of this alcohol is still

not well established and controversy exists between different research groups.
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Figure 2.35. Comparisons of ignbon delay time measurements using conventional
method and CRYV strategy ofbutanol, (i=1, P=20 atm. Adopted fronfi245].

Karwat et al [249] reported the speciation data orheptane and-butanol blends at

700K and at 9 atm, stoidmetric conditons and at two blend ratios, 80%/20% and
50%/50% by mole oh-heptane anch-butanol, respectively. They showed that ignition
delay times increase with tlrebutanol concentration. The main limitation of their study

was that only one tempeua¢ was tested. A much wider study on ignition delay times

for n-butanolh-heptane fuel was presented by Yang ef2&ll], who measured ignition

delay times in an RCM in the temperature range-830K and pressures of 1.5, 2.0 and

3.0 MPa, at blending ratios of 20%, 40% and 60% in moles-tmitanol inn-heptane.

They confrmed that ignition delay times distinctively increase with ribeutanol

concentration in the blend as ilustrated Figure 2.36. Results demonstrated clear two

stage ignition behaviour with a characteristic NTC at the lower temperatures, which

disappeared as temperature increased resulting in astiaged ignition. This suggests

that the low temperature chain branchif@gttpropagates the first stage of agtotion

curtails at higher

investigation[230] of n-butanolh-heptane blends in an RCM at different blending ratios.

temperatur es.

Thi s

Results showed consistency with their previous stigil]. Only 50% n-butanolh-

heptane blend ignition delayriés exhibited marginally longer values than théo@lend,

thus the notinear correlation between the blend ratio and ignition delay time can be

speculated at this temperature range.
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Figure 2.36: Ignition delay times for pur@-heptane and 20%, 40% and 60% (in mole
fractions) n-butanol/ n-heptane blends &=2 MPa,(=1. Adopted from[251].

Kumar et al.[40] studied the influence on ignition delay timesnelbutanol addition ta-

heptane andso-octane at temperatures of 6239K and pressures of 2 MPa using the
RCM. They found than-butanol addition ta-heptanedecrease the overall reactivity
exhibited by increased ignition delay times, as demonstrateBigumre 2.37 (a). An

addition ofn-butanol toiscoct ane gave shorter ignition delay
as $own inFigure 2.37 (b). Forn-heptane blends, results for both first and secsiade

ignition delay showed positive correlations between ignition delay timesn-dndanol
concentration, while, foriso-octane blads, the secondtage ignition delay times
decreased with the increasenibutanol concentration. This suggests possiblelinemr
behaviour since one stage can change at a faster rate compared to another with respect to
n-butanol blend. They also compdrthe improved detail kinetic mechanism against the
measurements of ignition delay times, which reasonably well predicted the general trend.

However, it failed to predict the trend for thebutanoliso-octane mixture.
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Figure 2.37: Ignition delay times for ag-butanol/ n-heptane blends and butanolfso-
octane blends &=2 MPa,(i=0.4. Adopted from[40].

In contrast, AlRamadan et 3] investigated mixed butanol (68.8% ofb2tanol and

31.2% oftert-butanol by volume) at 10%nd 20% volume addition to two different TRF

fuels in a shock tube at pressures of BPa and temperatures of 802Q00 K. They
showed that additon of mixed butanol isomers to TRFs can either reduce or raise the
reactivity, depending on the temperaturengea Below 850 K, the ignition delay times
increased in magnitude, whie above this temperature the additiorbwfnol caused a
decrease in the ignition delay times. This crogsr temperature varied slightly between

the TRFs, with one laying around @X and another around 870 K (segure 2.38).

Also they developed a new chemical kinetic model that demonstrated a good agreement
with experimental data. It showed that addition of mixed butanol isomers at T020%n
blending ratios to pure toluene always speeds up the reactions, whie the addition to pure
iso-octane shows the same trend as addition to TRFs where crossover occurred at 770 K.
Figure 2.39 (a) ilustrates tht additon of mixed butanol isomers to pure toluene reduces
the reactivity of the system resulting in shorter ignition delay times. On the other hand,
from Figure 2.39 (b) it can be seen that below 770 K an aolditof mixed butanol isomers

to iso-octane increases the fuel mixture resistance toigniton, whereas below this
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temperature the mixturebds behaviour i s
an octane enhancer below 770 K and as an octéanelee above 770 K.
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Figure 2.38: Modelled ignition delay times pure and mixed butanol isomers (68.8% of 2
butanol and 31.2% dfert-butanol by volume) with toluene reverence fuel mixtures at
P=2 MPa,(=1, a) TPRFA and b) TPRFB. Adopted from[43].
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Agbro et al41] studied the influence of-butanol at 2@ by volume mixed with
reference gasolne/ TRF on ignition delay times in an RCM at a pressure of 2 MPa and in
the temperature range 6888 K. The igriion delay times were shown to lie between the
trends of the unblended fuels as ilustratedFigure 2.40. Results concluded that-H
abstraction by OH fronm-butanol appeared to be key in predicting the effectiesiding

and highlighted the importance of collecting accurate site specific abstraction rates from
U a n dsitenAlso they suggested that further studies with a wider range of blending ratios
are required to explore potential rlearity in the antknock behaviour ofn-
butanol/TRF andr-butanol/gasoline blends. This study was extended to complementary
chemical kinetic modeling and experimental study on impach-bétanol blending at

the same 20% concentration on aigtion and knock characteristiosf gasoline under
conditons of a strongly supercharged Sl engine in Agbro ef4a]. Their results
emphasised the importance of the chemical model to adguraépresent low
temperature heat release chemistry in order to accurately model overall knock onset and
analyse combustion phenomenon in the engine. They showech-thaanol addition
suppresses the NTC behaviour compared to TRF and has an inhibitiagt iompthe cool

flame heat release of TRF due to scavenging OH radicals, but it disappears at higher spark

advance where the end gas temperature is higher.
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Figure 2.40: Measured ignition delay times for gasoline and b) TRF on blending with
n-butanol by volume.P=2 MPa,(i=1. Adopted from[41].

It can be seen from the literagu review, despite this recent progress, there is a clear need
for further experimental and numerical studiesnelputanol addition to gasoline and its

surrogate mixture to understand the underlying chemistry controlingigmiion and
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related phenomemp especially for high pressure and low temperature environments.
Also, direct comparisons of the experimental ignition delay times usig
butanol/surrogate blends with those predicted by the corresponding chemical reaction
mechanism would help to evaleathe fidelity of the surrogate model, as wel as provide
valuable information for the model refinement. Therefore, changes on thégratiton
behaviour caused by progressive additiom-tdutanol with commercial gasoline and its

surrogate mixture haveebn studied as part of this PhD project, presented in Chapter 5.
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3. Experimental, Modelling and Analysis Procedures

3.1 Overall methodology

Environment al concerns endorse a search
transportation sector. Blending tkealternative fuels requires a detailed understanding

of their combustion behaviour for their effective use within conventional and advanced
engine technologies. Advanced technology development is currently constrained by
inhomogeneous and abnormal combustbehaviours, such as knock aswuperknock.
Therefore, this dissertaton aims to provide a better understanding ofgrtimn
phenomena and conditons that drive these processes. It also investigates the effects of
the addttion of an alcohol fuel gasolne and its representative surrogate mixture on key
fundamental propertiesuch as ignition delay time, heat release rate and excitation time.
Thi s I's crucial for new fuelsd safe, opt
advanced combustiomechnologies. Furthermore, the fuel chemistry that drives these
abnormal combustion processes is studied, a deeper understanding of which can be used
to improve modern combustion strategies using conventional or alternative fuels to attain

higher efficiecy and lower emissions.

In this work, such understanding is achieved through experimental and detailed chemical
modeling work with accompanying theoretical analysis. Ignition delay times are
commonly used to assess engine knock. For the experimental mtesgnted in this
thesis, the University of Leeds rapid compression machine (RCM) was employed.
Section 3.2 presents an overview of this experimental apparatus and details the
experimental procedure employed réne Ignition delay time measurements were
performed at low temperature, high pressure conditons relevant to advanced combustion
strategies. This enabled a study on the effects of addition of an alcohol fuel constituent,
n-butanol, to a conventional fuelgasoline, on aut@nition response. The acquired
experimental data not only provided an opportunty to study the-ignt@ n
performance of fuels but also offered the basis and targets for detailed chemical kinetics

model validation and performance ass®ent.

A wel valdated kinetc model offers the means for accurate simulations of reacting
systems under conditions that may not be possible otherwise, as wel as insights into the
effect of fuel composition on combustion processes suchignkmn. Through chemical

kinetic modeling work, the performance of a detailed kinetc mechanism was intially
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assessed against experimental results. Owing to the chemical complexities associated
with modeling a real gasolne due to the large number of hydrocadoomponents
involved, it is common to use a representative gasoline surrogate which mimics the
important properties of the studied fuel. Hence, here theigniton behaviour of a
representative gasoline surrogate mixture was also investigated, as \pelfarmance
in replicating autagnition behaviour when blended withbutanol at different blending

ratios. The computational methodology employed in this work is explained in S&@&ion

As introduced in Section?.1.12 and 2.1.13 auteignition phenomena can result in
different autoignition modes, including developing detonations. Thereftine, ignition
behaviour in the RCM was further analysed and characterised tigngletonation
peninsula framework proposed by Bradley et al. anavarkers[91, 96] within which
detonations could develop. Details onthe methodology used are provided in Segtfion
Severe detonations are linked to intense heat release ratep dxuritation times which

are short enough to reinforce the pressure wave. Therefore, excitation times were
modelled to enable assessment of the fuels and conditons studied in terms of the

detonation peninsula.

On the other hand, low temperature heatasse LTHR, is also vital in describing auto
igntion phenomena, whereas high temperature heat release, HTHR, is a critical parameter
in determining the excitation time, and subsequently the uncontrolledigatiimn during

active igntion processes, elkgock, preignition, detonation and sup&nock. In order

to faciitate a study on heat release, analyses on preliminary exothermicity as wel as the
main hot ignition were performed. This has been achieved through the methodology
proposed by Goldsborouglet al. [252], which is based on the energy conservation
equation and adiabatic core assumptions. Details on this approach are provided in
Section3.4.1

Finally, through the use diruteforce sensitivity analysis, the chemistry controling the
autoignition processes, heat release rates, HRRs and excitation times was investigated to

determine the main reactions which influentiefe and HHRs aselected conditions.

3.2 Apparatus and experimental methods

Ignition delay measurements were performed in the Leeds RCM, which is used to
simulate an ideal single compression stroke of an internal combustion engine. An RCM

is designed to enable the study dfaignition phenomena in a more ideal, constant and
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controllable environment compared to that in a reciprocating engine.-ighition is
achieved by rapidly compressing afo&idiser mixture by a piston assembly to a higher
temperature and pressure. Tigactor piston is brought to rest and fixed at the end of
compression. A detailed description of the University of Leeds RCM used in the
experimental study can be found in previous lterat[#®, 78, 28] and only a brief

description is gven here.

3.2.1 University of Leeds RCM

The University of Leeds RCM was originally developed in 1968 at Shell Thornton
Research Centre, then commissioned by Prof. J. Grifiiths from the Chemistry Department
atthe Universityof Leeds in the 197006s and | ater t
Engineering at Leeds. The apparatus is based on one half of a dual opposed,
pneumatically driven and hydraulically damped piston design, where the twin piston is
simultaneously trigered to decrease the compression time and achieve mechanical
balance, as originally proposed by Affieck and Thorf#&4]. The Affeck and Thoms

[254] design has been significantly improved in terms of higher -pasipression
pressure, damping characteristics, and data acquisttiothe &iniversity of Leeds. The
operating parameters of this RCM are givernTable 3.1, whie a labelled photograph of

its setup along with its schematic diagram are providdeigure 3.1.

Table 3.1: A summary of operating parameters for the University of Leeds Rapid

Compression Machine. Source: RCM Experimental Protocol and Matgi&po

Operating Parameter Value
Maximum pneumatic driving pressure 2.0 MPa
Maximum hydraulic locking pressure 5.0 MPa
Maximum mixing chamber pressure 0.4 MPa (absolute)
Maximum post compression pressure 2.7 MPa
Maximum intial combustion chamber pressure 0.15 MPa
Maximum inttial combustion chamber temperature 473 K
Temperature at the end of compression range 600-1000 K
Compression ratio used 111
Compression time 20 ns
Laser measurement range 30 mm
Average piston speed 12.7 m/s
Piston Radius 23 mm
Cyiinder Volume 412.3 mm
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Figure 3.1: a) Labelled photograph of the University of Leeds RCM b) Schematic diagram
of the University of Leeds RCM.

The University of Leeds RCM consists of four main sections, namely a pneumatic driving
reservoir, a hydraulic locking and damping section, a combustion chamber and a mixing
chamber. To constrain major heat losses and limit cenadxe reactivity before the end

of compression, the reactor piston has to travel extremely quickly. This is accomplished
by driving a piston pneumatically by compressed air from the driving reservoir. For the

present setup, the reservoir is able to maragessures up to 2 MPa, but in practice a
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driving pressure of 1.32 MPa was used. The higher pressures can exceed the piston

holding force and cause the piston to misfire.

Another key feature ofthe Leeds RCM is the hydraulic locking and damping mechanism,
which is used to hold the piston in place before firing, as wel as to decelerate and stop
the piston by controled venting of hydraulic oi. The piston is decelerated using a
stopping ring and groove mechanism, where a small amount of pressurisedapipédt
between the damping ring and groove. The created pressure in the hydraulic oil acts as
the kinetic energy transfer from the traveling piston rod and ensures a fast and uniform
deceleration of the piston at the end of compression. This is reqairethiimise the
vibrations and changes in the volume of the reactor which can dramatically deteriorate

the quality of the acquired data and potentially damage the equipment.

The combustion chamber of the University of Leeds RCM is designed to withstaimd hig
pressures and temperatures formed during combustion. The end plug of the combustion
chamber has a cartridge type heating element, whereas the pipework feeding the mixture
from the mixing chamber to the cyinder has a sswnductive wire heating element,
under dense insulation to faciitate a uniform temperature distribution. Also to ensure
temperature uniformity and homogeneity of the mixture, the liquid fuel is/aperised

and blended with oxidiser and inert gases in the mixing chamber beforeviesydéd the
combustion chamber. This increases the performance of the apparatus and improves the

control over the mixture preparation procedure.

There are other instruments and apparatus incorporated in the rig to enable the control
and measurement of vaws parameters. The temperatures of the mixing chamber,
combustion chamber, mixture feeding pipelines and combustion chamber inlet line are
controlled separately by a proportional integral derivative temperature unit and measured
by K-type thermocouples. hB is incorporated to ensure that the-fuetiser mixture
remains vaporised and as homogeneous as possible throughout the experiment. Also it
stops the accumulation of potential condensation within the pipework, which can impair
the accuracy of data. &hpressure changes during the operation of the RCM in the
combustion chamber are measured by a Kistler 6045A dynamic pressure transducer,
whie the pressure of the mixing chamber is measured by a Duck static pressure
transducer. A Keyence L¥532 linear diplacement laser is employed to measure the
movement of the piston within a 30 mm distance of the compression stroke, to faciitate

monitoring the damping characteristic of the apparatus and piston rebound:1Two
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analogue signals for piston linear digg@eent and dynamic pressure transducer are
processed by a National Instruments data acquisition card, NBPIT), whereas a
LabView virtual instrument (VI) interprets these signals and graphically displays and
records both the presstiime histories angbiston displacement at a sampling frequency
up to 50 kHz.

This design of the RCM defines the performance of the machine and ensures quite reliable
data acquisttion, however there are some limitations in the current setup. Despite the fact
that the pneuatically driven piston of the University of Leeds RCM travels fairly fast at
average speed of 12.7 m/s, the compression is stil not instantaneous and heat losses are
inevitable, making the pressure and temperature at the end of compression lower than
predcted by the adiabatic assumption. This is a limiting factor for the RCM, especially

for measuring long igntion delay times (above 120 ms), where the accuracy of the
acquired data wil be compromised due to the onset of chemical reactions and non
uniformity within temperatures and pressures at the end of compression during the delay

time. This can even prevent mixtures from igniting in some d@sés
3.2.2 Experimental procedure

3.2.2.1 Mixture preparation

Each test charge is made up in batch quantities in a separate preheated stainless steel tank
with a volume of 1.7671 x 1®m? and a maximum working pressure of 0.5 MPa. This

can typically povide the capacity for 125 subsequent mixture runs for experimentation,
dependant on fuel mixture, equivalence ratio, temperature and the initial pressure

conditons within both the combustion and mixing chambers.

The mixture tank was intially evacemt and heated to a target temperature for a
minimum of 2 hours to ensure temperature uniformity. Prior to mixture preparation, the
tank was purged with laboratory air and then dry air up to 0.2 MPa pressure and evacuated
to less than 0.002 MPa. This progegas repeated several times to ensure there was less
than 0.01% residual gas from previous experiments. This procedure was required in order
to prevent any potential mixture contamination. Liquid fuels were then injected into the
vessel using syringes v@agas chromatograph valve with kdeck fittings so that no air
entered the mixing chamber and the pressure was allowed to equilbrate. A different
syringe and needle was used for each liquid fuel to allow optimum volume and precision,

as well as to minhise crosscontamination of fuels.
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The temperature within the mixing chamber and volume of injected liquid fuel was pre
determined by measurements of the relative partial pressure of each mixture component.
To enable complete vaporisation of the fuel, @swensured that the partial pressure of
each major component was less than its saturation pressure corresponding to the set initial
preheat temperature. Once the liquid fuel was injected, the partial pressure of each
mixture component was recorded, andicgjty found to be within +/0.0001 MPa of

that predicted by partial calculations. Then the gaseous components, comprising typically
21% Oz and a 7% composite of varying proportions of inert components, @O;, Ar)

were carefully administered into thaximg chamber using high precision needle valves.

The initial temperature, pressure and composition of diuent gase<(Qd, Ar) were
adjusted to vary the compressed temperatlieg of the premixed fuel and oxidiser gas
mixture at a constant compressgssure. This enabled the achievement of a range of
compressed gas temperatures (678l6 K ) with a fixed compression ratio of the
apparatus, CR=11:1, owing to associated variations of speciic heats, thermal
conductivities and diffusivities of assoedt inert gases, hence variations in overall heat

capacities of the test mixtures. This is further discussed in S&:fiod

Following the addition of each gaseous constituent, the temperature and predkere of
test charge was left to equiibrate for approximately 3 minutes prior to recording the
pressure and addition of the next gaseous portion. Then the test charge was left to mix
diffusively for a minimum of 45 minutes before use in order to promote cotenple
evaporation and homogeneity. No apparent change in ignition delay time measureme nts
for the studied conditions was observed when this waitting time was extendedl.50 1
hours. However, for lower initial pressures, intial temperatures or less voladils, f

longer mixing times might be required to ensure full evaporation and homogenetty.

3.2.2.2 Operating technique

Prior to any operation of the RCM, a check was made to ensure that the piston was reset
to its start of compression position. Also the combustiommtler was inspected to ensure

that there were no soot buid ups which could be removed with acetone. Consistent with
the mixture preparation procedure described above, the combustion chamber and its
delvery pipelines were sufficiently heated to their gtedmined inttial precompression

temperature for at least 2 hours to allow temperature to equilibrate.

The combustion chamber was then evacuated to 0.002 MPa and purged of any potential

exhaust gas residuals from previous experiments several timeshthfitiog it with
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initially laboratory air and then dry air to 0.2 MPa. This ensured that any gaseous residuals
were less than 0.1%. The transfer lines were similarly purged and evacuated before
starting the series of experiments. The required quantittheopreheated test mixture

was then slowly metered to the targeted initial pressure from the mixing chamber into the
combustion chamber via a high precision needle valve. This quantity was calculated based
on partial pressures. Both the mixing chamber #edcombustion chamber were then
closed and the test charge was left to equilibrate for approximately 3 minutes to promote
mixture homogeneity and uniformity. Then the piston was hydraulically locked under the
maximum safe working pressure of 0.4 MPagausihe hydraulic hand pump. Next the
driving reservoir was flled with laboratory compressed air, imited to 0.7 MPa line

pressure, and then with dry cylinder air up to the pressure of 1.36 MPa.

Once the mixture in the combustion chamber was stabilisatdi oraoe the pressure of the
hydraulic system and driving reservoir dropped to 0.4 MPa and 1.32 MPa, respectively,
the RCM was triggered to intiate the rapid compression of the test charge via the firing
button. This button was electrically connected todbienoid valve in the hydraulic oil
chamber. The triggering was attained by venting the hydraulic oil back into the hand
pump, which subsequently broke the force balance and caused the driving force to exceed

the hydraulic oil holding force.

After firing, all the collected and recorded data of the predsuee histories and piston

displacement data was saved to afile. The combustion product gases were then evacuated
to the main exhaust line and the piston was reset via pressurising the combustion chamber
with laboratory air. The combustion chamber was then purged and evacuated as described

above in order to prepare the apparatus for the subsequent test runs.

3.2.3 Calculating the final compression temperature and pressure

Direct measurement of temperature in NRCis challenging and there are uncertainties
involved contributing to errors in estimating the true temperature at the end of
compression Tc). Any internal temperature probe can promote complex aerodynamic
effects within the combustion chamber that woudlflect the adiabatic core region
assumption. Moreover, due to repeated extreme conditons inside the combustion
chamber during the aufgnition event, it is questionable whether a temperature probe
with sufficient response rate would have the requireattsiral integrity to withstand such
adverse conditions. Onthe other hand, optical temperature measurements are found to be

subjected to timely calibration issues due to RCM vibration. Therefore, to estimate the
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compression temperature, the adiabatic typothesis, proposed by Mittal et f255],
and proven by a number of RCM researchers, was adopted teraairectly deduce

temperature measurements from the experimental pressure traces.

This hypothesis assumes an ideal core gas region where there is no heat exchange with
surrounding areas such as chamber walls or heat loss during the compressiorsstroke,
that it has temperature uniformity. Despite compression processes not being completely
adiabatic, this core gas region is considered to be compressed isentropically. For
isentropic compression the relationship between temperature and pressure ie@xpress

as:

p QY . o, (31)
— — 1 1I0Y
r p Y

where Tagis adiabatic temperaturd; the intial mixture temperature before compression
begins, CR the volumetric (geometric) compressi ratio ando the timevarying,

temperature dependent ratio of specific heat capacities.

However, as discussed earlier, compression in the RCM is not truly adiabatic owing to
heat loss across the gas core. The actual experimental temperatures anespatsbar

end of compression are systematically lower than those predicted for isentropic
compression. To account for the heat transfer to the wall during compression, Desgroux
et al. [256] and Griffiths et al[257] have demonstrated that tt is reasonable to assume an
isentropically compressed cagas region with the effective compression ratio. Based on
the adiabatic core hypothesis, the temperature at the end of compreksi@man be
estimated by incorporating the actual pressure at the end of comprd3siavhich is
experimentally measured gy pressure transducer. Hence, using this hypoth&sis

computed using the equation:

p Y (3.2

iTG
Fop 0

Q"
oy
where Pi is the intial pressure and the atheriables are the same adHguation (3.1).

The discrepancy between the calculateoand Taqfor truly adiabatic conditons reveals

the extent to which the compression deviates from the truly isentropic[2&&je Snce

for the current experimental setup the CR is fixed at 11:1, the required pressure at the end

of compression of 2.0 MPa and a range of the studied end of compression temperatures
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was attained by varying the intial pressuR, initial temperature,Ti, and specific heat
ratio, 0 of the mixtures. Variations in the specific heat ratio were obtained by changing
the type of diuent with the individual specific heats of the constituelts GO, Ar)
and/or their corresponding concentrations in the inii@ture composition.

Variations in the diuent gas compositon impose different chemical kinetic effects on
ignition behaviour. This in turn can altéie heat loss profiesof different test mixtures

due to differences in their thermal diffusivitie58]. Generally, species with high
thermal diffusivities exhibit more significant heat losses. Sung and Cja&%&jshowed

that reductios in postcompression pressure, temperature and associated heat losses are
more significant in experiments for Ar, whereas eéXhibited compression more similar

to a truly isentropic compression. Wagn@2b9] demonstrated that the diuent gas
composition hasan especially significant effect on the total ignition delay time in the
NTC region, with Ar decreasing and @@creasing ignition delays compared ta. N
Nevertheless, in the case of the fg&ige ignition delay times, the compostion of the
diuent gases had less profound effects on ignition delay times relative. Wagnon

[259] aloo showed that the effects of diuent gas composition on heat release are amplified
at shorter ignition delays, higher pressures or higher levels of dilution. At these conditions
threebody reactions (e.g. 4@2> decomposition) and their corresponding culis
eficiencies haveamore substantial impact on overall igntion delay times. Igntion delay
times are also affected by the uncertainties in the colision eficiencies of various diuent
gases. Therefore, particular care must be taken when analysm@cdatred in the NTC
region from different experimental facilitie@hat may have used different diuent gakses

In the present study, the precise diuent gas and mixture compositon was modeled.
Different chemical effects were treated in the modeludiinotheir differing assumed third
body efficiencies. Molar fractions of the mixture composition at each tested condition are
provided inTable 3.5 to Table 3.7.

The themodynamic data required for the adiabatic compression calculations were
obtained from[260]. The molar het capacity at constant pressu@)(in Jmoi'K-! was

estimated from:

6 f O/ OFY oOnY oY (33)
where cpa, Cpb, Cpx, Cpd and cpe are regression coefficients for chemical constituents of

the mixture from [260]. The regression coefficientps, for a test charge was determined
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by performing a weighted sum of tlepa values of each individual constituent based on

the blend fraction for each of the chemicals in the blend. Hence, each regression
coefficient for the test charge was estimated in turn, and then applied in Eq@ajoto
determine the total molar heat capacity of the test charge at constant pressure. Then the

molar heat capacities at constant voluni) (vere estimated:
o] o] Y (3.4)

where Ris the universal gas constant, of value 8.3143 Jkél

The pressure rise was then estimated over incremental steps of 1 mm using the following

equation:

where Pn+1 andPn are the corresponding pressure at the end and start of each incremental
rise in the piston positionn, respectively. The initial pressur®, prior to compression is
equal to zero,Pn=0, and was estimated from partial pressuref the fueloxidiser
individual constituents. WhereaSR, is the compression ratio at the start of the each
incremental rise given by:

W

0'Y T L (3:6)
w L a

where Vi is the inttial volume of the chambel, is overall distance travelled by piston

after each incremental rise.

Since the maximum digtae that the piston can travel is 230 mm for the University of
Leeds RCM configuration, the pressure was calculated for each incremental rise, where
its final position corresponded to the compression predRurSimiarly, the transient
temperature duringhe piston compression was estimated for each incremental rise, where

the final piston position represents the end of compression tempefature

S — (3.7)
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3.2.4 Expermental conditions

Auto-ignition measurements were conducted for 10%, 40% and 85% by liquid volume of
n-butanol mixed withgasoline or the surrogate fuel for temperatures of&IMBK at 2

MPa pressure and an equivalence rdiipaof 1. Initial conditions were chosen based on
their applicability to ICE operating conditions, previous experimental RCM data,
operating parameterand the design of the University of Leeds RCM. The motivation
behind the study af-butanol/TRF blends was detailed in previous Chapters along with
the reasons for choosing this particular TRF surrogate compositon. The reference
gasoline, iso-octane (UN262), n-heptane (UN1206) and toluene (UN1294) were
supplied by Shell Global Solutions, and high puntybutanol by Fischer Scientific.
Details on the composition and properties of the reference gasoline and surrogate mixture
are provided inrable 3.2. Note, the gasoline contains the oxygenated compound (ethanol)
while the TRF does nofThe composition oh-butanol/TRF blends based on volumetric
and molar fraction percentages of individual fuel components and the&sponding
properties are outlined ihable 3.3 and Table 3.4, respectively. The fueloxidiser/dilue nt
composttions expressed in molar fractions along with the expeainemitial
thermodynamic conditons and target temperature at the end of comprégsjbased

on Equation(3.7)), are presented ifable 3.5 - Table 3.7.

Table 3.2: Summary of the compositon and combustion characteristics of the reference
gasoline and formulated Toluene Reference Fuel (TRF) surrggble

Gasolne Component PR5801 TRF TRF TRF
(vol%) Component (vol%6) (mole%)

Paraffins 47.1 Iso-octane 65.6F 57.50
N-heptane 11.40 11.29

Olefins 7.R

Naphthenes 8.2

Aromatics 26.02 Toluene 22.97 31.29

Oxygenated (ethanol) 4.72

RON 952 (+0.6) 95

MON 86.6*(x0.8) 89.8

H/C 1.934 1.934

S=RON-MON 8.4 5.2

AKI=(RON-MON)/2 90.8 92.4

&/alues are taken from analysis Shgipliétbhay Solutions.
b/alues are calculated based on a linear blending law and conipabl@dt propert
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Table 3.3: Estimated volumetric and molar fractiéhsof n-butanol/TRF blends for 10%,
40% and 85% by liquid volume ofbutanol mixed with the surrogate fuel, referred to as
B10, B20, B40 and B85 rpectively here.

Mixture B10 B40 B85

Component

% mole % vol % mole % vol % mole % vol

N-butanol  14.90 10.00 51.23 40.00 89.93 85.00

Toluene 26.37 20.67 15.11 13.78 3.12 3.44
Iso-octane 49.25 59.07 28.22 39.38 5.83 19.85
N-heptane 9.48 10.26 5.44 6.84 1.12 1.71

Table 3.4: Properties of individual mixture constituents used in this work ffé&) 156,
261]

Mixture RON MON Molar weight Density at 298K Lower heating
Component (g/mol) (kg/n?) value kJ/kg)
N-butanol 96 78 74.12 810 33100
Toluene 120 103.5 92.1 867 40589
Iso-octane 100 100 114.2 692 44310
N-heptane O 0 100.2 684 44566
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Table 3.5: Summary of 10% vah-butanol blend in TRF compositien(mole fractions) and their initial and compressed conditions.

10% voln-butanol

Mixture  Pi(MPa) T, (K) Ecq(u?til;??g 7) N-butanol Toluene  Iso-octane N-heptane 0O, N> CGO, Ar
1 0.0870 353 678 0.00292 0.00517 0.00966 0.00186 0.20530 0.30306 0.47202
2 0.0840 353 702 0.00292 0.00518 0.00967 0.00186 0.20545 0.42949 0.34542
3 0.0745 323 727 0.00293 0.00519 0.00968 0.00187 0.20583 0.74099 0.03352
4 0.0737 327 745 0.00293 0.00519 0.00969 0.00187 0.20587 0.77446
5 0.0741 338 765 0.00293 0.00519 0.00969 0.00187 0.20587 0.77446
6 0.0746 347 782 0.00293 0.00519 0.00969 0.00187 0.20587 0.77446
7 0.0734 353 809 0.00293 0.00519 0.00969 0.00187 0.20587 0.69604 0.07842
8 0.0718 353 831 0.00293 0.00519 0.00969 0.00187 0.20587 0.59310 0.18136
9 0.0700 353 855 0.00293 0.00519 0.00969 0.00187 0.20587 0.49507 0.27939
10 0.0657 353 916 0.00293 0.00519 0.00969 0.00187 0.20587 0.28136 0.49310
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Table 3.6: Sumnary of 40% voln-butanol blend in TRF compositions (mole fractions) and their initial and compressed conditions.

40% voln-butanol

Mixture P (MPa) T, (k) -IE-Cq(u};)til;:?g 7) N-butanol ~ Toluene Iso-octane N-heptane O, N2 CO, Ar
1 0.0870 353 678 0.01223 0.00361 0.00674 0.00130 0.20442 0.31150 0.46021
2 0.0840 353 702 0.01224 0.00361 0.00675 0.00130 0.20457 0.43837 0.33316
3 0.0745 323 27 0.01227 0.00362 0.00676 0.00130 0.20494 0.74854 0.02258
4 0.0740 329 745 0.01227 0.00362 0.00676 0.00130 0.20497 0.77108
5 0.0745 340 765 0.01227 0.00362 0.00676 0.00130 0.20497 0.77108
6 0.0748 349 782 0.01227 0.00362 0.00676 0.00130 0.20497 0.77108
7 0.0735 353 809 0.01227 0.00362 0.00676 0.00130 0.20497 0.67348 0.09760
8 0.0718 353 831 0.01227 0.00362 0.00676 0.00130 0.20497 0.57100 0.20009
9 0.0700 353 855 0.01227 0.00362 0.00676 0.00130 0.20497 0.47144 0.29964
10 0.0657 353 916 0.01227 0.00362 0.00676 0.00130 0.20497 0.25866 0.51242
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Table 3.7: Summary of 85% vah-butanol blend in TRF compositions (mole fractions) and their initial and compressed conditions.

85% voln-butanol

Mixture P (MPa) T (k) Ecqﬂ;)t;??g 70 N-butanol  Toluene  lIso-octane N-heptane O, N> CO, Ar
1 0.0870 353 678 0.02795 0.00097 0.00181 0.00035 0.20293 0.32372 0.44227
2 0.0840 353 702 0.02797 0.00097 0.00181 0.00035 0.20308 0.44968 0.31614
3 0.0747 324 27 0.02802 0.00097 0.00182 0.00035 0.20344 0.75565 0.00974
4 0.0747 332 745 0.02802 0.00097 0.00182 0.00035 0.20345 0.76538
5 00752 343 765 0.02802 0.00097 0.00182 0.00035 0.20345 0.76538
6 0.0756 352 782 0.02802 0.00097 0.00182 0.00035 0.20345 0.76538
7 0.0735 353 809 0.2802 0.00097 0.00182 0.00035 0.20346 0.63459 0.13079
8 0.0718 353 831 0.02802 0.00097 0.00182 0.00035 0.20346 0.53286 0.23252
9 0.0700 353 855 0.02802 0.00097 0.00182 0.00035 0.20346 0.43404 0.33134
10 0.0658 353 916 0.02803 0.00097 0.00182 0.00035 0.20346 0.21993 0.54545
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3.2.5 Measurement of auteignition delay times

The ignition delay is obtained by measuring the pressure changes in the combustion
chamber. From the start of compression, the presimge trace is monitored up to the

time when presse rapidly increases. At the end of compression the pressure stops
increasing reaching a local maximum, which indicates the end of compression. After a
short period of time a further rapid increase in pressure was observed for reactive mixtures,
indicating the auteignition of the fuelair mixture and the end of the ignition delay time.
Therefore, from the pressure traces, the total ignition delay fiys, defined as the time
difference between the point of ignition, where the maximum rate of presseras
observed (maxdP/df), and the end of the compression at top dead centre (TDC), where
the piston displacement is zero, as ilustratedFigure 3.2.
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Figure 3.2: Typical experimental pressure trace defining the ignition delay tidhe,
presented in this study. 40% wolbutanol blend with TRF af=831 K,P=2 MPa and

a=1.

Figure 3.3 depicts a representative RCM pressure trace ofstage autagnition
behaviour, where there are two noticeable pressure increases detected in -the post
compression process. The intial rise in pressure appears due to tHuxidieér
compression; the second and third rises correspond to drst secondtage ignition,
respectively. Twestage autagnition is characterised by a cool lame of LTHR preceding

the auteignition event, the hot stage ignition. Based on this, itkiestage ignition delay
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time, U, duration is defined as the time from the end of compression at TDC, to the local
maximum in the LTHR deduced from the experimental pressure trace as detaied in
Section3.4and corresponding to the locdP/dt maximum as shown ifrigure 3.3. The
subsequent time interval frotd to the hot ignition, where the maximudP/dtis evident,
is referred to as the secesthge ignition delay timel3. Hence, in the twastage gnition

processes examined in this thesis, the total ignition delay tinis,the sum of] and U.
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Figure 3.3: The definition of firststage ignition delayf1, secondstage ignition delayf»,

and toal ignition delay time,#, where EOC is the end of compression and HRR is the
heat release rate. 10% wolbutanol blend with TRF at=745 K,P=2 MPa andi=1.

Reported ignition delay times are the averages-6frdns made at each test condition

with a gandard deviation of less than 10% of the mean in every case, as an indication of
reproducibility. Moreover, both the firsand secongtage ignition delay times align very

well for all the repeated experiments as demonstrated later in this weidume 5.1. The

steep pressure rise at the end of the sestagk ignition or hot ignition essentially
implies the uniformity of the reacting mixture and homogenous ignition. Similar to Zhang
et al.[262], three pure dry air experiments were performed after each run, in order to limit
the effect of soot deposits, and to enable good repeatability. For each reactive experiment,
the corresponding, neatiyentical, nomreactive run was conducted by replgcithe
oxygen fraction in the test mixture with nitrogen whie maintaining the same mixture
concentration, since the thermal conductivity and the heat capacity of these two gases are

quite similar. The volume profies calculated from pressure traces abtairteese inert
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experiments were used for variable volume simulations to better account for heat losses
and any reactions taking place during compression. The compressed tempefiajures (
were taken as the reference for presenting ignition delay datayesadbtained using an
adiabatic core hypothesfgll], using the experimentally measured pressure at the end of
compression(Pc), as detailed in Sectio.2.3 Potential errors in the measured initial
pressure, the measured initial temperature and the measured compressed pressure, are
perhaps some of the major factors that contribute to the overall error or uncertainty in

calculated Te.

3.3 Computational framework

As discussed in Chapt@r chemical kinetic modeling has become an important approach

in the analysis of combustion systems and prediction of the different fuel behaviours
commonly used in fundamental robustion research. In this thesis computational work
was carried out using the CANTERA suite of software (version 2.4, f62g] with

Python 2.7 with supporting packages and assuming a closed;dizenasional
homogeneous batch reactamder either adiabatic constant volume or variable volume
conditons. A constant volume approach, where the effects of compression processes on
predictive capabiity of the autignition delay times are assumed to be negligible, was
used in the study of@thaneair auteignition processes, as detaied in ChagteBoth a
constant volume approach and a variable volume approach, which accounts for any heat
losses and any exand endethermicity prior to ignition, were applied in the study of the
autoignition behaviour ofn-butanol/TRF blends presented in Chapte and 6. This
enabled comparisons between these two approaches as discussed in5Seétlea the
relevance and vdlty of the constant volume approach, which is seen to be a more
computationally coseffective approach in complex simulations, was assessed. Details
on the computational framework used in these studies are provided in the following
sections, Sectiod.3.5and3.3.6

3.3.1 Constant volume simulations

A constant volume approach imitates an adiabatic chamber where the reactor physics,
associated facility effects due to the compression stroke, and heat lossebefroare

region to the walls of the reaction chamber are not considered. This approach assumes
that all reactions take place after the piston has reached its TDC position under a constant
volume environment through a homogenous reactor model. A homogemeaasor

model represents an RCM reaction chamber by employing a single zone with uniform
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conditons. The initial mixture composition is predetermined using the calculation
method described in Sectioh2.3 This is used to achieve the desired thermodynamic
conditions at the end of compressionTeind Pc. These values are then used in constant
volume simulations to predict ignition delay times at each conditon without simulating

the compression sike and considering the system as adiabatic.

3.3.2 Variable volume simulations

Whie an ultimate goal is to have an RCM design as close as possible to an ideal
homogeneous reactor, and there are numerous precautions taken to conduct
measurements in a homogengoreaction environment, there are stil noeal effects

that require treatment from a computational modelling standpoint. Therefore, to account

for faciity effects, including heat losses to the chamber wals and heat release from

chemical reactions inhé RCM experiments during a piston compression stroke, a
variable volume approach with imposed specific
These volume histories are calculated from experimental pressure traces of the

representative nereactive expriments as detaied in Mittal and Sua$3].

In this approach, the modelled pressure is matched with experimental pressure at TDC,
based on the nereactive egeriments. For the compression phase, the effective volume
approach is a relationship that incorporates an additonal volume to the actual time
dependent geometric volume of the reaction chamber. This is called -defpeadent
neffective vr® das negod. Afterf TDQ i &ttainedo the volume expansion

is specified in terms of a polynomial fit to estimate effective volume according to the
adiabatic core assumption. Alternatively, the effective volume can be calculated based on
Equation (3.8) and reported in tabular format:

006 ~ (3.8)

where V(t) is the time varying effective volumeP(t) is the measured neeactive

pressurepi is the itial pressure andis the specific heat ratio.

Figure 3.4 shows that the experimentally measured pressure traces match precisely with
the computed pressutime histories using the variable volume approach fothb
reactive and noreactive cases. Here, an example for48&6 vol n-butanol blend with
TRF atT=831 K, P=2 MPa and(i=1 is provided. The pr@gnition heat loss between

reactive and nenonreactive mixtures, as well as between experimentally measured and
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computed profles were found to be nearly identical. This consistent behaviour between
experimental and computed, reactive and-meacttive mixtures was evident for all fuel
blends and thermodynamic conditions tested in this study. Therdf@eapproactof

using variable volume for simulating RCM experiments is computationally valdated and

is deemed as adequate for chemical kinetic analysis.

{sss=w» Reactive P trace (exp)

31 a Non-reactive P trace (exp)

) Reactive P trace (Var V sim)

1 © Non-reactive P trace (Var V sim)

Pressure (MPa)

Time (ms)

Figure 3.4: Comparisons of experimental reactive and-reactive pressure histories
with computed reactive and noeactive pressurme profles using a variable volume
approach for 40% vai-butanol blend with TRF at=831 K,P=2 MPa andi=1. Pressure

traces are algned at end of compression where time is zero.

The experimental nereactive pressure history can be immediately transformed into a
volume history using the mixture temperatdependent specific heat rato and the
isentropic core relations. Herein, a pytimsed sub programme acquired from the
GitHub account of WebgR64] was applied together with anlimuse Cantera RCM
code. The produced volume histories were employed in Cantera simulations at each time
step, during which the state of the RCM reactor is pssgd. While this methodology is

quite simple and produces a relatively accurate representation of experimental pressure
profiles, it doubles the number of tests required for the experimental work, as for every
chosen reactve run its equivalent seactve counterpart is required. Also,
computations using a variable volume approach require experimental input and as such
necessitate a longer modeling timeframe. For example, the computation for B10 at 727

K using a constant volume approach was 39.8 secdomts whereas the same

135



computation using a variable volume approt@mik 136.2 seconds to computdence, in

this case, a variable volume simulations was 3.4 times longer compared to constant
volume simulationsin case of B85 at 727 K, a variable volursenulation was 19.3 times

longer compared to the equivalent computations using a constant volume appitdach
respective values of 807.6 seconds and 41.8 seconds. Hence, the computations using a
variable volume approach are more computationally expensa@mpared to

computations using a constant volume approach.

3.3.3 Ignition delay time simulations

Consistent with the experiments, the computed based on variable volume approach
were defined as the time from the end of compression, determined frommexgatily
nonreactive runs, to the point of the maximum pressure derivative and reporfed at
determined from experimentally measurBel (Equation (3.7) as described earlier). For

the constant volume simulations, these were defined from the start of the simulations to
the maximum pressure derivative, and reported at comgutedsed on Equatiorf3.7).

Also similarly to experiments, the modelled fistage ignition delay times\, were
defined from the end of compression, determined from experimentallyeactive runs,

to the time of local maximum in the LTHR. The computed seatade ignition delays,

U, were defined as the induction time from the entll td the maximumdP/dt

3.3.4 Excitation time simulations

Following Lutz et al[36], the excitation timete, was defined athe time from the point

where the heat release rate was 5% of the maximum heat release rate to the instant where
that maximum value was attained. No experimental validation of the computed oflues

teis possible, as it is not possible to measure either compositional or temperature changes
on such a smal time scale. This implies a degree of uncertainty in the controlling
chemistry and its applications. To ensure high accuracy of the computedelbaae at

this lower bound, the value of the heat release was interpolated using cubic splines in time.

3.3.5 Modelling ignition delay times and excitation times for methane

The study of the autgnition of CHi/air detailed in Chapter 4 employed the Cantera
software tookit under the Python programming language theddetailed chemical

kinetic mechanismior CHs/air, Mech_56.54, of Burke et dlL86]. This is based on ¢h
AramcoMechl1.3 mechanisifi83]. Mech_56.54186]was developed in 2015, covering

113 species and 710 reactions. For convenience, for each set of conditions, the reactions

were numbered consecutively in order of increasing endothermicity. The mechanism has
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been broadly valdated against measurgsein fow reactors, jet stirred reactors, and
shock tubes for predictions of ignition delay times, burning velocities, and flame
speciations for pressureB, between 0.71 and 4.15 MPa over a range of temperailiyes,
between 600 and 1600 K, at valueseqtivalence ratio; , from 0.3 to 2.0186].

For comparison, the present simulationsziofere also performed with the widely used

GRI Mech3.0 mechanism[265], developed e#er in 1999. This comprises 325
elementary chemical reactions, with related reaction rate constants and thermodynamic
parameters of 53 species. GRI MechR65] has improved kinetics and broader target
data when compared to the earler versiaishis mechanism. It has been optimised
against CHs and natural gas flame speeds and shock tube measurements between 0.001
1.01 MPa and 106@500 K[266].

The simulations were zero dimensional, adiabatic, and at constant volume. The time steps
were adaptive, dependent upBrand T, with suficiently small time meshes of 1.0&7
-1.0 x 10%%sfor, #i, and of1.0 x 1027 1.0 x 10*s for ze, to ensure grid independent

solutions.

3.3.6 Modelling n-butanol/gasoline surrogate auteignition in the Leeds RCM
Simulations oft; for all fuels and conditons investigated in Chapters 5 and 6 were
conducted using Cantera for a sirgine, zeredimensional variable volume reactor
model with imposed specific volume histories determined from measured pressure traces
of the nonreactive counterparts to account for RCM facility effects such as heat losses
and reactions taking place during compressibionreacive experimental volume
profles of n-butanol/TRF blends are provided in the Supplementary MaterigdR6df .

The detailed chemicakinetic mechanism employed here comprises the LLNL gasoline
surrogate mechanism of Mehl et[d43] combined with ther-butanol scheme of Sarathy

et al.[57] with several updated rate constarfgstly, rates for the Habstraction fronm-
butarol by OH were updated according to the study of McGilen €R6éB]as used in

[41]. In addition, based on the sensitivity analysis conductddliy which highlighted

the importance of the reaction: phenoh42Holuene+OH, this rate has been updated
according to Seta et @69] which was the source of other toluene+OH rate coefficie nts
within the mechaism. The mechanisnhas been combined and has been updated by
Agbro [78]. It comprises 529 species and 4439 reactions and is provided in the

Supplementary Materials §267].
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For canparison, the computations ffand fe were also conducted using the upgraded
Politecnico di Milano (POLIMI) kinetic mechanisr{89], in which the low temperature
chemistry for alcohol fuels was recently updated. il global POLIMI mechanism
contains approximately 500 species and 20 000 reactions and has been extensively
validated for pure TRF constituents, specificathheptanejso-octane and toluene as well

as their blend§270-272]. The updated POLIMI mechanisi@9] employed in this study

uses a lumped description of the primary propagation reactions of larger species and
primary intermediateg273], alongside the structural andiegy and similarities within
different classes. This enabled maintaining a lower number of species within the kinetic
mechanism (459 species, 12 687 reactions). Cross reactions present in the POLIMI
scheme are not featured in the primary mechanism uséd istady, the KAUST/LLNL
mechanism.The importance of cross reactiondd&batableHence, the use of the POLIMI
scheme alowed a study of the effects of cross reaction additon and comparisons between
the two mechanisms as detailed in Seclon Moreover, this also enabled investigation

of te dependence on the mechanism, since as mentioned previously it is extremely
difficult to validate fe experimentally. Details on this study and its main findings are

provided in Sectior6.3.

3.3.7 Sensitivity analysis of chemical kinetic models

In order to explore and assess the chemistry controlling thegaition processes of the
fuels studied in this thesis, and to determine the main reactions that efféch iglelays,
excitation times and heat release rateste force local sensttivity analyses were carried

out.

3.3.7.1 Methane/air autaeignition

For the study of methane/air augmition discussed in Chaptdr brute force sensttivity
analyses were performed at four temperatures of 1000 K, 1200 K, 1500 K and 1800 K at
a pressure 0.1 MRand 700K, 1000K, 1200K and 150K at a pressure of 10 MPa for

ti andze. The Afactors ofall reactions were increased bya@om their nominal values

in a sequential manner, while all other parameters were held at their base values, and the
inluences on important reaction ignition delay times or excitation times were measured
by performing a new simulation for each parameter chaibe igntion delay time or

excitation time sensitivity to each reactiom the mechanism was estimated as:

v T (3.9)
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whereS is the sensitivity coefiicient atactioni, 3is the ignition delay time or excitation
time computed with the original kinetic scheme without any changesfaotévs, 71 is
the ignition delay or excitation time modeled when one of reaction ratfestors has
been perturbed.

Therefoe, a positiveS coefficient indicates the reaction which promotes reactvity thus
decreasingti or fe, whereas a negativg signifies a reaction which iyits reactivity thus
increasing ti or fe. The S values for each temperature and pressure wereatsgth by

the maximum value at each temperature and pressure, hence the reaction with the largest

effect on the predicted output target has a sensitivity index of 1.

3.3.7.2 n-butanol/TRF blends autagnition

For the study of 4#ibutanol/TRF autagnition detailedin Chapters5 and 6, bruteforce
sensttivity analyses were executed using predi¢tett, accumulated heat release, peak
low, intermediate and high temperature hedgase values as the target output for pure
n-butanol, TRF and their fuel blends testedi at1,P = 2 MPa and various temperatures
using constant volume simulations. Constant volume conditions were used in order to
achieve the shortest run times sitbeusands of simulations are required for a brute
force study where the sensitivity of the output to each reaction in the mechanism was
computed by increasing each reaction ratlactor by 50% forti, and 10% for all other
tested parameters from their rioah values in turn. These increases in reaction rate A
factor magnitudes were found to be sufficient to assess the effect of change of model
parameters in close proximity to its nominal value on model response. As shown in
Table 5.1to Table 5.3, Tcpredicted by adiabatic core relations and temperature dependent
mixture specific heat ratios, have uncertainties in temperature estimation of ~9 K
compared tdccalculated usm measured.. However, it was confrmed that the constant
volume simulations did not deviate significantly from those using variable volume
histories, with examples showfigure 5.19. The small differences were st to not

affect the sensitivities greatly.

Similarly to the methane/air aufgnition study, thet; fe, peak values of LRHR, ITHR,
HTHR and low temperature aHR sensitivity to each reaction in the kinetic mechanism
was calculated using Equatio(8.9), where S is the sensttivity coefficient,zo is the
parameter simulated with the original kinetic model arithe parameter computed when
one of reaction rates has been perturli@onsequently, a positiv& signifies a reaction

which decreases, fe, aHR and peak values of heat releasddist a negativeS signifies
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a reaction which increases, fe, aHR and peak values of heat releases. Again,Sthe
values for each blend were normalised by the maximum sensitivity at each temperature,

thus thereaction with the highest effect on the predictetas a sensttivity index of 1.
3.4 Analyses of heat release and knock potential

3.4.1 Heatrelease analysis

The acquired experimental RCM presstinee histories oin-butanol/TRF blends at a
compressed pressure 20 MPa, a temperature range of 6¥8 K and stoichiometric
conditons presented in Chaptewere postprocessed to assess the extents of preliminary
heat releaseas detailed in Chapted. The heat release anagsprovided fundamental
data on auteignition behaviour and associated rmsltage autagnition phenomena.
Also, this alowed a further investigation into the effectsndfutanol additon on the
LTHR, aHR,ITHR and HTHR of the blends.

3.4.1.1 Multi -stage ignition

As discussed in Sectiol.3.2.6 n-butanol exhibits @nore Arrheniuslike behaviour The
TRF surrogate consists of aromatic and paraffinic fuels. SimilarBlctiols, aromatics
do not show a clear NTC behavipand exhibita singlestage ignition. Onthe other hand,
the two parafiinic TRF components, namédyp-octane and-heptane, have an apparent
LTHR. They are known todisplay NTC behaviour at low tempedrwases. This
consequently result® a two-stage ignition orin some cases three or more stage ignition
processes. Sarathy et fl74] recently showed-heptane exhibitsthreestage ignition
behaviour in their RCM measurementdowever it is not clear hovithe addition ofann-
butanol constiient to the mixtureaffects this multstage behaviourHence, heat release
analyss help to assess and to quantify the heat release behaviedrutainol/ TRF blends
under different blending ratiosThey also providefurther charactésation of tle auto
ignition proesses of these fuel blendsxaBples of single two-, and threestage ignition

with accompanying HRR profiesare ilustrated inFigure 3.5.

In Figure 3.5(a), it is shown that a singltage ignition is represented by the total ignition
delay time and does not exhibit LTHR in its corresponding HRR profidggure 3.5 (b)
demonstrates a twstage ignition event, where two pressure rises occur in the post
compression process Two-stage ignition is characterised by an apparent peak in the
LTHR, which defines the end of the fistage ignition delay timeThe subsequent time

interval is representative of the secestdge process. IRigure 3.5 (c), heat release and
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ignition characteristics demonstrate a thstege ignition, which can bdentified from

the HRR pofle. Here, each ignition stage is identified by a distinct peak in the heat
release. Similarly tthe twostage autagnition, for the threestage autagnition the first
stage ignition is defined as the time from the end of compression at TDC to dhe loc
maximum in the LTHR. The secorsfage ignition is the proceeding time interval to the
second local maximum representative by the peak in the ITHR. Thesthgd ignition

is the final time lapse from the peak in the ITHR to the hot ignitiwhere themaximum
dP/dt value is evident. The total ignition delay is the sum of firsind secondtage
ignition delays in the twtage process, or the sum of fyssecond and thirdstage in

the threestage process. In Sectidhl, the threestage events were represented by the

two-stage ignition, where the secerahd thirdstage processes were combined.
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Figure 3.5 Representative experimental pressure time histories andrdieate rates
defining a) singlestage ignition of B85 at 855 K b) tw&tage ignition of B10 at 745 K
and c) threestage ignition of B10 at 702 =2 MPa andi=1.

3.4.1.2 Data processing
The heat release rates (HRRs) and accumulatedintiegrated heat releas@HRS) were

modelled using an energy balance method as describdd7%j, but in which the
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volumetric compression and accompanying heat loss guieicathy accounted for in the
heat release analysis through experimentally measuredeaotive pressure traces. This
method was proposed by Goldsborough g2&PR]and successfully applied [B52, 276]
to extract quantitative information on preliminary exothermicity of various fuels from
RCM records based on the energy conservation equation:
ay . .
— U v [ O O (3.10)
Qo
where Us is the total sensible internal energy, is the rate of heat released, is

the rate of heat exchange with the chamber walls, is the rate of work done by the

piston on the gasD andO are the rates of enthalpy flow out of and into the system,
respectively. When the engy flows can be accurately monitored, the excess energy can

be assigned as chemical enefg$2].

Herein, an adiabatic core hypothesis as described in S&cHddwas employed with a

single zone consisting of both burabd unburnt gasses, in which any reactivity in the
boundary layer gas was neglected. This model assumes ideal gas behaviour with a
uniform pressure distribution across the reactor. Similarly to detailled kinetic simulations
with a variable volume approadketaied in Sectior8.3.2 the heat loss within the reactor

was accounted for empirically via measured-resctive pressure traces.

By assuming that the piston trajectories and change in votiMidtare identical between
both reactve and nereactive experimental measments, Equation(3.10) can be
expressed as:
ovy 129§ P g 2o 9o
[ pQoO ' p Q0 Qo
Go_ o o
' p Qo0 Qo

(3.11)

whereHRRIs the heat release rates the ratio of specific heat¥,is the reaction chamber
volume,Pi' s the pressure innbhdenbbeambeprapdrthesso

reactive case.

Based onEquation (3.11) the HRR can be calculated at any point during an RCM
experiment, provided the respective reactive andreantive pressure time traces are
available. Therefore, calculations were carried out omesponding reactive and non

reactive fitered runs where the heat capacity of the reacting mixture was evaluated in
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accordance with the degree of reaction, and with the desired blend of reactants and
complete products. The Cantera suit was employed tdasgnthe experiments using a
combined mechanism of LLNL gasoline surrogate mechanism of Mehl [@#3] with

the n-butanol scheme of Sarathy et[al7] with several updated rate constants as detailed

in Section3.3.6 This enabled calculations of the temperature dependent specific heat
ratios in Equation(3.11) resolving the changing composition of the mixture during the
experiments. The hermodynamic properties of adpecies forthe LLNL gasoline
surrogate mechanism of Mehl et @l43] and for then-butanol scheme of Sarathy et al.

[57] were calculated using the THERM program developed by Ritter and Bozzeli, and by
applying Bensonds [45302u7) Thisa methodt uses discrete poiatt h o «
values for each fAgroupo val ue, e andltes fitst he ¢
a polynomial to obtairthe final resutt [278]. Generally, onlyasmall minority of species

in combustion processes can be assigned high accuracy standard enthalpies of formation.
Even for small @-Cshydrocarbons with relatively small errors in the standard enthalpy

of formation values there might be relativelylarge uncertainty inthe equiibrium
constants. The values are less Akebbwn for larger hydrocarbons, implying a higher
degree of uncertainty[278]. For example, according to the Argonne Active
Thermochemical TableR79], the estimated uncertainty in the enthalpy of fornmatadf

-187.52 kJ/mol fom-heptane at 298.15 K is -8.48 kJ/mql based on 20 contributions
between 1931 and 2009. Fisio-octane, the corresponding enthalpy of formation is
258.9 kd/mol at 298.15 K with amcertainty of +/1.5 based on one contributiolhom
1945[280]. There wereno direct links to the sources the thermodynamic properties in

the combined KAUST/LLNL mechanism. Howeven their analysis [143] utilised

relevant thermodynamic propertieprovided in the Burcat databas¢278] (when the

species was availal)le These evalumins may not aways enclose the latest data or be
derived from single theoretical studies.isTimplies a high degree of uncertainty in the

enthalpy of formation for some larger species, which are less well known.

The combined KAUST/LLNL detailed chemic&inetic scheme was also used to model
the HRRs detailed in Sectiof.2 using a variable volume approach as outined in
Section 3.3.2 This enabled an assessment of #hbiity of the chemical detailed
mechanism to reproduce experimentally derved HRRs and to investigate the
exothermicity of fuel blends over arange of temperatures as presented in Ghajser

in this stug the potential inks between the extent of LTHR and ignition delay times were

explored.
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A Kistler 6045A dynamic pressure transducer was used to acquire préssurigistories

at a frequency of 20 kHz in the University of Leeds RCM as described in S&8c#on
Recorded signals are capable of resolving both lamd hightemperature heat release
processes. A higher degree of uncertainty is encounterethefdngh-te mperature heat
release processes in this thesis due to limitations of the experimentabtappand its
current setup. Since thHecus of the study irChapter6 is primarily associated with the
LTHR processes, the dateere sampled at a frequency of 20 kHz providina higher
resolution forthe low temperature heat release processesmuch higher frequency
(~100 kHz) is required to adequately resove HTHR procef&g2]. For this reasgn

the experimentally derived and modelled HTHR wasedirectly comparedah this thesis.

A higher degree of accuracy of HTHEan be achieved by incorporating a second data
acquisition cardcalbrated specifically for HTHR processexs detailed 252, 276]

The reorded pressuréime histories were aligned at the end of compression, based on
piston displacement measurements at TDC"%@&ler fit, SavitzkyGolay algorithm was
applied to measured pressure traces prior to procesgihga 51 data points window of
2.55 ms for TRF anah-butanol/TRF blendsor an 11 data points window of 5.5 ms for
pure n-butanol. This supplementary fitering ensured that the high frequency noise was
excluded from the pressure measurements. For simplicity, al reported HRRs were
normaised bythe lower heating value (LHV) of the fuel blenthe LHV of the mixtures

were calculatedusing the Cantera code.

The extent of accumulated low temperature heat release (aHR) is adopted as-the time
integrated HRR from the end of compression throtigh peak HRR in the firsitage

i gnit i omup tdthd sabsequent local mnimum in HRR (infection point in HRR)
just before the further rapid increase in HRR indicative of ITHR or HTHR of the hot
ignition. This definition is illustrated ifrigure 3.6 for four subsequent experimental runs
and their corresponding average for B10 at 72&there representative reactive and-non
reactive pessure traces are alignedtra point of the maximum pressure rise fa thain
ignition, along with accompanying HRR profile. Generally, higher n-butanol/TRF
blending ratios, it was chalenging to define the exact location of the infection point in
the HRRs. Here, theravas noabrupt end of LTHRhor a distinctive local mimhum inthe

HRR profles prior to the main ignition event. Insteadslaav gradual rise inthe HRR
profles was observed. This is not surprising, since this behaviour was previously shown
in the chemical kinetic study by Agbro e{42]. However, it made the interpretation of

the heat release and the definition of aHR substantially more difficult. For these cases,
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the infection point inthe HRRs was assumed to betpoint of the smallest heat release
gradient occurring prior tthe main heat release event. Thdopted approach implies
some degree of uncertainty and results in some variabilitthenaHRs, but Bsures
consistency between alests. The reported aHR in Figure 6.7 and Figure 6.9 are
presented as averages ob3ubsequent test rynsvith error bars of one standard

deviation as an indication of reproducibility.
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Figure 3.6: The normalised HRR curves of four experimental runs and their
corresponding average for 10% webutanol blend with TRF at=727 K,P=2 MPa and
0=1, llustrating experimental repeatabiity and the nigdin of the aHR. The traces are
aligned at the point of the maximum pressure rise for the main igniiibe.error bars

signify the uncertainty of the aHR experimental average boundary.

Uncertainties related tthe RCM experiments can be quite afiénging to precisely
estimate [281]. The compressed pressures and temperatures are commonly calculated
using the adiabatic core assumption. These uncertairdlesg with the adiabatic core
assumption are among the largest sources of error in heat release calculations. Heat loss
is a significant factor influencing the accuracy of experimentally derived heat release
profles. During the heat release procestigsye can be beat loss that is larger than the

one represented by noeactive experiment§276]. Moreover, at some conditions heat
release rates of the mixtures can be comparable to hezd loftee system.This results

in further challenges regarding the estimation of the heat release calculation errors. As a

result, it is challeging to distinguish the estimated heat release calculation errors from
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the uncertainties in the RCM experiments precise assessment of theseorsis outside

the scope of this work.

3.4.2 Characterisation of detonation

The ignition behaviour in the RCM wagrther assessed and characterised following the
detonation peninsula framework proposed by Bradley et al. amwlodeers [91, 96]

within which detonations could develop. The boundaries were defined by dimensionless
parameters, I6 (Equation(2.22)) and- i &t (Equation(2.23)), whereais the
acoustic speedjais the auteignition velocity, ro is the radius of a spherical hot spot and
Wis the excitation time. Detais on detonation theory and its governing equations are
provided in Section®.1.12 and2.1.13

This theoretical approach aims to extend understanding ofigaition phenomena and

to assess the athock characteristics of fuels over a wide range of engine relevant
conditons. The distinct regimes for hot spot agtation, stretching from controlled
auteignition towards the development of knock auberknock phenomenon, could be
detected through the values Gf @ and Oon the Ux diagram, wheréOis déined by
Equation (2.24).

For methaneair auteignition study detailed in Chapter 4, all parameters were based on
detailed chemical computations of AramcoMechl.3 mechar{&88] using constant
volume approach. On the other hand, for iHeutanol/TRF study described in Chapter
6, reported in Chapter 5 experimentally measutbgere employed. Cantera was used to
simulate (3 using a variable volume approach and a reduced combined mechanism for
butanol from Sarathy et aj57] and for the TRF surrogate from Mehl et f43],
modified with the suggestions [d1] as described in Sectiod.3.6 Values of acoustic
speedga, for every fuelfuel blend and studied condition were also calculated using the
same mechanisms in the Cantera package. The assumptiartewiperature gradient
value of T "F 1=-2K/mm was chosen based on engine and other nasaesnts [90],

while a hot spot radius of 5 mm was assumed which is representative of the turbulent
flow length scales and heterogeneities in Sl engines. This value of a hoadipstwas

also chosen by Kalghatgi et f282] and Rudloff et al[283].
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4. Computational Study of Methane/Air Auto-ignition

Behaviour

Ignition delaytimes, i, and excitation timesfe, for stoichiometric methane/air mixtures
were modelled using a comprehensive chemical kinetic scheme within a pressure range
of 0.1 and 10 MPa, and a temperature range of 700 80d K. Methane is the major
constituent of natural gas and relatively cleanorning fossil fuel. It was studied here
because of its widespread distribution and usage in heating and power generation. The
chemical kinetics of its oxidation are reasonably well understood, rendering predictions
base on recently developed chemical mechanisms fairly reliable, when compared to
many larger hydrocarbon fuels. For these reasons it has been chosen for the initial
simulations and study of autgnition phenomena described in this Chapter, prior to the
more complex fuels and fuel blends described in the Chapters 5 and 6. The present
predictions are based on the widely used GRI Mech3.0 mechd28Bs}, with the more
recently developed Mech 56.54 mechanifi6].

The pupose of this study is to prode a better understanding @fnditons that lead to
detonationand identification of the characteristics of the deflagrative, -igoitive and
transitonal reaction regmes. This is achieved through careful evaluatons and
interpretations of the key fundamental combustion chaistitey namely ignition delays

and excitation timesThese two times can be used for any fuel over an extensive range of
pressures and temperatures and provide a fundamental approach -ignitiato
phenomena.ln particular, thee analygs were performed foCHs in this Chapter. In
Chapter®6, this was extended to more complex fuels, namely TRButanol and their
blends. Itis of interest of this thesis to examine how the-ignitibn phenomena dEH:

with Arrheniustype behaviour compares to that of fuels waim NTC Accurate
evaluations of#i andfe make it possible to assess the propensity oftGldetonate, whilst

its auteignition loci in an engine, relative to the detonation peninsula ow/tidiagram,
enable its knocking propensity to be compared with those of other fuels.toAlsdher
explore and assess the chemistry controling the -igoiion processes of the
methane/air and to determine the main reactions that effect ignition delays and excitation
times, thebruteforce local sensitivity analyses were performed at fmmperatures and

two pressures of 0.1 MPa and 10 MPa.
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4.1 Comparison of model prediction with the available experimental

data in the literature

Figure 4.1 (a) and (b) compare the modeled igntion delay times, using both the
Mech_56.54 and GRI Mech3.0 detailled kinetic mechanisms with available experimental
data from the literature, at different T, for stoichiometric s@if, at pressures of 0.1 MPa
and 4 MPa, respectively. The plots suggest a near Arrhenius relationship between 1000
and 1800 K. InFigure 4.1 (a) agreement between these models and the experimental
measurements of Hu et f184], Herzler and Naumanj285], Trevino and Mendej286],

and Zeng et al[287] is satisfactory at the higherertperatures. However, at the lower
temperatures the GRI Mech3.0 mechanism tends topreelict reactivity presenting
shorter ignition delays than reported in Trevino and Meifid®&]. This is not surprising,

as this scheme has been designed ardbted against the higher end of the temperature
range, where it indeed has showed relatively good performances. The earler values of

Lutz et al.[36] tend to underestimaté; to a greater extent than GRI Mech3.0.

There is a much greater scatter in the experimental measurements at the higher pressures
in Figure 4.1 (b). Both mechanisms show significant differences with the experimental
measurements of Huang and Bug@88], Kim et al. [289], Huang et al[266] and
Merhubi et al[290]. The Mech 56.54 mechanism tends to capture the overal treind of
variations better than those of the GRI Mech3.0 model, particularly at the lower
temperatures. Ech_56.54 has been validated against a rather broader range of pressures
and temperatures than GRI Mech3.0. GRI Mech3.0 has been optimised only up to 1.01
MPa. The Mech 56.54 mechanism was therefore employed to moalad 7. and to
conduct the subsequeahemical analysis of ignition processes of metkainemixtures.
Nevertheless, a severe limitation is that the selected detailed chemistry essentially rests
upon shock tube and RCM data that exhibit significant scatter implying a level of
uncertainty in te predicted results. This is particularly so at the highest pressure of 10
MPa, at which there are few, if any, direct measureme nis faf stoichiometric ChVair.

There can be no such practical check on the predicted valugsrof the only proceder

for its evaluation is through the detailed chemical kinetics route.
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Figure 4.1: Ignition delay time predictions using both detailed schemes, GRI Mech3.0

[265] and Mech_54.54186], and comparison with measured values (a) at 0.1 MPa and

(b) at 4 MPa. Lines represent modelled results, symbols referenced experimental data.
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4.2 Comparisons between the comprehensive kinetic scheme and

reduced global scheme

Reduced mechanisms ilustrate the minimum numbechemical kinetic reactions and
species that mirror, within a speciied accuracy bond, the original detailed chemical
kinetic scheme. Reduced schemes are extensively used -qubitity computational

flud dynamics softwares (e.g. Ansys Fluent, An§BX, StarCCM++ etc.) for solving
chemically reacting flow problems, which involve complex interactions of fluid
mechanics. These software packages are capable of accurately predict the fluid flow
behaviours and related physical phenomena by effectiveiyngotomplete systems of
partial differential equations, which are greatly 4io@ar, stiff, prohibtively
computationally expensive and very complcated. They are able to compute complex
threedimensional reactor geometries and elementary chemistrydaded mechanisms
However they fail to incorporate complete systems of species and reaction mechanisms
involving multkcomponent thermodynamic properties, transport propedtias reaction
chemistry due to increased complexity of large systems. Thiedause the number of
species in the dailed kinetic mechanism is linked tbe number of solved equations in
each computational cell of the mesh of reactiis is usually limited to tens or few
hundred species to avoid an excessive run time. Therefoges is always a trade of
between the efficiency offlud mechanics and certainty of chemical kinetics of the model.
The accuracy of such predictions using reduced mechanisms is debatable, and probably
could be only applicable to rather specific combustproblems. Therefore, one of the

initial objectives of this study was to assess the reliability of such reduced schemes.

All the work of calibrating and development of such reduced global reaction schemes, G1
and G2, as well as all its computations weseducted by Bate91]and full details on
its framework and computational procedures are gven29P] with just a brief

description covered here.

The reduced global kinetic scheme awgptl in the present study requires just five global
reactions between six active species with the appropriate selection on tuning of the global
rate constants. The scheme is based on that of Schreibe2&B4kand has a particular
abiity to predict for the Primary Reference Fuels, PRfectane and-heptane. The
schematic details are outined Table 4.1. The @tane number scalng factors of the
original paper are omited, allowing the model to be adapted for a fuller range of

individual fuels. It is applicable to a broad range of fuels within its specified range of
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conditons. For non PRF, mikes, the model must be matched to the fuels by further

adjustment of the global rate constants.

Table 4.1: Reduced Reacton Schemé&: fuel, O2: oxygen, P: product, Y: chain
propagating species§: chain vanching speciesl: product oxygenated radicals, molar
ratio of O:to Fuel for desired equivalence ratos= 2 for CH.

Reaction Number Reaction Reaction Description

1 High Temperature FY X Breakdown of fuel into branchin
intermediates

2 High Tempmature X+aQY P Reaction of intermediates with oxyge
to form products

3 Low Temperature F+2022 | Reversible reaction converting betwe
fuel and oxygen, and radici
intermediate species

4 Low Temperature 1Y 2Y Radicals react to form cha
propagating intermediates

5Low Temperature Y + 0.5 + (@-1)O>» Intermediates, fuel and oxygen react
Y P form products.

An undeniable beneftt of the global scheme is its computational speed, an important factor

in the modeling of chemically reacting flowThe reduced global model was able to
compute asinglefival ue, using Mat | ah10KDIPEGMERA s ol \
within 0.83 seconds. For the computations fgfwith a much reduced time mesh, this

time was extended to 17.14 seconds. In contrée detailed kinetic scheme using
Cantera software computed a vab&?, within 6.55 seconds and &f, using advanced

time step, within 199.69 seconds for the same conditions.

The resuling predictions using reduced global kinetic schemes are plelsdfigure 4.2

to Figure 4.4. They have beershownto be capable of capturing the general trendg of
with the values similarcomparedto the detailled chemical kinetigredictions, as wel as
to the measured experimental values in the lterat@lebal kinetic schemes showed a
slight tendency of ovepredicting ignition delays at high temperatures and under
predicting them at low temperatures. However, despite the eympént of sufficie ntly
small time increments and separatdbrations of rate parameters, the reduced global

scheme failed to accurately predief underestimating thefe values with several orders
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of magnitude compared to those usiiig comprehensiveckeme. These differences in

te predictions betweeriwo schemes also manifested in the differencescamputed
volumetric heat release rates. The faiure to accurately prediotd heat release rates for
such arelatively simple fuelcompared to larger byocarbonswas oe of the primary
reasons forusing the comprehensiviinetic modeling approach i€hapters 5 and 6.
Also, in order to gain a more fundamental understanding of intricacies involved in
detonation phenomen, the detaled modeling is seemlie a more appropriate tool.
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Figure 4.2: Comparison of ignition delay timeg;j, and excitation timesfe, predicted by

Comprehensive and Global schemes, G1 and G2, for stoichio metritaiCa 4 MPa.
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Figure 4.3: Comparison of ignition delay timeg;, and excitation timesfe, predicted by

Comprehensive and Global schemes, G1 and G2, for stoichio metritaiCai 6 MPa.
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Figure 4.4: Comparison of ignition delay timeg;, and excitation timesfe, predicted by

Comprehensive and Global schemes, G1 and G2, for stoichiometritaiCai 10 MPa.
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4.3 Computed values of ignition delay time and excitation time

Figure 4.5 presents modelleds; results as a function of inverse temperature for the
stoichiometric methane/air at 0.1, 4, 6 ardl MPa using the comprehensive kinetic
scheme The calculations predi¢hat the ignition delay tims decrease continuously with

an increag of the initial temperature or pressurdhey exhibit the Arrheniustype
behaviour with the highest slope at the lowest pressure of 0.1 MPa. This is a typical
characteristic of thenethane autdgnition behaviour(which is known to not exhibit the

NTC behaviou), where the ignition delay increase with the temperature.
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] 1 .
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: E L
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:E 14 L’ e —— 10 MPa
o 1, ' ---6MPa
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0.011 ; .

0.5 I 016 I 017 I 018 IOTS I 1:0 I 1.1 I 1:2 I 1:3 I 1:4 I 1.5
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Figure 4.5: Effects of pressure on simulated ignition delay times of stoichiometrig/aCH
using Mech_56.54186] scheme.

Interestingly, the ignition delay trends are very similar across the high pressure conditions
showing analogous temperature demahdauteignition behaviour. The ignition delay
times vary by about five orders of magnitude over the ful range of temperature at all
presstes, but by less than one order of magnitude over the pressure range of 4, 6 and 10
MPa at a fixed temperature. This distinctively differs for the lowestspresof 0.1 MPa.
Ignition delag stil showa strong dependence of augoition behaviour on tengrature

with about five orders of magnitude change for the atmospheric pre3wee is a
sharper increase ignition delay timesat 0.1 MPa compared to other pressures at a fixed

temperature gbout two to three orders of magnitude

154



Predicted ze values for the methaneair mixture at pressures of 0.1, 4, 6 and 10 MPa were
computed for the first time and are ilustrated Figure 4.6. Excitation times decrease
only slightly with the increasing initial temperatufexceptfor the 0.1 MPacase). Thisis
consistent with the trends observed by Lutz ¢88l]. They aremore sensitive tpressure
change than temperatur8imiarly to ignition delay time trends, 0.1 MPa laedistinctive
behaviour with an increase of approximately two ordersmafnitude at a fixed
temperature compared that of higher pressures. This implies that the controlling
chemistry of ignition delay times and excitaton times at this lowest pressure is
substantially different compardd other conditions studiedlhis isexplored later in this
chapter though the assessmenthekey reactions contributing tbe overal heat release

rate and the use of brulerce local sensitivity analyse
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Figure 4.6: Effects of pressure on simulated excitation times of stoichiometria/aCH
using Mech_56.54186] scheme.

4.4 Investigation of heatrelease rates

During the ignition delay time, chain branching reactions are active with smal heat
release, yet this period is terminated by the onset of a high heat releasSeheadeerall
volumetric heat release rate, VHRR, is the net thermal enefggse rate encompassing

all 710 reactions. It has been used in calculatiegnd has been analysed to determine

the principal 23 contributory exothermic and endothermic reactions at different pressures
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isted inTable 4.2. These are given for threfifferent values oP and two ofT in Table4.2.

The order in which the reactions appear approximately folows the chronology of the
reactions from start to finish. They arelexted on the criterion that, during the period
within which the total heat release rate is more than 5% of the maximum heat release rate,
the reaction should contribute more than 5% of the total. The four most endothermic
reactions were selected on aikimbasis, within the same regim@&he bracketed figures

within the Table4.2 express the order of increasing endothermicity of the 710 reactions.
Numbering is consecutive from 1 to 710, in increasing order of endothermicity. These
numbers are given in &ckets for each listed reaction. Percentage contributions to the

maximum VHRR at the time of this maximum heat release are also given.

At 4 and 10 MPa the principal reactions contributing to the heat release rate are:

H+OH+Mz H0 + M, R22  (4.1)
CO+0Hz CO:+H R21 (4.2
or

H+Ox(+ M)z HO2 (+ M) R16 (4.3

with
HO2+ OHZ H2O + & R23 (4.4)

And
H2+ OHZ H + HO. R20 (4.5)

Not surprisingly, these are predominantly termination reagtiavhereas previous work
has shown that the time to ignition f@Has/air mixtures is highly sensitive to chain
branching routes such as R24 and[R3B, 186, 294]

CHs+ 022 CH:0+0OH, and R24  (4.6)

H+0:z OH+O. RO (4.7
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Table 4.2: The 23 principal exothermic and endothermic reactioostributing to the

overall Volumetric Heat Release Rate.

No. Key Reaction 4 MPa 4 MPa 10 MPa
0.1 MPa 800 K 1200 K 1200 K
1200 K % % %
%

Rl CHs+OHZ CHs +H20 283 (12) 097 (21) 208 (18 16 (20)

R2 CHs+H (+M)Z CHs (+M) 264 (14 189 (14) 492 (9 306 (12

R3 CHs+ Oz CHO +H 2235 (1) 248 (10) 691 (6) 353 (1)
R4 CHO + HZ Hz +HCO 666 (5 122 (18) 3.00 (15) 196  (16)
R5 HCO +MZz CO +H+M -10.40 (709) -3.30 (708) -6.61 (709) -5.07  (709)
R6 CHp+ 2z HCO +OH 674 (4 149 (16) 329 (14 223 (14
R7 HCO +QZ CO +HQ 179 (25 031 (39) 059 (35 040 (40)
R8 CHsOH (+M) z CHs +OH 052 (43) 301 (9) 419 (12) 453 (9
(+M)

RO H+0;Zz O+OH 2219 (710) -14.82 (710) -17.19 (710) -13.68 (710)
R10 2CHs (+M) z CoHs (+M) 015 (71) 001 (114) 007 (92) 003  (98)

R11 CoHs+H (*M) z CoHs (+M) 021 (699) -0.01 (687) -0.07 (691) -0.04 (690)

RI2 H+O+MZ OH+M 009 (89) 240 (1) 173 (21) 218 (15
R13 H+HO; Z 20H 361 (10) 550 (7) 517 (8 523 (7)
R14 H,0 + Oz 20H 099 (707) -454 (709) -2.67 (708) -3.15 (708)
R15 H+HCOZ CO + h 573 () 043 (34) 121 (27) 057 (33)
R16 H+ O(+M) z HO, (+M) 023 (63) 1800 (2) 1010 (2) 1453 (2
R17 2HO, z HOp + O 003 (121) 039 (35 025 (53) 058  (31)

R18 HCCO +QY CO+CO+H 099 (31) 055 (29 071 (32) 059 (30)

R19 HCCO + OHY 2CO +hH 797 (3 551 (6) 7.40 (5) 560 (6)

R20 Hz+ OHZ H+ HO 1208 (2 698 (5 88l (3 728 (5
R21 CO + OHz CO;+H 456 (6) 1461 (3) 7.85 (4) 893 (4
R22 H+OH+Mz H,0+M 059 (39) 2320 (1) 1377 (1) 2082 (1)
R23 HOz+ OHZ H.0 + O 234 (18) 1095 (4) 655 (7) 897 (3)
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However, Nagy et a[295] noted a high degree of uncertainty concerning R22, especially
at high temperaturef296]. Experimental data points in support of a particular value of
rate coefficient are sparse. Pdigninconsistencies also occur in the data for R23, in that
Burke et al.[297] suggested a temperature dependence different from tii286a} In
addition, R23 has been shown by Burke e{X86]to have a weak sensitivity for the

simulation ofCHg ignition delays at high pressure, and to inhibit ignition, as does R16.

Along with R21, R20 is an important exothermic contributor at the lower pressure of 0.1
MPa and 1200 K, as shownFigure 4.7. Here it can be seen that the principal contributor

to the heat release rate is:

CHz3+ 02z CH0 + H. R3 (4.8

CH, + OH <=> CH, + H,0
CH, + H (+M) <=> CH, (+M)
CH,+0<=>CH,O+H
CH,O0 +H <=>H, + HCO
HCO+M<=>CO+H+M--------2________
CH, + O,<=>HCO + OH

HCO + O, <=>CO + HO,

CH,OH (+M) <=> CH, +OH (+M)
H+0O,<=>0+0H

2CH, (+M) <=>C_H_(+M)_ _______
C.H, + H (+M) <=> CH, (+M)
H+O+M<=>0H+M

H + HO, <=> 20H

H,0 + O <=>20H
H+HCO<=>CO+H,
H+ 0, (+M) <=> HO, (+M)

2HO, <=>H,0, + O,
HCCO+0,=>C0O+CO,+H
HCCO+OH=>2CO +H,

H,+OH <=>H+H,0
CO+OH<=>CO,+H
H+OH+M<=>HO0+M
HO,+OH <=>H,0+0,

-2‘0 -1J 0 0 1I0 2I0 3I0 4I0 5I0 60

Percentage of Total Volumetric Heat Release
Figure 4.7: Principal reations contributing to volumetric heat release rate, VHRR, with
Mech 56.54186], P=0.1 MPa andi=1200 K. Black fil indicates VHRR of the reaction
at the point of mximum total VHRR. No fill indicates contribution at a VHRR of the
reaction that is 5% of this maximum, during the increase in VHRR. Shaded fil indicates
contribution at a VHRR that is 5% of the maximum total VHRR, during the decrease of
VHRR.
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At this lower pressure, R22 and R16 seem to be unimportant, contributing less¥%han 1

of the overall heat release compared to higher pressure conditions. This is because the
rates of these reactions increase with pressure due to third body effects. The principal
contibutors are now R3 and R20. According to Nagy ef{285] R20 also has a high
sensttivity to the calculated burning velocities for hydrogen and syngas systems at fuel
lean conditions. Varga et dR96] optimised the rate coefficients for this reaction and
showed very small uncertainty in the predictions af tieiaction, which are very close to

the experimental data. Consequently, there is a high degree of confidence in the value of
the rate coefficient in this reaction. We might therefore anticipate a higher degree of

uncertainty in predicting heat releaseegatit high pressures than at low pressures.

The contributions of each of the principal reactions to the overall VHRR are compared in
Figure 4.7 and Figure 4.8. These are, respectively, for 0.1 and 10 MPa, the lowest and
highest pressures studied. An unshaded rectangle is indicative of this percentage at the
time for the first 5% of the maximum tot§HRR, a black rectangle at the time of the
maximum total VHRR, and a shaded rectangle at the time of the last 5% of the maximum

total VHRR.

CH, + OH <=>CH, + H,0 R1

CH, + H (+M) <=> CH, (+M) R2 ?
CH,+0<=>CH,0+H R3

HCO +M<=>CO+H+M R5 ~—

CH,OH (+M) <=>CH,+OH (+M)_R8 __ _________ —-—
H+0,<=>0+0H R9 —

2CH, (+M) <=> C,H, (+M) R10 4
H+O+M<=>0H+M R12

H + HO, <=> 20H R13

HO+0<=>20H __________ R14

H + O, (+M) <=> HO, (+M) R16

2HO, <=>H,0, + O, R17

HCCO +0,=>CO+CO,+H  R18
HCCO+0OH=>2CO+H, R19

H+OH<=>H+HO _______R20_________
CO+0OH<=>CO,+H R21

H+OH+M<=>HO+M R22 )
HO,+OH<=>H,0+0, R23 , E

-10 0 1I0 2‘0 Bb 4b Sb 6l0 TIO SIO
Percentage of Total Volumetric Heat Release
Figure 4.8: Principal reactions contributing to volumetric heelease rate, VHRR, for
Mech 56.54186]atP=10 MPa andl=1200 K. Sed-igure 4.7 caption for key to rectangle

fils.

More detailed temporal distributions, of the volumetric total VHRR, at intial pressures

of 0.1, 4 and 10 MPa, are shown by the bold dashed curieigure 4.9 to Figure 4.12.
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Other profiles on these figures are for the four principal exothermic and one endothermic
reaction that contribute to this overal rate. In these cases the profiles are only shown at
some selected instant$zigure 4.10 also shows the typically good correspondence that

was found to exist between the volumetric heat release rate and the pressure gradient.
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Figure 4.9: Mech 56.54[186] heat release profies for largest contributing reactions to
total heat release Bt=0.1 MPa andi=1200 K.
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Figure 4.10: a) Mech 56.54186] heat release profiles for largest contributing reactions
to total heat release Bt=4 MPa andl= 800 K and b) the pressure gradient.
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Figure 4.11: Mech 56.54186] heat release profies for largest contributing reactions to
total heat release Bt=4 MPa andl=1200 K.

Figure 4.12: Mech 56.54186] heat release profies for largest contributing reactions to
total heat releas®=10 MPa andl=1200 K.

The key eactions that influence the prediction of heat release rate at the time of maximum
VHHR are more dependent on pressure than tempdraggestingly, immediately after
the time at which the heat release rate is a maximum, the principal contributors to the

overal heat release rate are the same for all the four conditions studied, but in slightly
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