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ABSTRACT

Availability and sustainability of fuels for road and air transport is essential for economic
development and growth of any nation. New alternative fuels provide an opportunity to
limit the use of ever declining conventional petroleunreslerves as well as offsetting

CO, generation from their use. Liquid fuels have the highest energy density for
transportation applications and synthetic liquid fuels, which can be produced from
renewable notfiood bio feedstock offer an exciting opportunity partial or even total
substitution of remaining fossil fuel supplies. It is therefore of great interest to study the
fundamental combustion characteristics of these fuels if they are to be used commercially.
This work is aiming at characterising thataignition properties of individual fuel
components representative of the chemical families present in the synthetic fuels which

in this case are tolueniso-octane, rFheptane, and bialcohols; ethanol and-butanol.

The auteignition characterisatiomas maddoy measur ements of i gn
The time U for these fuels and their bl e
elevated pressure and temperature using a Rapid Compression Machine (RCM).

RCM provides good platform to study the fuet@ignition process without complicated
physical effects in engines which are continually changing. However, they are not without
problems, practical applications are usually not within the ideal conditions. Different
machines have different extent of d&ion from ideal conditions, making comparison of
results between rigs difficult. In the present study, a dedicated work was conducted to
study the difference between theeasuremestoriginated from these rigs andere
characterised against their deviasofrom ideal conditionsThese cover chemical
reaction during the finite compression time, the effects of heat loss during the ignition
delay period, the effects of piston displacement (piston bounce), aAgonmegeneous
autaignition. An interesting agrt of the study is that a plot of the measured different
delay times at a given temperature, on the separate machines, against the corresponding
degrees of reaction during compression, when extrapolated to zero reaction, yield a more

accurate delay timeof that condition. As the temperature is increased, so also are the
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oscillatory pressure amplitudes generated at the-igating hot spots. This is in line

with other studies of hot spot atitmition.

Measurements of ignition delay times of differenémtical groups separately and when
blended with each other were made. They provided an understanding of how their
interaction influencethe overall ignition delay times. When blended the change of their

U values do not vary |inearly especial]l
difference in reactivities. Toluene for example, which is commonly known for its long
ignition delay times,was made extremely reactive when blended withutanol.
Comparison of addition of bialcohols (ethanol angtbutanol) on gasoline surrogate fuel

(TRF) showedhat at lower temperatures, they both increased the ignition delay times of
TRF, while at highemperatures they reduced TRF delay times to almost the same value.

n-butanol started to reduce TRF delay times at lower temperatures compared ta ethanol

Development of autggnition blending laws offers an opportunity to enable quick
method for choosingan appropriate blend for a particular application. In this work, a
Linear by Mole (LbM) autdgnition blending law was proposed, it uses the measured
ignition delay times of individual components in the blend antes#rem linearly with

the fractional oncentration of each component. This was found to be satisfactory only
for blends of chemical families without NTC behaviour such ag/l@tifor fuels with

NTC behaviour an empirical based law was generated for the conditions studied.

Overall, this study &s broadeedour understanding in auignition behaviour of selected
individual fuel components and their blends at varying conditions of pressure,
temperature and concentration. It has also enabled substantial development of Leeds

RCM to achieve fast copnession with good piston damping.
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CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION

1.1 General overview and motivation.

After the industrial sector, the transportation sector is the second main consumer of world
energy and has been so for many decades
consumption is in transportatiorEfergy Information Administration, 2014 and is
increasing by an average of 1.1% per anndnefgy Information Administration, 201L3
Transportation is the biggest consumer of liquid fuels, contriguip to 63% othetotal

growth in the global consumption of liquid fue [Energy Information Administration,
2013. Petroleum liquid fuels predominate due to their high energy content on both
volumetric and mass basis, with good performance, availability, ease of handling and
affordable pricecompared with other fuels [Gregg al., 200& In addition, there is a
highly developed infrastructure for their production, transportation and distribution. For
many years, until recently, increasing demand and political instability in the Middle East
have stimulated price rises. Inasing supplyof fuels withn the US will continue to

lower prices in the coming yeamsntil their reserve level off in the 2030s Energy

Information Administration, 2014

The increasing use of conventional petroleum liquid fuels in transport is estgecte
continue, and is one of the main contributors of greenhouse gases emissions to the
atmosphere, amountirigr 16% of the total[Energy Information Administration, 2@}
Thisresults in devastating effects, such as global warming, smog formationicnalia.c

It also has resulted in the introduction of strict counter measures against combustion
products throughout the world, and increasing efforts to achieve higher engine
efficiencies,with new cleaner and sustainable fuels. Increastsgarch in thesareas is

therefore inevitable.

New, dternative, renewabldiquid fuelsshould be designed to lefficient, sustainable

and cleanOne approach commonly usedasmimic conventional petroleum based fuels

in their physical and chemical characterisfidazim et al., 2008 New fuelsmay be used
aloneor mixed with regular petroleum oil based fulys reducinglependencypon
conventional petroleum based fuels. Liquid fuels can be synthesised from syngas in the
FischerTropsch (FT) process. Feestocks can be biomass, natural gas, coal or other

carbon containing sourceBor any new fuel, a clear understanding of thedamental
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combustion behaviour and propertiggder different conditionss necessary before they

can be commercially used.

Auto-ignition is one of the key fundamental fuel combustion characteristic whichalays
vital role in combustion efficiency. It is adden exothermic heat release from the,fuel
occurringwithout anapplication oexternal surceafter a delay timelt critically depends

on pressure, temperature and mixture concentration. Even though the generation of new
alternative, renewable fuels is a very attractive proposit@autoignition of such fuels

under different conditions provides a challenge the new generain of fuels and
engines The phenomenon of Akno caut@ignitonofthd eng
end gas accompanied witla rapid rise and oscillatorgressure which can be very
detrimentako the engine. Compressioatio in Sl engines is knockited, constraining

fuel efficiency and reduction of G@missions. Irtontrolled auteagnition (CA) engines,

the autcignition influences the smooth operation and drivability especially under high
load. In all these casemytaignition usually arises dtotspotsdue tathe noRuniformity

of temperature and/or compositidvidnsfield et al., 2015; Bradley et al., 2Q1&process

not fully understoodAuto-ignition can also arise in fuel storage and transportation, and

a study of such hazards is vital.

Auto-ignition property iharacterisg usingt he i gni t i owhichdsstHeéinge t i m
| apsed before the onset of mvalues areidenllp u s t i
characterisedor a homogeneous mixture, at a givemperature and pressureisitthe
parameter thais most featured in the present studiyn e gener afornonat ur e
aromatic hydrocarbons is that, it decreases exponentially with increasing tempéarature

the higher and lower temperatures raggehereasat intermediate tempatures, a

negative temperature coefficient (NTGycurs. H r eincréhsesor remains constant

with increasing temperatur&sfiffiths et al, 1993; Griffiths et al., 1997; Gersen et al.,

2010; Westbrook et al., 1998; Pfahl et al., J98&ar and within tis region, combustion

is ustally taking place in two stages. After an initial delay, heat is releasefir & stage
inafincool fl ameo, foll owed b yhydtoteadonsndoinat h e &
exhibitNTC behaviournor two stagegnition phenomeon [Mittal et al., 2007; HisPing

et al., 2009 A very interesting consideration is how the blendingwfhdifferent fuel

components will affect the e s u | of therblgnd.U
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1.2 Scope of thevork and methodology

The primary activity has been centred arounch e measur emenitf@ and
different liquid fuels and their blends, under different conditions of pressure, egtomeer

and mixture oncentration, with() measurementsnade sing a Rapid Compression
Machine (RCM) The principal measurements were talkérniversity of Leeds, with
othersat the SASOL Advanced Fuel Laboratory at the University of Cape Town. In the
course of this researcthe authomwas a participant ithe first RCM workshop, which

was conducted at the Argonne National Laboratory in Chicago in 2012. Researchers from
thirteen different research groups around the world, users of RCMs, met to discuss the
challenges associatewith the use of these machines and the interpretation of their
measurements, with the aim of reaching a universal consémsughtheir improved
understanding of the RCMs. Detailed findings and agreements made in the workshop are
subsequently discussedChapter 4.

The scope of this worGomprises:

Modification and Improvement of the Leeds RCM to achieve conditions of pressure and

temperature relevant to engines.

Me as ur e mevaltues foredlectedliquid fuels and their blends under i@ars

conditions of pressure, temperature and mixture concentration.

Interpretition of theme a s uirvalugs tadlting into consideration the nédealities
existing in the RCM.

Development ofJblending laws for the fuels studied.

This study an in parallel with &tudy of burning velocity osimilar liquid fuelsand their

blends using the Leeds MK Il combustion bomb. The complete combined study of
ignition delay times and burning velocity will play anportant role in characterizing
newfuelsand their blendgyarticularly with regards tdhe engine knocking phenomena.

The nature of end gas auignitioni n S| engi newlued thegrespatths o0 n
distribution, temperature, pressure, composition dnoining velocity. Such data are

relevant to both spark ignition, SI and controlled agtotion (CA) engines.

1.3 Alternative liquid fuels.

Alternativefuelsare possiblesubstitute to conventional fossil fuels. Theean be either

renewable or nomenewable, depending on the feedstock resources used in their

3



CHAPTER 1: INTRODUCTION

production. The main groups discussed here are the Fischer Trop$ghsyRthetic
liquid fuels and biofuels. The followingwo sectiors overviewboth groupsgovering their

history, production and classification.
1.3.1 Fischer-Tropsch (F-T) Synthetic liquid fuels.

Synthetic liquid fuels are alteative fuels obtained fronsyngas, a combination of
hydrogen and carbemonoxide.Syngas iscatalytically processed to produce liquid
hydrocarbons fueJsvith predetermined characteristics. The classifications of synthetic
fuels depend on the feedstock used to nilagsyngas anthe technology used to convert
itinto liquid fuel. This type of fuel can be considered as renewiiie feedstock comes

from renewable sources such as biomass.

The FT process is the most common method used for industrial production of synthetic
liquid fuels. It is named aftets founders, Prof. Franz Fischer and Dr. Hans Tropsch, who
developed it in Germany during the World War Il to satisfy demand for fuel at the time.
It was thereafter further developed into a less expensive process by SASOL in South
Africa. The FT processs preceded by a gasification process in which synthesis gas
(H2+CO) is produced, usually through gasification. Syngas is then converted into long
chain liquid hydrocarbons using a range of catalytic chemical reactions. The whole
process can be thought a catalytic polymerization of carbon monoxide together with
reaction by hydrogen to generate the long igiita chains of methylene units:

606 08B 5o "00. These are further processed and cracked into smaller
units rearranging some of the atoms to obtain liquids with a wide boiling range, ranging
through gasoline naphtha, kerosene, and diesel fuel. The overall composition of the liquid
fuels depends on the quality of the synthesis gas, process conditions and Iits¢ cata

employed][Greg et al., 2006]

The first South Africa FT commercial plants used coal thesyngas but currently coal,
naturalgas, or biomass are usedra® materialsThe naming of the process depends on

the raw materials, CtL (coal to liquid), B{Biomass to liquid) and GtL (Gas to liquid).

F-T synthesis gas is free from sulphur amematic compounds, cleaner th#re
petroleum fuels. Howevegthe lack of aromatics may result in shrinkage of some types of
elastomers during operation and promfoie leakage. This is usually avoided by either
finding additives that can reduce thbrinkage or by the use the fuel produced from

synthesis gas and blended with a conventional leeino Greg et al., 2006
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Raw materials used for syngas production aréely available, compared timited
petroleum oil reserves. Coal is available worldwide with the biggest reserve in USA,
China, Russia and Indi&Morld Coal Institute, 200J5Natural gas is also available almost

in every continent of the world with proction growth estimated at 1.8% per annum
[Energy Information Administration, 20]L.0

F-T synthetic fuelsare characterised by thewain componest(alkanes, alkenes and
ether3 followed by their blendsranging from binary to more complex blending.
Measu e me n tfar setedted lddividal components and their blends are reported in
Chapter 4

1.3.2 Bio-fuels.

Biofuels are hydrocarbons produced from organic materials such as plants, animals, and
agricultural wastes. They can be liqusdich as ethanolhd biodieselgaseousuch as
methane; or solid such as charcoal or wood pellets. As with-Thiei€ls, they reduce the
reliance on fossil based fuelwith advantages such as sustainability, environmental
compatableand good adaptability. Several teclogies are used to convert feed stocks

into biofuels. These include fermentation, hydrolysis, transesterifications, hydrocracking,
pyrolysis and gasification. Biofuels are classified according to the feedstock or the
conversion technology. These are categos e d mai nly in. four

[fGenerations of -Bliofuelso (n.d), para. 1

First generation biofuels are made from sugars, starches, oil, and animal fats and are
converted into fuel using well established processes. These fuels include biodiesel, b
alcohols, ethanol, and bigeses, such as methane, captured from landfill decomposition.
The ®cond generation biofuels are made from-fawd crops or agricultural waste,
especially lignecellulosic biomass like switegrass, willow, or wood chips.hE third
generationcomprisesalgae or other quickly growing biomass sourc€ke fourth
generation biofuels are made from specially-éngineered plants or biomass that may
have higher energy yields or lower barriers to cellulosic breakdown or grown en non

agricultural land om water.

The most popular, well researched and widelyusgiid biofuel is ethanolGeorgios et
al., 2015; Jaeho et al., 2015; Ashraf et al. 2015; Jorg et al.].208popularity came
particularly from its high octane number (PNDther fuels that have received research
attention include biodieselShahir et al., 2015; Jiang et al., 2014; Ndaba et al.,]2015
methanol Kudong et al., 2013; Chunhua et al., 2015; Vancoillie et al., 2ad8]bic

5
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butanol[lvo et al., 2012; Abdullalet al., 2015; Weiqi et al., 20lL5Table 1.1 compares

the characteristics of these biofuels with their oil based counterparts.

Biofuel Fossil Fuel | Differences

Ethanol Gasoline | Ethanol has about half the specific thermal energ)
gasoline. It generatetess CQ and particulates tha
gasoline (Georgios et al., 2015; Jaeho et al., 2015; As
et al. 201% Engines must be modified to ram ethanol
due to corrosion effectdfrg et al., 201J51t is hygroscopiq
and hence malke transport through the esting
infrastructure impossible. It cannot blended with

gasoline in refineriedut at the selling station.

Biodiesel | Diesel This has only slightly less specific thermal energy t
regular low sulphur dieseliang et al., 2041t is more
corrosive teengine parts than standard died&dgba et al.
2015. It generally burns cleaner producing less particu
CO and HC, but slightly higher N@QShahir et al., 2015

Methanol | Methane Methanol has less specific thermal energy than metlita
is liquid and easy to transpomvhereas gaseous methg

must be compressed for transportation.

Biobutanol| Gasoline | Biobutanol hasa similar spedic thermal energy tc
gasoline. Eginesdo not require modificatian It is less
hygroscopic than ethanainaking it eay to transport. |
readily mixes with other fuels such as diesel and gas
without separatingSzwaja et al., 2010]

Table 11. Comparison of properties for common biofuels with oil based fuels and

methane.

Comparisos of bio-butanol and ethanalith gasoline shovbio-butanol properties are
the closest to that of gasoline. Nevertheless;blitanol had not been able to replace
ethanolas an engine fuel, omeason being its expensive production routes and very poor
yields fran traditionalacetonebutanotethanol ABE) fermentation discussed iddnes

et al., 198%. Recent methods are ma@eonomicglwith better yield Tashiro et al., 2015
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making it competitive withethanol.Me a s u r e me forttrse blenfls ofJgasoline

surmogate with butanol and ethararlecompared in Chaptek.

1.4 Combustion and auteignition.

Combustion mainly occurs in either a propagating flame, driven by molecular transport
processes and chemical reactions om@asauteignition in a region ofnearuniform
composition, temperature and pressimg usually at localised hotspofsn example of

both modes is illustrated in S| engines, shown in Fig 1.1, where flame propagation
originates at the spark source causing the temperature and pressure tinessburned

gas sufficiently to create auto ignition at hot spots. Modes of flame propagation can be
further classifieddepending on whether the fuel and air are predth{peemixed flame),

or separate (diffusion flameYhe associatedundamental propéies that need to be
characterised for the new fuels and its individual components are theyaiitan delay

timesand buring velocity.

Figure 11 (a) Flame and (b) Aut@nition mode of combustion in a spark ignition ergg
[Turns 2013. (b)
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Combustion and autignition are complex phenomena involving the interactions
between different disciplines including thermodynamics, chemical kinetics, fluid
dynamics, heat and mass transfer and turbulence. As a result, detailezhscune
difficult to achieve. Nevertheless, hie development of new/improved experimental
techniques (e.g high speedmerasand 3D laser imaginggdvance in research devices
such as Shock Tubes and Rapid Compresdlachines (discussed in the préice
section), and improved mathematical mougjl aided by computers, hawgreatly

advanced understanding of flames and -agmdion in recent years.

1.5Ignition delay time measurements.

Experimental measurements ighition delay time i, Havebeen used teharacterise
autoignition behaviour.Wi t hijitirere I3 another important parameter known as
ex ci t at 4 atime duringrehichbthost of the heat release occiwsdrew et al.,
1989 .  Wihvaldesarelh the range of milliseconttgse ofld arein microseconds,
making experi mentwaér ynedisidutficiefone staly cabdladeU

using chemical kinetic models.

Me a s ur e ma ergises or furbidesould bevery complex due tthe continually
changing conditions and tlvemplex flow fields Thus, in order tenhancdundamental
understanding and interpretation, measurements are conduntdzt controllable
conditions in relatively simple devices. Low pressure constant volume vessels
combustion bombhsand flow reactors havall been usedrFor the high pressure engine

conditionthe most suitable devices are RCM and Shock Tubes, which are now described.
1.5.1 Shock tubes

Shock tubs, STs, have beelin usefor over 115 years. The idea@ST came primarily

from the detectionf deflagrationdetonation transition in the flame propagation in tubes

by the French physicists F. Mallard, H. Le Chatelier, M. Berthelot, and P. Vi&itie[n

N.A., 201Q. STs allowfor variations of the pressure and temperature over a wide range

by usng a shock wave and study the high temperature combustion processes for various
gases. The first SWas constructed by P Vieill&/[eille P., 189]. However, it was not

until 1937 that widespread interest was stimulated by the British scientists Payinan an
ShepherdiPayman et al.,1937, whose work | ed into desig
STin whicha shock wave was initiated bypturing adiaphragm separating gases in high

and low pressures sectiorBBayman et al., 1946Since then various developmesiftave

8
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been made including optical access to visualize and record the processethaSitle

[Pfahl et al., 1996; Westbrook et al., 1p98hey are now commonlgmployedfor

studyingautaignition at high pressures and temperatures

A ST is basically alosed tube which is divided tim two sections by a diaphragm. The

two sections are at substantially different pressures. Depending on thestxstike and

temperatureequired, diaphragms are usually made from cellophane, aluminium, copper

or steel. Fig.1.2 shows the schematic for a typical shock tube facility operafibe

principle of operation is based on shock wave theory. A shock wave is generated when

the diaphragm that separates the low and high pressure sections is broken. The shock

wave propagéesto the low pressure section and instantaneously congzrdbs test

mixture The separation distance between the incident shock and contact surface dictates

the upper limit of the test time shock tubes as shown in Fig 1.3r@entional shock

tubes & limited to 23ms test time$amitra et al., 2011; Huang et al., 2Lt recent

advanceswhich includes extending the driver sectitiave increased the testing times.

For examplethe Princeton groupttainedtestingtimes ofup to 55ms [Campbellet al.,

2015.

Expansion wave propagating
into the driver gas

into driven gas

\

Normal shock propagating

-« —

>

Position of diaphragm

driver and driven gases

Contact surface between the

Figure 12. Schematic of shock tube operatigQuinn et al., 2013].

Measurements of U in

the test section and detection of Catlical band emsons [Pfahl et al., 1996], as shown

t he

ST

ar e

usual

y

d

in Fig. 1.4. Due to limitations in their testing times, ST are more suited for measuring

relatively shorter U

devices is its capability to compress thst mixture instantaneously using incident and

v al

ues

at

hi gher

t e

reflected shocks and thus reduce the influences associated with the compression process.

Moreover, Stanford group developed an aerosol ST which use modified end wall section

to permit filling with aerosol miture [Davidson et al., 2008]. This enabled measurements
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of vapourphase ignition delay times of low vapour pressure fuels and fuel surrogates

such as JF andn-dodecane without the need of heated ST and separate mixing chamber.

Typical nonreactive
pressure trace

Reflected

Shock o 12f " e )
a 10f L——v...\____,_.,/
& oslle ol
% 08 testtime Reflected shock-
Incident 2 04} contact surface interaction
< o02j
0] it i
X ook ]
Position, x 0 1000 2000 3000 4000
’
Time [us]

Diaphragm Test Location

Figure 13. Wave system in the shock tube and typical -reactive pressure
measurements showing testing tinathew et al., 2015
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Figure 14. Pressure history and Gbhind emission for -decare, 5.0MPa, 885K,
stoichiametric[Pfahl et al., 1996

1.5.2 Flow reactors.

Like ST, these devices are cylindrical tulath hotturbulent air flow,as fiown in Fig.

1.5. Fuel is rapidly injected into the stream of hot air at the throat of high velocitjenozz

and mixing takes plce dowstream. Usually the tube is covered with heatersnsure

uniform temperatureAuto-ignition occurs after fuel/air mixing and is observed by means
10
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of light emissions ora suddertemperature rise of at least 50Eric et al., 200} . U i
measured @ithe time between the fuel/air mixing to the point of ignijteomd the initial

point of fuel/air mixing is usually detected usiadaser detection system, as indicated in
Fig. 1.6

Most flow reactors operate in the pressure range o8@MPa and at anaximum
temperature of 1000K. However, due to difficulties associated with perturbations in the
mi xi ng region, they ar e c o muesnileycessd 808 t
ms [Petersert al., 2007, Beerer, 2009].

Fuel —
H ) aE—

[
3 #—‘5' ':'_' — %
Arr — < ’L Reaction ——
H — -q—
| ~ \ —
\ .
Combustor
Figure 15. Schematic of flow reactoBleerer D., 200P
25 10
—Laser—Light | 9
20 | Fuel entersx . g
| ? »c’
- 15 1 L g =
- &
E L -5 5
g =
¢ 40 - -4 8
- =
- 3
5 B 2
- . — - 1
o Ignltllﬂn ] 'H.Jllu- Illnluﬁu ) 0
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Figure 16.U d e f i n iaser anehlight cutput ig flow reactddderer et a).2009.
1.53 Rapid Compression Machines (RCM)

This is a single stroke compressi@tility, wherecompression is achieved by a simple
pistoncylinder configurationas shown in Fig. 1.The motion of the piston is driven by

high pressure at one side, laé tother is the reactant mixtufEhe compression must be

11
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rapid otherwise reactiowill occur during compression. It is difficult to attaas rapid a
compression as that mST. However, RCMs are capable of sustaining fairly constant
pressure and temperatures after compression for abouhg 2®mpared to that ot
most 55msin aST. Mittal et al., 2007.

High pressure
driving Reservoir

L F lﬂj.tlg
. RS T

(o

Compression Compression piston

B Ignition
o 2] |
:I“ - | E
E ] By

Figure 17.Schematic of RCM operatiorJniversity of lllinois, 2014].

INRCMs , U i s ofessaarecadindd riosm usual ly defined
the end of compression (t = 0) tetpointof maximum rate of pressure rise (i.e maximum

Q) Q P[Gersen et al., 2010; Westbrook et al., 1998; Gallagher et al., 1998; Mittal et al.,
2008, as shown in Fig. 1.80ther definitiors have beemsed such as the elapsed time
from the end ofcompression tohie time when pressure reaches 20 d¥56f the
maximum pressure risdhra et al., 2009; Tanaka et al.,2003; Mittal et al., 2007

Because of the rapid rise in pressure during ignition, all these methods produce similar

results. Fig 1.8ummarisesypic a | boundaries for the measu

12
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Ignition delay time, T

Pressure (MI*a)

20 -10 0 10 20 30 40 50

I'ime {ms)

Figure 18. Typical pressure trace in the RCM showing Ignition delay time definition.
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Figure 19. Typical operational boundaries of SRCM and flow reactors. A comparison
to a representative ignition delay curveiadctane is included@roganet al., 201§
ignition delay ofiso-octane is obtained from the reduced mechanism of RBgigjardins
and Pitsch PepiotDesjardins et al., 200&t an equivalence ratio of 0.6 and a pressure
of 2.0MPa.
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1.6 Auto-ignition (Al) chemistry of hydrocarbons.

The chemistry of hydrocarbon oxidation is very complex. A sequence of thousands of
different elementary chemical reactions can take place doomdpustion. This section
gives onlythebasic elementary chemistry involved during ignition of hydrocarbon fuels.
In the present work nmtermeadiate species were measured]y ignition delay times.
Nevert hel eswalues sfidiffereat hydiocaonsUat different conditions are
fundamentally controlled by their oxidation chemistry, @isied to give aoverview of

how reactions unfoldtdifferent temperatureReviews of detailed chemical mechanisms

for alkanes and other hydrocarbons carfduend in BattinLeclerc 00§ and Simmie
[2003.

A general understanding of hyd®@rbon oxidation mechanisms Hzeen developed over

many years, and it is widely accepted that in a simple static combustion system, there are
two distinct regions with differemeactions behaviours which depends on the temperature

of the fuel, on one side there is slow, low temperature reaction and the other side high

temperature explosive reactiorgafnard et al., 1985

Al chemistry is mainly controlled by the chain branchmeactions, which change with
temperature and concentration. In the initiation process atoms or radicals are produced by
either dissociation of the fuel molecule (RH) or by reaction between fuel and oxygen, to
produce alkyl radical R, hydrogen H and hydde OH. This process is basically
hydrogen abstraction for saturated hydrocarbaugh as alkanesFor unsaturated

hydrocarbons addition of oxygen to the double bonds resulthdarformation of

aldehydes.
Y®'Y O (1.1)
YO0 Y 00 (1.2)

Decanposition of fuel molecules (Eqg.1.1) is dominant at high temperawbhég at low
temperatures dissociation is too slow &ad. 1.9 dominates. It is also important to note

that these reactions are very slow because unimolecular dissociation (Eqoald) w
require an activation energy, equal or greater, than the bond dissociation energy of the

fuel molecule.

Hydrogen atom abstraction can also be initiated by fuel reaction with hydroxyl radical
(OH) using the following reaction.
YO 0®'Y 00 (1.3)

14
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The production of alkyl radicaR, results in other important reactions that propagate the
chain reactions with increasing temperature. The main reactions are decomposition and
oxidation of the alkyl radical. The alkyl radicalay decompose to alkenes and another

alkyl radical:
YOO YOo'Y 60 0« 14

The reaction of the alkyl radical with oxygen is very importe#ding to the formain

of the alkylperoxy radical R©)which is essential to the foation of many combustion

products.
Y 0 O 6 aQQ&h (1.5
Y 0 P YO (1.6)

The RQ radical may undergo a wide variety of reactidng of particular importance is
the hydrogen abstraction which can occur internally (isomeriga#ind result in the
formation of the hydroperoxyalkyl radical QOOH, where Q represextib,Gpecies.

External hydrogen abstraction might ogqnovided RQ has a sufficient life time.
Yo OO0 00 @01 € QO QO (1.7)
The equilibrium of Eg. B.tends to move to the left as the temperature increBsesdrd

et al., 198§ promoting the production of more alkenes and the té@ical.

The products from alkyl peroxide isomerisation usually include aldehydes. At
temperatures below 400 the lowest alehyde (formaldehyde) is stable and takes no part
in branching. The higher aldehydes may cause some degenerate branching reactions,

generating large amounts of the degenerate branching agent, hydropé&tOxide
000V 0 ©060060L (1.8)

The increased amount of hydroperoxide from EgS.ahd 18 retards the branching
process and overall reaction rate, and is the primary mechanism for the occurrence of
Negative Temperature Coefficient (NTGghaviour for alkanesvhere ignition delay

times increase with increase in temperature. This phenomenon occurs in the intermediate
temperature range of 78bO0K [Griffiths et al., 1993; Minetti et al., 1994; Vranckx et al.,
2013; Mittal et al., 2014 The presence of peroxides in the radical pool has been reported

in [Bardwell et al., 195[las inducing cool flame ignition, prior to the main explosive
ignition. Thisis commonly known as two staggnition. The first stage is characterised

by a blue luminesent cool flame and the second by a more intense high temperature

15
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explosion[Falconer et al 1983 have shown that cool flames represent the explosion of
accumulated peroxides, as concentration of peroxides were found to reach peak
concentratiomfew miliseconds before the cool flamesd decreased sharply soon after
cool flame had occurred. Figure 1.10 shows typical pressure measurements in RCM
indicating the two staggnition of stoichiometriagso-octane at 2.0 MPasmeasured in

the present study

§ - h\
T -
\‘\
6 \\
I Y
= .
s 4
z |
£ 3 |
2] g
_.-"Te}“irst stage | Second stage
. Y ! ignition delay ignition delay
e e A
10 -3 0 5 10 15 20

Time{ms)
Figure 110. Pressure trace for ismctane combustion in RCM showing the two stage

ignition phenomena.

As the temperature is increased, further chain branching ocadsde the production

of hydrogen peroxides

00 Y'® 06 Y (1.9)
00 00 °© 00 O (1.10
These are followed further with the chain branching reaction:

OO0 0 °9¢h™O D (1.12)

These reactions become more important at higher temperdBaresd et al., 198%and

eventually cause the rate of reaction to increase again with temperature.

For aromatics, their € and GCH bonds are substantially stronger than those of alkanes
andthereforetheir low temperature oxidatiomitiation is usually througheaction with

theOH radi cal which may abstract d-systerd,r oge.
generating an allylic type radical system. These two pathways compete and contribute to

the combustion chemistryf aromatic speciesAddition of OH to the aromatic ring is
16
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more prevalent at 298KAfkinson, 1994. Once a radical is generatedher on the
aromatic ring or side chain of toluene, rapid oxidation can occur. At high temperatures,
initiation occurthrough different routesEmdee et al[1993 and Dagaut et a[2002
proposedhat thetoluene combustion mechanism is mastsitiveto its reaction withO»
(H-abstraction)to form the benzyl radical and H®O The benzyl radical can further
decompose to form acetylene and cyclopentadienyl or react with an additioaatl O
decompose to form phenyl and formyl radicals (via benzalydeliyd@, ¢ 0 O.
Djurisic et al.[200]] and Sivaramakrishnan et a2009 summarisedhe overalltoluene
autoignition reaction to proceed througld ‘06 0° 6 06 0O° 6 'O6 OF

000 0% 600C 600UV ° 600 Ofollowed by the ring breaking reactions. The

major consumption of toluene was found to be due to the reactidri®dd O 0 O

For alcohols, the presence ahydroxyl graip brings about different behaviour of its
asso@tedrate constants and product channels compared to hydrocarbons. These effects
include prereaction complexes when eng with OH that cause negatitemperature
dependence itheir rate constants at low temperatyghou et al., 2011] Also their
moleculr structure allows faster reaction tfe 1-hydroxy radical with reactive
molecules and radicals such@sand OHcompared to an ahogous hydrocarbon radical

[Silva et al., 2009] Key chemical mechanissnthat drive alcohol aut@nition are
descriled in Section 4.4.3.

As demonstrated, the temperature plays a vital role in determining the fuel oxidation
progress ands route. Different intermediate radicals are generated which speed up
retard the reactions and this affects the oveaaitoignition characteristics of a fuel at

di fferent temperatur es. Measur ement s of
temperatures, pressure and concentration, provide a good input towards validation of the
detailed chemical kinetics models, and broaden our unddista of how these
intermediate radicals interact. Moreovaymerical simulations such domlin et al.

[1993; Tauranyiet al.[2019; Bansalet al. 019 have been able to use experimental
measurements and detailed chemical mechanisms to reducedhgdexcmechanisms

into fewer steps and reactions which can be extrapolated to conditions where experiments

have not been performed.

17
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1.7 Use of experimental ignition delay times for chemical kinetic
studies. (Case of RCM)

Measurements of ignition delay tisié controllable conditions such as in shock tubes
and RCMs are important for understanding low to high temperature fundamental auto
ignition chemistry under engidi&e conditions. Complementary combination of RCM
and shock tube data has allowed valmatiand refinement of various reaction
mechanisms over a wide range of pressures and temperatures. Various mechartisms
asthat ofiso-octane [Curran et al., 2002}Lheptane [Westbrook et al., 2011] and toluene
[Pitz et al., 2001]have been successfulalidatedusing experimental ignition delay
times and are now widely used as building blocks for reaction mecharfmnthe

surrogate blendsuch as in Cancino et #2009}

Direct comparison between the measured ignition delay data and predictreastain
mechanism is not always possible because experimental measurements are usually
subjected to facility dependent effects such as mixturehoomogeneity, preeactions

during compression and heat loss during and after compression. Therefore, careful
interpretation of these data need to be made before they can be used by modellers. Mixture
inhomogeneity is usually overcome by proper design of the reaction chamber and piston
as will be discussed in Section 3.2.3, but heat loss is quantified by expiiisne
measured pressure traces using-reactive mixtures. These measurements quantify the
amount of pressure drop as a result of heat loss in a particular facility, numerical models
are therefore generated to match the pressure history ekaotive nixture to account

for the heat loss effect. Two main approaches are typically used; one is the addition of
heat loss term in the energy equation while keeping the reaction chamber volume constant
e.g in Ribaucour et al.Z00Q while the other is to spegifa volume expansion term while
applying the adiabatic core assumption smng anaka et al.J003. Comparison of these

two approaches with the CFD simulation of freactive RCM experiments using

Mittal et al.[2004, showed that the latter apprdawas found to be computationally valid
because it matched the CFD pressure and temperat@bfger period than the former

one.

The procedure for obtaining volume expansion term is as follows: for compression stroke,
an empirically determined parameetis added to the time dependent actual geometric
volume of the combustion chamber in order to match experimental pressure measurement

and thus simulate the heat loss during compression. After compression, the effective

18
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volume history is calculated frorhé actual measured pressure ushegadiabatic core
relation in eqnl.12

bo U Dojb (1.12)

Mittal et al.[2007 have use@detailed chemical kinetic mechanism to simulate ignition
delay times for syngasindtheir resuls agreed fairly well with experimental pressure
traces for both reactive and corresponding -reactive using volume expansion
approach. The excellent agreement between pressure traces during and after compression
indicates the adequacy of the heat transfeodel described above. Furthermore,
computationallya study of H ignition in RCM byMittal et al.[2014] showed that zero
dimensional simulations in conjunction with the approach of volume expansion performs
very well in predicting ignition delay as c@ared with the results obtained by CFD

simulations.
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Figure 111 Experimental and simulated pressure records for 0.5€®/B.5H in a
mixture comprising (CO/N + H2)/Oo/No/Ar = 12.5/6.25/18.125/63.125 and the
equivalent nosreactive composition compressed @iarand 1007.0 £ 0.5 KMittal et
al., 2007]

During compression, radicals can start to accumulate and affect the overall measured
ignition delay timegas will be well described in Chapter. $his effect can be capten

when simulations are conducted based upon initial conditions from the start of
compression covering the entire experiment. Compasis@re madeusing dimethyl

ether (DME)in Mittal et al. [2008], between (1) simulations which used the initial
experimemal conditions to simulate the entire compression and post end of compression

processes and (2) simulation used only the post end of compression processes using end
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of compression as initial conditions. At higher temperatures, calculated ignition delay
times using end of compression as initial conditions gave longer delay times by about
60% compared to that which used initial experimental conditiat&reasat lower
temperatures the difference is only about T¥is indicates that the technique of using

end of compression aan initial condition failed to capture the effect on delay times
caused by preeactions during compressidhis therefore recommended to simulate the

entire experiment process include compression stroke goolst compression.
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Figure 112 . Effect of the compression stroke on modelled pressure traces for a
DME/O2/N2 mixture (1/4/30 M composition). Open symbols represent calculations
performed considering the RCM compression stroke; lines are resuéiseabtby
initializing the calculations at the end of compression for the compressed pressure and
temperature conditions listed and using the initial mixture composition. The heat loss
effect is included in both calculatiorjMittal et al., 2008].
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1.8 Thesis outline

This thesis is divided into six Chapters. A brief introduction to their content is highlighted

below.

Chapter 2 This Chapter givea description andhe operation procedures of University
Leeds and University of Cape Town RCMs with their asged modifications It also

includes techniques which are used for measuring ignition delay times in RCM.

Chapter 3 In this Chapter, issues related to the deviation of RCM operation from ideal
conditions are discussed and corrections are made for Heunee delay times to account
for nonideal conditions in RCM operations and measurements using experimental data

from seven different RCMs around the world.

Chapter 4 This Chapter presents the experimental measurements of ignition delay times
for various individual fuels and their blends at different equivalence ratios and
temperatures. The purpose of this work is first to test the performance of the machine
after modifications by comparing the results with the existing literature results and then
measuements are made for the blends of Toluene Reference Fuel (TRF) surrogate with
ethanol andh-butanol to study the effect of alcohols on the Al behaviour of a TRF

surrogate.

Chapter 5 This Chapter introduces a blending law which is based on the measured

ignition delay times of the constituent fuels.

Chapter 6 This Chapter concludes thssudyby summarising the important findings as

well as giving recommendation for future research.
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CHAPTER 2: EXPERIMENTAL APPARATUS,
TECHNIQUES AND MODIFICATIONS .

2.1 Introduction .

A Rapid Compression Maching, essentially, a pistonsigde a cylinder. Its purpose

to rapidlycompress aombustible mixture to a higher temperature and pressuvkich

its auto ignition characteristics can be studiksl.in the pesent work, sch machines

find application in the study @ngine fuels because they are a reasonable representation
of a single stroke compression ignitedgine.There are ifferent RCM designs and
techniquesbut they all have the same main objectivesragidly compresing the
mixture while poducing the minimum amounts béat and mass loss, turbulence and
pressure geillations due to piston oscillationsne geration olRCMs wasdiscussed in
Chapter land results from several are goamed and discusdein Chapter 3This
chapterdescribes the design and measurement techniques for the twolREN® the
present work. One was recently developed machine at theiversity of Cape Town
(UCT-SAFL) andthe other was a significantly modified version of allvestablished
machine at th&niversity of LeedsThese machines are very different in a number of
ways and each has its advantages and disadvantages. Together they have provided

valuable insight into autanition of fuels and fuel blends as discusse@hapte#.

2.2 University of Leeds RCM.

The Leeds RCMvas initially developed a@hell Thornton Research Cenbrg Affleck
and Thomas Affleck et al., 1968 It was subsequentlgcquired bythe Chemistry
Departmentat theUniversity of Leedsn the 1 9 & @nal muchpublished work was
undertaken with it by J. Griffithet al.[e.g. Griffiths et al., 1996; Griffiths et al., 1988;
Griffiths et al., 1993; Griffiths et al., 199 Finally, it was transferred tthe School of
Mechanical Engineeringt Leeds whex it wassignificantly developed from 2010 by
the present author and R. Mumby as paramEPSRC research grafharpe et al.,
2009.

22



CHAPTER2: EXPERIMENTAL APPARATUS, TECHNIQUES AND
MODIFICATIONS.

2.2.1Main designand configuration.

The LeedsRCM was designed and constructed based on one haldo&l opposed
piston RCM from Shell Thornton research cenfhsfleck et al., 1968. Shown in Fig.
2.1(a)is a photograph of the complete systand itscorresponding interior sectional
view. It is a single piston horizontal machine which is pneumatically driven by
compressd air and damped hydaulically. Thexhnique is widely used by other RCMs
[Mittal et al, 2006; Dracy et al., 2014; Lee et al., J0d2e to its proven abilityThe
Leeds RCMs approximately 2nn length and 1.5m heighit.is capable of achieng a
range of compression ratsobetween10.5 and 1%8, attained byvarying the
compressiorstroke between 170m2B80mm. The stroke variatiowas achieved by
adjusting the numbeof removable spacers which varidte length of the hydraulic

chamber and consequenthe initial volume before compression

The machineconsistedof threemain sectionsA: The driving air resenig B: The
hydraulic oil chamberand C: The combustiorcylinder andchamber These sections

were interconnected by a piston assembly.

Each of tese sections and piston assembly are discussed below.

A Removable spacers B Band heaters C

Piston assembly ~ Dynamic pressure Cartridge heaters

transducer port ports on end plug

Figure 2.1. University of Leeds RCM showing main sections.
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2.2.2Driving air reservoir.

The piston wa driven and held at its final position by compressed air from thingri

air reservoir. The reservowas capable of handling up to 2.0 MPa, but in practise a
driving pressure of 1.4 MPaas used Thisis because higher pressures would exceed
the piston holding force and cause the piston to move before fiimegreservaiwas
connected to twamain presste line feeds;one wa the low pressure from the
compressed laboratory air (limited to 0.7 MPa) and the @tbethe high pressure from

a compressed air tank (regulated at 2.0 MRg)ressure relievalve was put in plae
and wa set at the activation pressure of 1.9 MPa.

2.2.3Hydraulic oil chamber.

The hydraulic oil chamber sectioshown as section B in Fig.1, was between the
driving air tark and combustion chambehi§ was usedo hold the pistoim placebefore

firing and it wa alsousedfor piston dampingUsing the hydraulic oil, theigh speed
pistonassemblyvas dampedhrough the use agtdamping ring and groove mechanism

as shown in Fig2.2 In this mechanism as the damping ring enters the damping groove
the small volume of oil thasitrapped between the ring and groove is highly compressed
and the pressure that is generated in the hydraulic oil acts as the transfer of kinetic energy
from the moving piston rod and the pistord@&mnped antbrought to a Ha The precise
machined clearance between the damping ring and groove is vital for the fast and smooth
deceleration, this clearance is designed to give progressive venting of the hydraulic oll

back to the oil reservoir at a rate which gives fast and umifoston decelaration.

Piston assembly

& N N &
Hy draullc\ lgck se\e& \“\\A\L

AN gaeare ey : P
\\ . // /\é; A
\ |

Figure 22. Sectional viewsketchof Leeds RCM showing piston damping mechanism.
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2.2.4Combustion cylinder and chamber.

The combustiortylinder andchambey shown as section @ Fig. 2.1 and detaild in
Fig. 2.3, were both made of stainless stewith thecylinder having a bore diameter of
46 mm and 228nm length; andh stepped combustion chamlaving a diameter of
44.5mm and 19.5mm lengtfihe combustion chamber waesigned to withstand high
presure generated during combustion and had ports for pressure transducer and gas
inlet/outlet. Special cangastaken in design of gas inlet/outlet port to minimize the dead
volume in the combustion chambeby using a poppet valve. The end plofythe
combusion chambemas made omild steeland had six ports machined fioiserting
cartridge heater®r heatingthe combustion chamber

Cylinder head

Static pressure | Endplug
|
transducer port =

=

-
-~

&l
4l
iy
E
E
1

—

Combustion cylinder

e .\'.
Dynamic pressure
transducer port

Cartridge heaters
ports

Figure2.3. Combustion cylinder and chamber detail.
2.2.5The piston assembly.

The piston assebly connectedbetween the three mairdcions of the Leeds RCM.
Shown inFig. 24 are different parts of the piston assembly was machined from
stainless steel antadtwo ends wih a damping ring in the middle. Oeadwas the
driving pistonwhich was in contact with the drivingompressed air and the otherswa
the driven/compression pistomhich wa used for compressing the mixture in the
combustion chamber. The ratio between the driven and drive piston diamatel?
thus allowing the driving aipressure needed to hold the piston assembly after

compression to be a factor of 4 smaller than the pressure in the combustion chamber.
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The compression fisn was fitted with Teflon sealto ensure excellent sealioigiring

compression, the driven/compressgston headvas made of aluminium.

Driving end

Damping ring

Compression end

Figure2.4. Piston rod assembB;2.6Mixing Chamber

To avoid errors caused by inconsistent mixture preparation in the combustion chamber,
a separate fuel mixing chamber was used. In tixengnchamber the liquid fuel is pre
vapourized and mixed with the oxygen and other diluents to make a homogeneous
reactive mixture, the use of the mixing chamber increases efficiency, control as well as
safety.For reasons of compactness, a constant veJungh pressure system wased

as shown in Fig 2.5 and 2.6 This system was developed by the present author and
R.Mumby,stress analysis was first conducted during designing to ensure safe and proper
operation, calculations are shown in appendix A. dteember had a cylindrical shape

with ancap at each end, the two caps were connected to the middle turbular part with
external restraining bolts. The end plates were made fron(E393..4305)stainless

steel and a turbular section from 31@N 1.4404)stainless steel. Ports were made for

gas inlet, fuel injection, pressure transducer and mixture outlet.
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Inlet and outlet
ports to control

Figure 25. Fuel mixing chamber (front view)

Figure 26. Fuel mixing chamber (cross sectapw)
2.2.7Auxiliary equipments.

2.2.7.1Pressure instrumentation

The pressure measuremewts made by dynamic or static pressure transducers
depending on the requirementiese were locatedespectively, on the side and top of
the combustion chambes shown irFig 2.3. Initial presure in the combustion chamber
was meastedby astaticpressure transduc@OMARK C9557with ameasuring range
of 0 MPa to 0.8MPa absolute pressuré-or measuring pressuie the combustion

chambe during and after compssion, several dynamic pressuransducers were
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investigated because of the imfaorce of accurate dynamic presswuecordings, but
with the complcation of large temperature variatioriBhis is discussed in Section
2.2.9.1 Thepiezoelectriaddynamic presure transducer Kistler 60A5vas chosen to be
usedn theLeeds RCMThis transducer véamounted flush to the wall of the combustion
chamber and auld withstand a maximum pressure @ MPa and operating
temperatureof -20°C to 350C. The pressurasidethe mixing chamber veameasured

by astaticpressuréransducetNIK 5000with maximum pressure &4 MPa Pressure

in thedriving air reservoir wameasured bgRS (3100 seriespressure transducer with

a maximum pressure of 5 MPa All the staticpressuretransducersvere connected to
the controlbox and wired tadigital display unis which hadmeasurementesolutionof
0.0001 MPa The dynamic pressure transducer in the combustion cham&er
connected to the charge amplifi€istler 5015 which conveed the generated charge
into voltage (0-10V). The data acquisition (DAQ@oard NI PC16110 which featured
dedicated analogu®-digital converter (ADC) for each channel, was used to digitise the
voltage from thecharge amplifier. This DAQ hati2 bit reslution andtherefore with
sensivity set at 20bar/volt it gave smallest measurable increment of 0.00244 volts and
4.88*10* MPa. Sampling was performed at 50 kHz.

2.2.7.2Temperature instrumentation.

To ensure uniform initial heat distribution within tbembustion cylinder and chamber
prior to compression, different heating arrangements were tried ambtineum was
chosen This is discussed in Secti@2.10 The combustion cylinder vgaheated by 5
differentband heaters each wiBT5W power andacylinder headceatedoy 6 catridge
heaters fitted circumferentigin the end plug with @QW/m each.

The lines that take the fuel frothe mixing chamber to the combustion chamber are
4mm diameter staless steel pipes.hEse pipes we wrapped up with a heat) cable

to ensure no fuel condensation occurs along the line. The RS constant wattage heating
cablewith a power of 20W/m was usedhdse heaters were capable of heating up to
200°C. A flexible polyethylene pipe insulation was also used for increaseikbatfy.

The mixing chamber was heated by a single Mica band heater fitteadateulbular

section with 2 KV power.

The initial temperature in the combustion cylinder and chamber prior to compression,
and that of the mixture pipeline were measuredgikhtype thermocouples each placed

on the surface of the metal which it measured. It was not possible to measure transient
28



CHAPTER 2: EXPERIMENTAL APPARATUS, TECHNIQUES AND

MODIFICATIONS.

temperature during compression and combustion. Instead, this was estimated as
discussed ivection 3.2.2 o€hapter3. The temperateas were displayed and controlled
using PID temperature controllers

2.2.7.3Piston displacemenimeasurements

To accurately measure thesplacement ahepiston assembly during operation, several
methods and approaches were considered as discussetion 2&11 A class 2 laser

which was targeted, at a slight angle, onto a reflecting circular plate attached to the piston
extension rod, was chosen as a suitable metmsdhown in Fig. 2. The displacement

of the reflected beam was measuredab3D linear displacement laser sensor, model
LK-G82 from Keyence and recorded at a sampling rate of 20 KHz by its own
independent control unit. This converted the digitally measured displacement to
analogue output of +/10v which can be read by LabView VI. Theystem had a

measurable range of 30 mm and a resolution of 0.6 mm.

Laser sensor

N

Circular plate = ,""\_H r
Piston driving end

Figure 27. Piston displacement measurement system.

2.2.8Mixture preparation and machine operation.

Fuelair mixtures were prepared ia separatenixing chanber (Section2.26). The
mixing chamber wafirst heated to a prdetermined temperatute ensurea test fuel
would be fully vaparised. or most fuels tested in this wotkis temperature was
typically 80°C. This wasfollowed bya purging of the mixingltamber to remove all
residuals bylushingit with pressurised laboratory dor about2 minutes The chamber
was then filled with laboratory air up to 0.2 MPa and finalrgcuated ttess than 0.002
MPa This process waepeatedwice using dry airto ensure that there was less than
0.01% residual gasdm the previous mixturd.he temperature within the chamber and
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volume of liquid fuel injectedvaspre-determined so that fuel partial presswasless

than its vapour pressuyithiswas done to ensutbat the liquid fuewas fully vapourized

An excel spreadsheet was created to perform the partial presure calculations based on
the type of fuel and conditionsShown in Fig.2.8 is the variation of pressure with
temperature foa stoichiometriomixture d iso-octane and air. The solid line shows the
Iso-octane vapour pressuaé different temperaturesd thedotted horizontal lings its
partialpresure aen the total mixture pressuresd2MPa The dashed verticéihe is

at 80C which is the typicaimixture preparation temperaturethe present wotkThe
plot shows that the fuel igotentiallyfully evaporated down to a temperature of about
40°C. The pre-determinediquid volume offuel wasinjectedinto the mixing chamber
under partial vacuurthroudh a stainless steel Ludok inlet. After fuel injection, the
increase in pressure (the fyrtial pressufewasmeasurec@nd was typically found to
be within+/- 0.0001MPaof that expected from a partial pressure calcula#dter fuel
injection, thegaseous congments, usually comprising various amountNgf CQ, Ar
and Q as discussed in Secti@?2.4. in Chapter ,3vere carefully introduced into the
mixing chambewsing the high precision needle vahaesl he fuel mixturewas leftin

the chambefor about 2 hourfor proper mixingoefore itwasused.

1

I
B T -
i Mixture prepatation | Vapour pressure curve
0.1 ¢ temperature
g §
; 0.01 E Partial pressure
2 : | o
I B
A TP -
Liquid Vapour |
0.001 ¢ |
I
I I
0.000 1 i i i I | i i i
0 20 40 60 80 100 120 140 160 180

Temperature (°C)

Figure 28. Vapour pressure and partial pressure foichiometrici-octane in the mixing
chamber, showing mixture fully vapourised at preparation temperate 80

Oncethe mixturewas preparedhe RCM combusbn cylinder and chamber walls vee

heated to the prdetermined initiapre-compressiotemperatureSimilar to the mixing
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chamber, the combtisn chamber was flushed of aksidual gasrom the previous
experimat by pressurising the chamber with laboratory air up to 0.2 MPa and then
evacuated tdess than 0.002 MPa to ensure less than 0.01% residual lyapre-
determined amount of reactantxture from the mixing chambevas introduced into a

combustion chamlvehrougha high precision needle valve

The hydraulic oilwasthen pumped intthe oil chambeyusing a hand pumpup to 40
MPa This ensurethe pistorassembly{shown in Fig®.1and2.4) was heldin its initial
position before firing.The diving air was next fed intothe driving reservoirin two
stages. Firstlaboratorycompressediir was introduced at the available maximum
pressure ohbout0.7 MPa This was therioppedup with compressed nitrogegasto
yield a total driving pressure of4MPa

Once the mixture hé been introducethto the combustion chamband attained &
required temperature, andcethe hydraulic and driving pressures were as requined, t
machinewas fired by use ofa triger button whichwas electrically connected to the
solenoid valve in the hydraulic oil chambé@ihisvenedthe hydraulic oil back into the
hand mump, thus reducing its pressufi@ce Once the driving force exceeed the
hydraulic oil force, the pistonwas driven forwardto compress the mixture in the
combusion chamberA trigger signawas alsosentto theDAQ card for collectiorand
recordingof pressureand piston displacemedata.

A speciallabviewvirtual instrument Y1) wasproducedby the present author to collect,
display and save the pressureasuements within the combustion chamber during and
after compression. Also, this VI collectand save data frompiston displacement
measirementsdescribed in sectio.2.7.3.Shown in Fig.2.9is ablock diagranfor the

VI used and Fig. 2.10 is the user nterface withtypical results obtained from
stoichiometridso-octane compression at end of compression pressure 2.0FuliRthe
top plot in Fig. 2.10,hte white line shows the pressure measurement while theneed |
is the piston displacement, and theétbm plot shows the rate of psese changethe
vertical axis measures the magnitude (pressdisplacementand rate of pressure

changein this case) anthe horizontal axis measures time.
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2.2.9Modifications made to Leeds RCM during the course of this

research.

2.2.9.1Presaire measurements and thermal shock error protection.

The accurate measurement of pressure in the RCM can not bernopkasised>essure

results are used to derive the temperature of theafuehixture in the combustion
chamber as well as ignition delagnesas will be described in ChapterNeasurements

of pressure histories during and after compression in the RCM usually use dynamic
pressure transducers, their preference comes from high frequency response, accuracy,
durability and repeatability. Theeeds RCM uses a piezoelectdynamic pressure
transducer. fis type of transducer uses special piezoelectric crystals which generate
charge when force is applied, the charge obtained is then amplified and converted into
voltage using a charge amplififiihe crystals are properly packed in the stainless steel
housing and use a thin stretched diaphragm as its sensing face. In a steady thermal
condition,the sensitivity to change of these transducers is very small (less than 1%), but
when exposed to very Hgates of temperature changes the accuracy is highly degraded.
The sudden change of temperature imposes thermal stresses on the transducer diaphragm
and its housing, and in response it results in momgdtfiormation/expansion which
eventually lessensépreload force on the crystals, causing a negative signal output and

hence gives an erroneous pressure signal.

Previous experiments from RCMs by Mittal et [@013] have shown that a thermal
shock error of 0.5 MPa was experienced at the end of conqmeskien nitrogen was
compressed. This is about an 18.5% reduction in pressure from when the transducer was
protected from thermal shock. Similar results have been reported in ebgiheg et

al. [2009, Randoplh 201d and combustion bombsy Dibbern etl. [2009.

To ensure accurate pressure measurements, it is therefore vital to evaluate the amount
of thermal shock error in the present RCM. Experiments were therefore conducted to
measure the effects of different thermal shock protections on pressoseutar
measurements. All experiments were conducted using air at atmospheric initial
conditions and iked compression ratio of 13.58.eMperature gradients of up to
110K/ms are achieved during compressieour different commonly used techniques

for thermal shock protection were tested at these conditions. These are recess mounting,

silicon greaseéRoom Temperature Vulcanizing (RTV) silicon rubkserd vinyl tape. To
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obtain accurate results, pressure transducers were first calibrated using two reference
pressure transducers 6052C and 6045A from Kidiherse transducers have very low
thermal shock error of less than +26. Thecharge amplifier Kistler 5015 was sent to

the manufacturer for calibration. A total of four different Kistler pressure transducers
(601A, 701A, 7005 and 6061B) were tested. These theravailable transducers in the
laboratory store commonly used in different rigs including RGU61B is a water
cooled transducetesigned to minimize the thermal shock error by cooling the crystal
housing during measuremen#s 7005 has a reinforced diaphragm to enable measuring
higher pressures of up to 60 MPa, 601A has very high natural frequency making it
suitable for aplications where vibrations atggh and 701Ahas high sensitivity for
increasd accuracy.These were tested simultaneously using specially designed end

plugs in which thg weremounted.

Two types of end plugs were designed and manufactured, one for flush mounting and
the other was for recess mounting as shown in Rigd and2.12 Dimensions of the
slots are based on the size and shape of the transducers tested.

FLUSH MOUNTING END PLUG

3D BOTTOM VIEW 3D TOP VIEW

@\:%‘5) .' J%

NN

i}

7

SECTION A-A 4 HOLES CENTRES ARE AT PCD 21.75 SECTION B-B

Figure 211. End plug for flush mount pressure transducers
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RECESS MOUNTING END PLUG

3D BOTTOM VIEW 3D TOP VIEW

0 12
PR T LSS T A

SECTION B-B

HOLES CENTRES ARE AT PCD 21.75

SECTION A-A
Figure 212. End plug for recess mounted pressuaegducers.
1. Thermal shock test

The initial test was conducted to check the amount of theshatk error for each
transducer. e pressure measurements were made simultaneously with all transducers
flush mouned using the end plug in Fig. 2.1%3hown in Fj 2.13 are the pressure
readings for the ife transducers(including reference transducewhen air was
compressed from an initial pressure of 0.1 MPa and temperature of 293K. The time zero
in Fig 2.13 and for allothersimilar plots in this section, detes the time when the
piston reached the end of compression (EOC). In this test, the magnitude of thermal
shock error was measured by thressurdifference between thmeasurements with
thereference transducé045A) and the one being compare@dluesare shown in Fig.

2.14

Transducers 601A and 701A show the maximum effect to the thermal shock, they record

the lowest end of compression pressures of all the transducers tested, a difference of 0.11

MPa (3.6%) is seen at the end of compressionwvidiercooled6061B shows the least

deviation from the reference transducer 6045A. Transducer 7005 recorded less pressure

drop at the end of compression than 601A and 701A. However, a sharp pressure drop
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was seen after the end of compression, this could be dhe tower thermal response

of its reinforced diaphragm. All transducers showed reduced pressure difference after
the compression which indicates their recovery from the thermal shock asféiche
progressed.

With the exception of the water cooled tramser 6061B, all other pressure transducers
were noticeably affected by the thermal shock due to the regig temperature rise
during compression. Different methods commonly used for thermal shock protection

were investigatg by the present author and aeported in the following Sections.

30 - {h{lfli."‘n
- 6061B 7005 7TOIA 601A

Pressure (MPa)

2.0 . | : r . . " ,
-10 -5 0 5 10 15 20 25 30

$ -
EOC lNmeims)

Figure2.13. Air pressure traces in the RCM during and after compression. Measurements

were made using five different pressure transducers simultaneously.
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Figure 214. Magnitude of thermal shock error using pressure difference between the
reference, 6045A and that under test.

2. Flush mounting and surface coating method

In this method of thermal shock protection, the pressure transducers were flush mounted
anda coating was applied on the face of the transducer diaphragm. Vinyl tap@4nd R
silicon rubber have been suggested by manufacturers as one of the methods for thermal
shod protection because they detag thermal effects for the duration of measurements
[PCB piezotronic, 2035it is most relevant for short duration measurements such as in
shock tubes and RCMs. In this work, a vinyl tape and a 1mm coating of Loctite 5399
RTV rubber were applied separately over the face of flush mounted pressure tremsduce
and the pressure measurements were taken. Shown in2Hi§sto 2.18are pressure

traces for the different transducers when mounted flush with the chamber walls, with
and without the protective coatings over the transducer diaphragm. The effect of the
vinyl tape is minimal for the 601A and 701A transducers in FX%5 and 2.17.
However, results for the 7005 in F@y18shows a slight increase in pressure at the end

of compression when the tape is present. Interestingly, the vinyl taped water cooled
transducer 6061B recorded lower pressure at and after the end of compression compared

to its corresponding netaped measurements. This suggests that, although vinyl tape
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can protect the transducer diaphragm against thermal shock, it also makes transducers
less sensitive to rapid pressure change as seen . Hdor the 6061B. This effect
negates the thermal shock protection advantage. There was no change in recorded
pressure for 601A and 701A when a coating of Loctite 5399 was applied whilst for 7005
there was a slightly higher pressure reading with the surface coating. Therefore, with
the current RCM set up, using flush mounted transducers tested in thisawonk)

tape and Loctite 5399 coatings have very minimal effect in protecting transducets 601A
701A and 6061B against thermal shock. Transducer 7005 was well protected when
coated with vinyl tape, a pressure increase of 0.12 MPa from itpnotected
recordings was obtained at the end of compression. However, an abrupt pressure drop
within 4 milliseconds after the end of compression was seen, which suggests that the
vinyl tape could only delay the heat flux reaching the transducer for a very short time

and thus cause only a temporary thermal protection.
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Figure 215. Pressure traces for air with atmospheric initial conditions using pressure

transducer 601A flush mounted, with and without coatings
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Figure 2.16. Pressure traces for air with atmospheric initial conditions using pressure
transdicer 6061B flush mounted, with and without coatings
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Figure 217. Pressure traces for air with atmospheric initial conditions using pressure
transducer 701Alush mounted, with and without coatings
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Figure 218. Pressure traces for air with atmospheric initial conditions using pressure

transducer 7005 flush mounted, with and without coatings
3. Recess mounting and silicon filling method

The recessed mounting technique involved mounting a pressusdurcr in a recessed
position from the wall of the combustion chamber, the aim is to protect the transducer
diaphragm from coming into contact with hot gases within the combustion chamber. It
is a common method especially used in engines where the tcansdire repeatedly
exposed to high temperature flames. A combination of mounting a pressure transducer
in a recespositionand filling a recess hole withsilicon grease or rubbdras also been

suggested by manufactureBEB group, 201p

In this work tests were conducted with three pressure transducers (601A, 701A and
7005) using the recess mounted end plug shown inZFlg. Three types of silicon
fillings were tested, these were 2 pack RTV, Loctite 5399 RTV and silicon grease.
Shown in Figs2.192.21are the pressure traces for recessed mounted transducers when
with and without RTV coatings. Also for comparison, pressure records for flush

mounted transducers without coating are included.
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For all transducers tested, the recess mounted measurewiémty without coatings,
recorded lower pressures compared to when flush mounted. Application of both RTV
coatings (Loctite 5399 and 2 pack) in the recess mounted transducers reduced the
transducer 6s sensitivity andanllydowel thano me a
those measured without coating. However, when silicone grease was applied, and
pressure records were compared with those of recess without coatings, a pressure
increase of 0.1483 MPa for 601A and 0.19 MPa for 7005 was obtained. Th&sads
equivalent to about 55% recovery from pressure drop caused by thermal shock as was
shown in Fig2.14 There was a slight pressure increase for 701A compared to when

recessed and natoated.

Therefore, in the current RCM set up, transducers 601A7808 can be fairlyvell
protected from thermal shock effects usihgrecess mounting technique together with

the silicon grease. However, the new Kistler pressure transducer models, such as the one
used as the reference in this work (6045A), have btéemal shock error properties
compared to those tested in this work even with the different protection methods tried,

thus transducer 6045A was acquired from Kistler and it was used for the remainder of

this work.
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Figure 219. Pressure traces for air with atmospheric initial conditions using pressure
transducer 601A when recess mounted with and without coating, and when flush mounted
without coating.
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Figure 2.20. Pressure traces for air with aigpheric initial conditions using pressure
transducer 700&hen recess mounted with and without coating, and when flush mounted

without coating.
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Figure 221. Pressure traces for air with atmospheric initial conditions usiegspre
transducer 701A when recess mounted with and without coating, and when flush mounted

without coating.
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2.2.9.2.Combustion cylinder and chamber heating modifications

Among other things such as fuel concentration and pressure, autoignition properties
depend on temperature. Therefoome of very important feature of raRCM is its
capability to control theinitial temperature of the combustible mixture before
compression. Initially, heating was only achieved by using the band heaters installed on
the @mbustion cylinder, and there was no heating on the combustion chamber end,
which was in contact wi t hasshowen Figa&d fhisne 6 s
arrangement frequently resulted to an overheating of combustion cylinder and not
enough heatip was attained on the combustion chamber enBDifferent heating
arrangements were then tried by the present author to ensure uniform temperature
throughout thecombustion cylinder and chamber at the start of compression.
Temperature measurements were takengitudinally along the centre of the
combustion cylinder and chamber for air @haspheric conditions.flese mesurements

were made using a type K thermocouple which was protected within a ceramititebe

tube had markings on the outside to enablerd@hing the position of the thermocouple

in the combustion cylindeand chamberA special end plug with a hole machined at the
centre, for inserting the ceramic tube, was used. During measurements, the ceramic tube
was carefully pushed through to the wteer lemgth and measurements were takeary

20mm.

Different methods were investigateBig. 2.23 shows three curves of temperature
distribution within the combustion cylinder using tiweating arrangments. One (black
curve) using twdoand heaters, eawhth 375W and 30mm wideyhich are fitted around
the combustion cylindengne on each end abdth set a?(°C, and another arrangment
(red curves) using a combination of 5 band heaters each with 8@@Wwd combustion
cylinderand six cartridge heaters\BOeach fitted circumferentially into the walls of the
end plug as shown in Fig.22 The length axis in FigR.23wasmeasured from the
combustion chamber end to the piston face as shown i2.2®@.Therefore, a value of
0 mm represents chamber endefand a value of 245mm represents the length of the
combustion chamber at the start of compression. It is clear fron2 Ri§that when
using only band heaters on theombustion cylinder,a substantial variation in
temperature along the length of the carsiiton chambeis obtained with the lowest
temperature, at the cylinder head, being sont€ 3®low the maximum temperature

which ocured at approximately the mid point between cylinder head and piston face.
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Fairly uniform tempeature distributios wereobtained, at different set temperatsire

when a combination of band heaters on combustion cylinder and cartridge heaters on the
end plug were used his heating arrangement was therefatesen as the optimum

heating solutiorand was used for the rest ofghvork

Cartridge heaters ports
Band heaters
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Compression piston face Chamber end face
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24'5 mm 0 mm

Figure 222. Combustion cylinder and chamber heating arrangement.
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Figure 223. Temperaturdistribution along the centre of tle®mbustioncylinder and
chamberat different set temperats, using two different heating arrangements.
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2.2.9.3Piston position/displacement measurements.

Prior to the start of this work, no means of measuring the piston position was available.
However, the present author believed that this was an essentimenegnt. This was
particularly so becausany piston bounce after the end of compression would affect the
volume, hence pressure and temperature, during the autoignition delay periber,

the reactant temperatucan beinferred, aswill be discussedn Section3.2.2 from the
changing volume of the chamber during compression

Initially, a linear potentiometric displacement transdu{@&C15) was used for
measuring piston positiaas shown in Fig2.24 A slider arm was attached to the end of

the driving pistonwhile the other end was fixed on the end cap of the driving air
reservoir.However, this was unreliable and suffered from frequent failures. Therefore,
an improved system was designed and implemented bydbentrauthor. An extension

rod wasconnected to the driving pist@and a high speed camera was used to film the
rod movement past an externally installed fixed ruler as shown ir2 2§.However,

this method required manual synchronisation of high speed movie images with digitally
recordel pressure records. It proved to be very time consuming and prone to errors.The
final solution, used throughout the rest of this thesis comprised a class 2yfsteen,
wherea laser bearwas targeted, at a slight angleima reflecting circular platetaded

to the driving piston extension rodekals of this systenaredescribed in sectioh2.7.3

Given the initial interest was to capture piston behaviour, such as bounce or creeping, at
the final stages of compression, a KEYENCE laser modeGiB2 was chosent has a

measurable range 80 mmwhich is sufficient toaccurately measure these behaviours
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: potentlometer dr|v|ng end

Figure 224. Piston displacement measuremesystem using airdear position

potentiometer

Extension rod fixed to driving piston

B ant

Figure 2.25. Piston displacement measurement system using a high speed camera and

externally installed fixed ruler.
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Circular plate

Figure 226. Piston displacement measurement system using a class 2 laser system.
2.2.9.4Piston damping.

As explained in SectioR.2 3, the hydraulic piston damping mechanism requires very
accurate clearance between the damping ring and groove so as to ensure smooth and
progressive piston damping. Shown in.F2@7is the variation of piston positowith

time after the end of compression of air at an initial pressure of 0.1 MPa. The dashed
line shows measurements obtained during initial tests before any improved piston
damping was considered. It shows massive piston bounce in excéssof &hich vas

typical of all pressures investigatetherefore, an investigation by the present author
revealed a slight misalignment between the damping ring (se€.Bigand its mating
groove. Therefore, the damping groove was rafecturedto a high precisioonf 0.01

mm such that it was just enough for the damping ring to pass through. This, produced a
rather abrupt piston arrefillowed by a reduced boundmck due to combination of
impact force from damping oil and the back pressure from the combustimbeha he

piston then creeped slowly to the end of compression position over an excessive period

of time.
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Figure 227. Piston displacement before and after damping groove change.

Improvements were obtained by experimentabyying the driving pressure and oil

composition. The effect of changing the driving pressure is shownsr2Fa$ and 2.29
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Figure 228 Piston displacement showing the effect of increasing driving prefRuje (

while keepimg combustion chamber initial pressuRg) constant at 0.1 MPa.
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Figure2.29. Piston bounce reduction with driving/initial pressure ratios

However, adequate damping required a significant redesign of the damping arrangement
by the present author in collaboration with a collegue, Richard Mumby, as shown in Fig.
2.30. This comprised an alteative, and highly controllablepute through which the
damping oil could leave the damping section.

Return line to reservoir Needle Feed line to needle

Piston rod assembly Damping groove

Figure 230. Needle valve damping mechanism.
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It involved the use of alternative return paths from the back of the damping groove to
the oil reservoir, which were regulated by needle valves as shown i2.BigThe use

of the needle valve allowed precise contrbtie rate of oil displacement for a given
driving cylinder to combustion chamber pressure ratio. Three equidistant needle valves
controlled return paths were installed and these provided efficient andniéonping

as shown in Fig .31 Here, the varian of piston displacement with time is shown for

a number of tests with different amounts of damping. The damping was characterised
by the position of the needle valves in terms of the number of revolutions (turns) of the
valve from fully clossed. Testseke made at a constant driving to initial chamber
pressure atio of 13, the curves in Fig..3l show pressure measurements in the
combustion chamber together with the corresponding piston displacement
measurements. With the needle valve fully closed asshog the black solid curve in

Fig 231, the damping is very poor and similar to that shown by the solid line & Fig

As the needle valve is opened to 1 turn, the piston quickly attaines the end of
compression position, without evidence of creep, t@efhowing significant bounce
back oscillations of about 2mm. With increased number of turns of the needle valve, the
amount of bounceback and duration of bounceback oscillations diminishes. The
maximum effect, and the best operating condition was foube twith 20 turns of the
needle valve. It is possible that further design improvements may produce better
performance, but the damping obtained with 20 turns was considered sufficient for the

present work.
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Figure 231 Pressure traces showing the effect of needle valves turning, at driving

pressure of 1.3 MPa and initial pressure of 0.1 MPa.

Nevertheless, tests were conducted with damping oils of different viscosity. Highly
viscous oil was more difficult to displace throutje needle valves and required higher
driving pressure to force it through the back of the damping groove. However, they had
better damping behaviour than less viscous oil. Shown in2E3@ are pressure
measurements for air under the same conditiong tigieedifferent damping oils. Shell
Tellus 22 which has lower viscosjtghell Tellus 68 with slightly higher viscosignd

the most viscous Shell Tellus 22lhe low viscosity oil allows more oil to be displaced
from the back of the damping groove ahdg the piston reaches near the top dead centre
and achieve slightly higher pressure. However, a substantial piston bounce occurs
making it less desirable for effective dampiyith application of higer driving
pressure to help push throutte more vigousoil, Tellus 220was able tayive very

goodpiston damping capabilitiy without rebound, as shown in th&F38

Therefore, digh viscosity Shell oil Tellus 220 was chosen as a damping oil for all work
reported in the rest of this thesis. This ofjéther with the use of three needle valves

and high driving pressure of up to 1.4 MPa, yielded very rapid piston arrest, with good

52



CHAPTER 2: EXPERIMENTAL APPARATUS, TECHNIQUES AND
MODIFICATIONS.

damping and without rebound, this was possible for end of compression pressures of up
to 2.5 MPa.
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Figure 232. Pressure trace showing the damping effect of different damping oils.

2.3University of CapeTown RCM (UCT-SAFL RCM).

Shown in Fig 233is a photograph of the RCM developed by the Sasol Advanced Fuel
Laboratory (SAFL) at the University afape Town (UCT) Ezevard, 201JL In the
present work, it is designated as USAFL RCM. While the piston driving mechanism

was somewhat similar to most RCMs, the USAFL RCM used a novel concept for

the piston arresting and damping mechanism. It utiligesl principle of impact
mechanics (li ke a Newtondés <cradle). It
mixture pressures, of up to 4.0 MPa in the combustion chamber, than those currently
achieved by the Leeds RCM (up to 2.5 MPa). The machine andvitdogenent hae

been fully described in Ezevaf@01]. This section gives a brief overview of the
machine and its auxiliary components, followed by a description of the operating
procedures used in the present work.

The UCT-SAFL RCM comprised four main sgsns as shown in Fig.33and in the
schematic of Fi@.34 These are:
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i.) The air delivery section which provided pneumatic pressure to drive the piston within

the combustion cylinder;

ii.) The combustion chamber which comprised a cylinder and piston;

iii.) Momentum trap to stop the piston by transferring its momentum to a second rod;
iv.) Hydraulic damping unit to arrest the second rod.

Each of the four systems are discussed below.

=

Hydraulic damping
unit

Combustion
Air delivery section Cylinder

Momentum Trap
Guide Tube

Figure 233. A picture of UCTSAFL RCM stowing the main sections.
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End stop Combustion Cylinder
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Aur delivery section  Combustion piston Momentum trap Damping unit
and cyvlinder section section

Figure 334. A schematic representation of UGRFL RCM [Ezevard, 201]1
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2.3.1Air delivery and piston driving system

The combustion piston was connected directly to the driving piston which was located
in the driving cylinder. Air pressure within the driving cylinder drove the combustion
piston to its final position and then held it in placA.low pressure (LP) reservoir
initiated piston motion followed by the high pressure (HP) reservoir which aatssle

the driving piston to the end of compression.

HP LP .
e reservoir .
P reservolr | r—-ﬂ;: LP filling
el X l port
=
)
= ~
D
b
Compression = H
ratio setting rod = -
/ / | N \
Spool valve Driving cylinder I-II;\ filling
port

Figure 235. Section view of the air delivery systerizevard, 201]JL
2.3.2Combustion piston and chamber section.

This system is shown in Fig.36 it contained the comistion piston and cylinder. The
combustion piston was machined from a solid metal rod and consisted of two enlarged
sections. One of the enlarged sections was used to rest against the end stop which
allowed for absolute positioning of the piston at the @hcompression; the other was

used for compressing the test mixture. The cylinder head was machined so that a section
of the reduced crossection of the piston rod protrudithrough the combustion chamber

and acted as a point of contact with the momentam for piston stopping which is

explained in Sectio.3.3. This design result@u a semitoroidal combustion chamber.

Six 250W cartridge heaters are fitted on the circumference of the combustion cylinder
and controlled remotely on a PC using softwarkt@n in LabView (Sectio2.3.5). The
cylinder pressure is measured by a water cooled dynamic pressure transducer AVL

QC43D which is mounted in a machined recess in the cylinder wall.
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Figure2.36. Section view of combustiorylinder.[Ezevard, 201JL
2.2.3Momentum Trap.

One of theessential requirement of an ideal RCM is that the piston must accelerate
instantaneously, stop instantaneously at the end of compression and have zero rebound.
These requirements are impossible to@ee in a real machine and various designs have
been produced to approximate these requirements. Alh sigsigns require
compromisesThe present design, shown schematically in Eig7, was unique in that

it used the appl i c a&tranglenmoménturN ieomthe cordbmistianh i r d
piston rod to a secondary rod (momentum
cradle. However, implementation of this method is complex due to elasticity of working
components and induced pressure waves getkiathe materials. This is the subject

of impact mechanics dnts analysis is discussed in Spoft8d4]. Further, the present
implementation makes use of aromjjated piston rod which resultéd a toroidal
combustion chamber with its associated iaseein heat loss due to large surface area.
Nevertheless, the system produced the fastest deceleration and minimum rebound of any

RCM known at the time of writing.

Piston rod Momentum trap rod  Floating piston

\ \
S efang-
R J |

J

Momentum trap Damping unit

Figure 237. Schematic representation of momentum trap tecieniq
2.2.4Damping Unit.

The momentum trap rod from secti@r8.3 was damped by a special hydraulic damping

unit shown in Fig2.38 Inside this unit sits #oating piston which when comingto
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contact with the momentum trap rod, pushes the hydraulid fluifront through an

orifice plate.

Filler cap Hﬁ

=] -

Momentum trap rod

L0
AN E=N :
== .

/ L

y [ ]
Floating piston Orifice plate — —
01l drain

Figure 238. Sectionview of the hydraulic damper. [Ezevard, 2D11
2.2.5.Mixture preparation and Machine operation.

Similar to the Leeds RCM decribed in Section 2.2.6, a separate nulargber was
used Shown in Fig.2.39is a €hematic of the mixing chambelt. is a collapsible
cylindrical tank made of flexible aluminium ducting which was clamped at either end to
thetank lid and baseA maximum of 20 tests including purge cycles betweests could

be obtained from a full tank.
(a) (b)

O C @ ' O

$ /g Flexible aluminium ) (
ducting % Miuxing fan )
1 s
¢ =] o L)
JK - ; % ¥ Mass Balance
z 4 Oxygen inlet Fuel inlet port X Y
Outlet port Diluents inlet e

Figure 239. Schematic representation of mixing chamber at {RCM, where (a) shows

initial state of chamber before mixture was made and (b) after fuel and gas were let in.
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The main internal features of the mixing chamber included a mixing fan for ensuring

fast and thorough mixing, inlet ports for allowing gases (oxygen and diluents) into the
chamber, outlet port to transfer the mixture to the combustion cylinder, a heating tray t
ensure full fuel evaporation, fuel injection port, dead volume spacers to insure a dead
vol ume at the fAemptyo position and provi
a safety burst diaphragm which would direct expanding gases away from theasss i

ignition occurs in the mixing tank.

During filling, a mass balance which had the same weight as the tank lid was placed and
diluent gases were added sequentially through the inlet port controlled by a needle valve.
This extended the aluminium dudiand thereby increasing the tank volume accrued to

a predetermined amount for each particular gas, Z&f(b) shows the tank volume
increase as gases were added. Fuel was finally added using the needle onto the heating

tray inside the mixing chamber. @mass was then removed during testing or purging.

The UCT SAFL RCM was fully automated using various circuits which were made up
of several solenoids valves, sensors and pneumatic actuators. Operation of the whole
system, except for filling the mixing amber, was controlled by a computer programme,

developed in Labview Software and running on a PC.

Tests were conducted by running different Labview-8ufVirtual Instrument) which
controlled different stages of the machine operation using the follosgggence of

operations;

1. Initial settings were made by entering the initial pressure, temperature, compression

ratio and number of experiments to be conducted.

2. Purge cycle in which a mixture was transferred from the mixing tank to the

combustion chamber fgurging the combustion chamber from previous test.

3. Charge cycle in which an appropriate amount of mixture was filled into the

combustion chamber.

4. Fire cycle in which a solenoid valve was opened and move a spool valve to allow
compressed air into the dmg cylinder and push the piston forward to compress the

mixture in the combustion chamber.
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CHAPTER 3: RCM IDEAL OPERATION AND
CONSORTIUM STUDY OF MEASUREMENTS OF ISO-
OCTANE IGNITION DELAY TIMES.

3.1 Introduction

Ignition delay times|J and excitation tiras are key parameters in the characterisation
of autaignition [Fieweger et al., 1997; Lutz et al., 1988he latter time, during which

the heat release occurs, is approximately on the mm@rond time scale and at present
has to be derived computatiolydlGu et al., 200B Mentioned in Chapter 1, Shock tube
measurementddanson et al., 2@t are well suited to the higher values of temperatures
and pressure, and rapid compression machines, RCM, to the lower \&lneseft al.,
2014. Comparison of ignibn delay times measured from different RCMs has not
always been possibleThis is due to difference in thermal behaviour within the
combustion chamber during and after compression for each machine. These d#ference
are mainly broughtabout by dissimilarties in operation characteristics such as
compression times and piston vs chamber walls interacthswill be shown in the
following section, all RCMs deviatitom their ideal behaviour each with different
extent, and this will cause the ignition delayes of the same fuel and conditions to
differ from different RCMs. This Chapter is divided into two main parte first part
describes the key aspects of the operation of RGiMIuding their limitations and
methods to reduce those limitations, anel skecond part is aiming at characterising the
discrepancies of measured ignition delay times from different RCMs by using their

limitations and deviatiasfrom ideal performance.

3.2 Issues related to RCM ideal operation

The designofanyRCMisbasedan nd key ai ms which act as
criteria. However, these aims cannot be perfectly achievedartige and for many

years, RCMresearchers have been developing methods to ensure that the machines run
as close as possible to these aims important to understand the limitations that arise

in practise, in aiming to achieve these aims. This section describes the main

characteristics that govern the operation of an RCM.
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3.2.1 Ideal RCM operation and core gas hypothesis.

The accuracy of masured ignition delay times usiagRCM depends on how close the
actual operation of a given machine is to achieve these aims. After the compression, the
aim is to achieve a uniform temperature of the charge. This is impossible throughout the
charge andn adiabatic core is assumed. This assumes that the core gas away from the
thermal boundary layer is compressed isentropically to a uniform temperature. Heat loss
to the walls during and after compression is restricted to the thin boundary layer along
thewalls and the core charge is unaffected by the heat loss. This unaffected area is called

the core region, in which the temperature is assumed to be uniform.

To meet this condition, RCMs should ideally compress the test gas very rapidly,
minimising time forthe heat transfer between the core gas and boundary layer to take
place. This way the core gas can be considered as spatially uniform (homogeneous).
Typical compression times for different RCMs, around the world, are in the range of 20
50 ms, but the mognportant part of compression is the final half of compression. Here
the higher temperature and pressure promote both heat transfer and chemical reaction.

This time is commonly known agtand is in the range of3 ms.

After compression, the reactiohamber volume should remain constant, with the piston
coming to rest instantaneously, with no rebound. Temperature and pressure are then
expected to stay constant throughout the delay period, and the main ignition occurs
homogeneously throughout the mib@uFigure 3.1 shows a representative pressure trace

within the reaction chamber for ideal RCM operation, time=0 is the end of compression.
3.2.2 Core gas temperature determination.

Measurements of ignition delay times are usually related to the end ofessign
conditions of pressurB, and temperaturd,. Pressure is measured by using a high
response dynamic pressure transducer usually installed flush with the reaction chamber
wall. Itis difficult to measure the temperature inside the reaction chaméettylduring

and after compression. Any intrusive measurement method, such as a thermocouple
would affect the aerodynamics inside chamber. It is difficult to find thermocouple that
can match the response time required. fNbrusive optical methods aréffitult to set

up and require extensive calibration.
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Figure 31 Pressure trace for ideal RCM operation.

Consequently the most common indirect method for determining the temperature is to
use the adiabatic core hypothesishisT method has been previously validated
experimentally Pas et al., 201)2and computationallyNlittal et al., 2008 The truly
isentropic temperature of the gas within the core region at the end of compréssion,

can be determined using the followiredation:

Where,T; is the initial temperaturé, is temperature dependent specific heat ratio and

CR is the volumetric compression ratio.

However, the compression is not perfectly isentropic and there is lehgaidoss within

the core gas, resulting in slightly lower values of pressure and temperature than predicted
by isentropiccompression. Previous studies by Desgroux et al. [1995] and Griffiths et
al. [1993 have shown that, the adiabatic core assumptaon be reasonably met by
usinganeffective compression ratio modified by heat transfer to the wall. This effective
compression ratio can be obtained by using the actual measured pressures within the

core region by the following relation:

5y (3.2)

C-ll C-
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Based on this assumption, the end of compression tempefgiusegalculated from:

(3.3)

WhereP; is initial pressureP, is end of compression pressure arider variables are

same as in Eq3.1).
3.2.3 RCM nonidealities, limitations and methods to overcome them.

Despite the adiabatic core assumption, one of the main deviations from ideal conditions
is the heat loss. Heat loss during compression is linitedhe short time scales
associated with the compression. But compression is not instantaneous and heat loss
occurs, making the pressure and temperature at the end compression lower than that
predicted by the adiabatic assumption. After compression thddssas evident from

the pressure drop in the measured pressure traces. For some machines and large ignition
delay times the pressure drop could be n2@% as shown in Fig. 3.2 from
Goldsborough4013. Such a drop is a severely limiting factor. Fogkadelay times

the heat loss can quench the chemical reactmsthere can be no ignitiofthe
measured ignition delay times are usually associated with the end of compression
conditions of temperature and pressure but these conditions may not renfiaim uni
during the delay time. Consequently, the measured delay times are not associated with
end of compression conditions. In Sect®®.2 a method of making allowance for these

changing conditions is proposed.

The noninstantaneous compression can atspose another limitation due to the onset

of chemical reactions during compression [Griffiths et al., 1993; Cox et al., 1996;
Mohamed et al., 1998]. This is aggregated by slow compressioaraimtrease in
reaction rate with temperature. Thus, the comgion time, particularlyst, acts as a

limiting factor for accurate delay time measurements of very reactive fuels. This is
discussed on Section 3.3.3 and a method is developed to correct the measured delay

times to the conditions at the end of instantaisecompression.
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Figure 32. Pressure traces factual [Goldsborough, 20J2and ideal RCM operations,

showing pressure drop due to heat loss.

Ideally, the reactive mixture within the chamber remains a homogeneous mixtunes bef
during and after compression. However, the high speed of the piston, when suddenly
brought to rest at the end of compression can induce complex flows inside the chamber
which can influence the temperature distribution in the reactive mixture. Several
researchesefy. Lee and Hochgreb, 1998; Mittal and Sung, 2006; Wurmel and Simmie,
2003 have shown the generation of a roll up vortex caused by the piston scraping off
the cold boundary layer during compression. This results in the mixing of colder gas
from the cylinder wall with the hotter gases in the core zone, creating an inhomogeneous
mixture inside the chamber, the exact nature of which cannot be accurately

characterised.

In attempts to avoid this, modern RCMs use specially designed piston faces with
crevices on the sides of the piston, designed to suppress the vortex formation during
compression, and greatly limit the movemehtolder gas to the core zortggure 3.3
illustrates vortex formation during the piston compression stroke and its suppress
using the creviced pistoisfing et al., 204 Temperature fields within the combustion
chamber, predicted by CFD, showed improved, more uniform temperature distributions
when a creviced piston head was used, as opposed to theeewvare piston headis
presented in Fig. 3.ANurmel, 2004
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Figure 33. lllustration of creation of roll up vortex due to piston motion during
compression (lower section) and containment of boundary layer through a crevice (upper
section) throgh proper desigrJung et al., 2014

Non creviced piston Creviced piston
oo Piston Face
=== Crevice

S

Piston Face

!
]

B - - - 1. - 1)

BEEE2AR 08803241

Figure 34. Comparison of predicted temperature fields at 10.4ms from the end of

compression for Ngas using creviced and nareviced piston head¥furmel, 2004.

A creviced piston intrduces other multidimensional effects, specifically for fuels that
manifest two staged ignitiorMittal et al., 201). During the first stage (cool flame)
ignition, significant heat release can take place in the hotter core region, but with no heat
releasan the cooler crevices. This can cause additional mass transfer from the reaction
chamber to the crevice volume, reducing the overall pressure and temperature rise.
Mittal et al.[2013]have suggested the use of crevice containment method to overcome
this problem. This employs a normal seakii@g) to isolate the crevice from the main
reaction chamber when the piston reaches end of compression (Fig. 3.5). During
compression, the crevice is connected to the reaction chamber to capture the roll up
vortex butafter compression they are disconnected to avoid mass transfer from the

reaction chamber to the crevice.
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Reaction chamber wall

/ Crevice

Figure 35. Schematic of stepped combustion chamber withn@ seal for crevice

containmentfittal et al., 2012

To achieve the same effecthe University of Leeds RCMhad a slighty different
arrangement between its piston head and combustion chahtif®machineuses a

stepped combustion chamber with piston sedilich are wider than the piston ey

1.5mm), therebre creating a gap between the cylinder wall and the actual piston end
(Fig. 3.6. Theroll up vortices generated from the movemenths seal against the
cylinder will be rotated within this gagt the end of commssionthe piston endhakes

a close fi contactwith the stepped combustion chamber entrance and thus essentially
separates the chamber from the cold gas. This helps to suppress the cold gas entering the
main combustion chamber as well as emguno mass transfenccus between the

crevice ad main mixture during heat release

“Piston end
Figure 36. Sketch of the Leeds RCM piston and combustion chamber arrangement

Shown inFig. 3.7 are CFD model results for heat distribution withime combustion
chamberfrom the end of cmpression up to 50 ms after compression. The model was
conducted by DrGary Sharpe,University of Leedsusing air at initial conditions of

atmospheric pressure and temperat@aly a small jet of cold stream gets into the
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combustion chamber at the enflammpressionThe bulk section virtually remains

homogeneous during thigne.
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Figure 3.7. CFD model for heat distribution for Leeds RCM combustion chamber
3.2.4 Use of diluent gases and their effects in RCM experiments.

Inert gases are normally used as diluents in the fuel mixture in order to change the
specific heats and therefore increase the range of temperature that can be achieved at the
end of compression. In RCM experiments, the reactant fuel is only a smatirfratt

the mixture volume (fuel mole fractions of < 2%) [Donovamlet2004]. The bulk of

test ga mixture is made up of diluegases which take rart in the chemical reactions,

yet their thermal properties have the potential to affect the measulag taees.
Wurmel et al[2007 conducted experiments in an RCM using pure helium, xenon, argon
and nitrogen, and compared their pressure traces during and @afipression. As

shown in Fig. 3.8<e, Ar and He have higher ratios of specific hegjstitan N, and
therefore from the same initial pressure and compression ratattaihs lower pressure

and temperature at the end of compression pressure than monatomics. However, after
compression Bishows the least whilst He shows the highest presdtap, due to the
higherr and thermal diffusivity of He, see Table 3.1. Consequently, the use of He results
in significant heat loss after compression and the measured delay times will be longer
than with N. For thisreasonHe is not recommended asliduent in RCM experiments,

and Ar is preferred. However, care must be taken, especially when the ignition delay
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times measuredre longer than 20 ms. Fig. F®m Wurmel et al. 2007 shows the
measured ignition delay times of 2dBnethylpentane (DMPyising different diluent
gases. Clearly, Hasthe diluent gives significantly longer ignition delay times than

argon over a comparable temperature range.
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Figure 38. Pressure traces for typical diluent gases, compressedtliosame initial
pressure (0.04MPa) and temperature (298K)fmel et al., 200[7

Density, p, heat capacity, cp, thermal conductivity (at 273 K), k, and thermal diffusivity of diluents, &

Species pikg m_}} cp(J K! mol_]} k(W m! K_I} o [m2 5_])

He 0.179 20.786 0.1520 1.635 x 107+
Ar 1.783 20.786 0.0177 1.908 x 10~
Xe 5.900 20.786 0.0057 6.102 x 1070
N, 1.251 29.125 0.0260 1.999 x 10~

Table 3.1. Thermal and physical properties of diluents used in R@Wsnjel et al.,
2007
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Figure 39. Ignition delay times of stoichioatric Dimethylpentane (DMP), Pressure 1.5
MPa; bath gast]( ) Nonly, @) 0.50 N:0.50 Ar, (a) Ar only, ¢ ) He only [Wurmel et al.,
2007]

3.3 Characterisation of discrepancies of ignition delay times ado-

octane measured from different RCMs.

To advance our understanding of the naleal behavior of RCM operation, and how
they affect the measured ignition delay times, an internatemiaborative effort was
initiated by thirteen diverse research groups thatuded experimentalists, modellers,
andtheoreticians, with expertise in their use. The aim was to evaluate and understand
the differences in the ignition delay times that were measured with the different RCMs
[Goldsborough, 2012

A Consortium was created for this initiative and it was agtieaithe various machines,

of different designs, should measure the ignition delay timesabctane under
nominally the same conditions. The composition was to be stoichiometric, with a fixed
oxygen content of 21%, pressure at the end of compres$%ioof 2.0 MPa, and in the
temperature range 6508650K. The required variations of temperature at the end of
compression],, were to be attained by changing the initial temperature, varying the
amounts of diluents with different specific heats,(Nr and @), or adjusting the
compression ratio via stroke and/or clearance height modification. The results were
submitted and collated by the workshop organisers, Argonne National Laboratory, and

presented at thé@nternational RCM Workshog\rgonne Nationalaboratory, 201p
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The collection of experimental data from the consortium presented an opportunity to
attempt corrections for the various experimental errors. The present Chapter analyses
these diverse experimental measurements of delay @inudtained from the different
RCMs, in an attempt to increase understanding of the departures of the RCMs from their
ideal performance, and suggest how allowances for these departureyieidjimore

accurate values &
3.3.1 Experimental Results anderivation of (

Figure3.10shows the experimental values of aignition delay timesj , following

normal custom,plotted against 10004, measured with theseven RCMs of the
Consortium. Each point is identified by a numbered symbol, unique R@M of each
participating groupTable 3.2shows these assigned RCM numbeggetber withtheir
corresponding groupst can be seen that there is significant scattdr jespecially at

the intermediate and low temperatuiéss emphasised th#te performances of all the
RCMs are those at the time that the data were submitted to the Consortium. They are no

guide to their present performance at the different centres.

Assigned RCM numbers | Participating group

RCM 1 Argonne National Laboratory

RCM 2 National University of Ireland Galway

RCM 3 University of Akron (with crevice containment)
RCM 4 University of Lille

RCM 5 University of Leeds

RCM 6 University of Connecticut

RCM 7 University of Akron (without crevice containment)

Table 31. Different participating groups with their corresponding assigned RCM

numbers.

Three rather different compression presdure traces, aimed at attaining similar
conditions, on RCMs 1, 5 and 6 are shown in Bigjl. The experimentagnition delay
time, characterised by, andT,, is, the difference in the times measured from the end
of compression (point at time zero) to the maximum rate of pressure rise, designated
as point (i.e. Q= ti-to).
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Clearly, the machines have different compression times, and because of the different
rates of change of pressure and temperature, different degrees of reaction occur during
compressionThis contributes to the different valuesfOther cotributory causes are

heat loss after compression, possible piston bounce, angnifonm ignition. All these

causes are considered in turn.
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Figure 310Auto-i gni t i on ¢ d $tachiometiidevectane fridm the diéfrent
RCMs, plotted against end of compression reciprocal temperdtuf€,~2.0MPa)

[Argonne National Laboratory, 20JL2
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Figure 311 Pressure traces for RCMs 1, 5, and 6 at end of compression conditions
(Po~2.0MPa, To= (790K 97K)).

3.3.2 Effects of heat loss.

3.3.2.1 Derivation ofUh

During the cooling following compression, and due to any piston bounce, which is
considered in detail in Sectidh3.4.2, the temperature of the adiabatic cdrejs

determined from the measured pressBreising the isentropic law:

_ (3.)

<l <
Cll c-

wheredis the ratio of specific heats for the mixture.

It is clear that the autignition is not determined uniquely by the value®atndTo,

but by values that are continually changing. To allow for the changing valueg the
autoignition delay time, a mean temperature and pres3uyeandPn, are calculated,
and the original measured delay titdes then attributed to these mean values, rather
than toT, andPo.

The mean temperature is obtained from:
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(3.5
Yoo p‘ “YQO
0 O
and the mean pressure similarly, from:
(3.6)
5 —— 5o
0 O

Leakage of reactants from the cyler and combustion chamber, during and after

compression, is assumed to be negligible.

The original experimental delay tinigis now attributed td'm and P, rather tharil,
andPo.

Figure3.12shows the values &, as in Fig. 3.10but now designated&h for the mean
temperatureTm, plotted against 10004. Values ofPm ranged between 1.8 and 2.28
MPa. The solid line in Fig3.12 represents the polynomial curve fit through the data
points. Comparison of Fig.12with Fig. 3.10shows an improved agrment between

the different RCMs, especially at the high and low temperature limits. However, a
substantial scatter is still evident, particularly, in the negative temperature coefficient,
NTC, region. It should be noted that there are fewer data poirkgsitase. This is

because not all the pressure traces \weadlable at the time afnalysis.
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Figure 312D e | ay mtfdr stoichiométric isactane plotted against reciprocal mean

temperatureTm, Pm=1.82.28 MPa.
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3.3.2.2 Derivation ofW

The measured delay timds, now associated witfim and Pr, following convention,
should be attributed to theles at the end of compressidnandP..The influence of
this pressure change dswas expressed by an inverse pressure proportiongiity,
Localised values of the exponentvere obtained from the pressure law adopted at the
Argonne National Laboraty for iso-octane in the ranges of equivalence ratio).2

2.0, pressure 0:6.0 MPa and temperature 65@000K [Goldsborough, 20Q9Figure
3.13shows these values ofor different temperatures at a pressure of 2.0 MPa and
1.0.

The influence of tmperature was expressed by:
t a exdE/RT). (37)

Localised values dE/R the activation temperature, were found, iteratively, initially by
differentiating the values of Uk after applying te pressure correction, with respect to

the inverse offm, using:
E/R=pinz, /iy T,) _ (3.8)

Figure 3.14 shows the localised values BIR found by differentiations of the curved

line relationship in Fig3.12 throughout the temperature range.

Valuesof the revised delay timd, hin terms ofP, and T, werefound from those ofh

using these values afandE/Rin the expression:

~
g

o v _ A~ 20 P P
T ORY 5 Qemy & (3.9)

The resulting values df for the seven different RCMs are plotted against 1000Y
Fig. 3.15 It can be seen that the scatter, particularly in negative temperature

coefficient, NTC, region, has been reduced.

73



CHAPTER 3: RCM IDEAL OPERATION AND CONSORTIUM STUDY OF
MEASUREMENTS OF ISOCTANE IGNITION DELAY TIMES.

1.2

1 -

0.8 A

c 0.6 A

0.4 -

0.2 - &

1 1.1 1.2 1.3 1.4 1.5 1.6
10007, (K)

Figure 313 Values of n for stoichiometritcso-octane atP,=2.0 MPa and different

compression temperaturds, from Goldsborougpi2009.
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Figure 314. Localised activation temperaturds/R, at P, =2.0MPa, derived from Fig.
3.12
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Figure 315. Corrected delay timdj, of stoichiometric isactane forT,, andP, =2.0
MPa.

3.3.3 Effects of Reaction during Compression and Derivation oiC

3.3.3.1 LivengoodWu integral during compression.

It was proposed at the Workshop to employ the tigador compression from 50% of
the peak pressurBso, to P, to characterise the rapidity of compression. The significant
increases in temperature during compression will initiate reaction, andiftheent
compression pressure traces in F3gll are indicative of the different degrees of

reaction to be expected in each RCM.

An attempt was made to allow for this effect by evaluating the value of the Livengood
Wu integral (LWI) LLivengood and Wu, 1935or the duration of the compression, at
the end ofwhich, P, and T, are attained. This integral evaluates the progress towards
autaignition throughan integration of the reciprocal ignition delay time with regard to
time, under the changirfgandT of the compression:

b d

nti(PtT) = (Lwi),, (310

t
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wherets andt, are the times at the start and end of compression, respeciivaly.
ultimate approach of the integral towards unity is a good guide of the progress towards

autaignition.

Evaluation of the integral requires a knowledg&lf, T) under the changing conditions

of P andT, at values below, and To. These values were obtained from the ignition
delay correlation model generated &dldsborough, 20q9 The model is based on a
detailed chemical kinetic mechanismisd-octaneautcignition and tested against 661
iso-octane experimental points from different RCMs and shock tubes. Very good
agreement was attained between the model and experimental results in the pressure

range of 0.16 MPa, and the temperature range of-2600K.

Fig. 3.16 shows typical calculated values of LWI during and after compression for
different RCMs at m@ or less similar temperaturesadd RCM shows different
progression towardso-octane autagnition, values of LWI), are extracted from such
plots & time=0, which indicates end of compression. For different end of compression
temperaturesT,, the calculations of (LW§)showed, not surprisingly, that its value
increased withil, and that it had significantly different values for all the RCMs. Those
with shorter compression times had smaller values of (.V8hown in Fig. 3.1 are

plots of (LWI), for the different RCMs as a function of 1008/Values oftso also are
given. There is significant scatter in the points, but clear trends neverthelesg,emerg
with (LWI), increasing with the higher reaction rates at higher temperatures, at which
there is, on average, about 10% reaction progress towardsigaiiton. The

compression timéofor a given RCM remained unchanged.
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Figure 316. Calculated values of LWI during and after compression for different RCMs

at similar temperatures.
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Figure 317. Calculated (LWI) for different RCMs at selected temperatufgsPo,=2.0
MPa.

3.3.3.2 Derivation of\/;;g

From Fig.3.17 it is possible to find the values of (LWIxt any value ofl, for each
RCM. Values of§ are known for all these conditions from the individual points in Fig.

3.15. TheseU values are plotted against (LWIJor all the different R®s, at
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sequentially decreasing values ©f in Figs. 3.18-3.21. The smallest error in the
measurement ofy occurs at the lowesk,, see, for example, Fi®.21 Ideally, the
compression should be instantaneous, in which case ¢LWould be zero.
Consequstly, in these figures, the values(@fare extrapolated to (LMJ)= 0, to give a
corrected value df, nameydThes e fic or rlaetpletidagainat 100 s |
by the full line curve on Fig3.22 The symbols indicate the originally measuR&M

values oft .
25

7, (ms)

10

0 0.05 0.1 0.15 02 0.25 0.3
LWI),
#RCM1 M RCM2 A RCM3 xRCM4 *RCMS @RCM6 +RCM7

Figure 318.Der i v a tfi roavhyaitrapblation to (LWK=0 for different RCMs,

at different To, Po=2.0 MPa.
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Figure 319. Derivation ofld from [ by extrapolationd (LWI),=0 for different RCMs, at

differentT,, Po=2.0 MPa.
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Figure 320. Derivation ofld from [ by extrapolation to (LWH=0 for different RCMs, at
differentTo, Po=2.0 MPa.
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Figure 321. Derivaion of d from [ by extrapolation to (LWH=0 for different RCMs, at
differentTo, Po=2.0 MPa.
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Figure 3222 Conti nuous curve shows derived i de¢
ti mes, Uc, f o roctane athe mdasueinantPs=R.@ MPa.sSymbols show

original measured points, U

This methodology advantageously uses the different compression times of all the
different RCMs to estimate the ignition delay for an ideal R@ldart from the low
temperature valugsvhere there is less reaction during compres&loshigher than the
original experimentally measured values &hdn general, the values &f are higher

than those of} aconsequence of the absence of reaction during compression. Values of
E/Robtained from the full line curve in the figure wallese to those originally derived,

and a second round of computational iteration produced no significant chdige in

Figure3.23 summarises the different stages in this attempt to derive the ignitiay del
times for idealised RCM operation. The different lines are the polynomial curve fits from
Figs. 3.10, 3.12 3.15 and 3.22They show the associated sequential values of delay
times at each stag@l,((h, G andW) plotted against 100T.
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Figure 323. Original experimentalld, and derived ignition delay time&h( U, Q) for
stoichiometric iseoctane aP,=2.0MPa.

It is very interesting to note in Fig 3.23 that the measured delay time error caused by
reactions during compssion is substantial compared to that caused by heat loss, there is
no much difference between the corrected delay times based on he&d, lass, the

original measured values, It can also be noted that the largest overall correction is seen
within the intermediate temperature range. Fig. 3.24 shows a plot of the difference
between the final corrected valués,and the original measured valuél,throughout

the temperature range. It can be seen that the largest correction occurs at the t@mperatu
range where NTC behaviour occurs and diminishes towards the lower and higher
temperatures. This shows measured delay times are more reliable at high and low
temperatures but less so at the intermediate temperatures. Differences of up to 5.6 ms are
obtaned for this temperature range. It is also important to note that this correction may
be different for different fuels due to their differences in reactivity. Therefore, it is
difficult at this stage to generalise this correction for all fuels and conslitMore studies

are needed from the consortium to enable such generalisations to be made. Nevertheless,
this particular work has shown a possible way to make corrections to the measured

ignition delay times caused by nadeal behaviour of different rigs.
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Figure 324. Difference between overall corrected valugsfrom experimental valudg

throughout the temperature range.
3.3.4 Implications of the corrections to Leeds RCM measurements.

As it was discussed in section 32heextent ofreactions during compressiora§ected
by the compression timelrhe lorger the compression tintde higher the amountof
reactions during compressiohNUIG (RCM 2) has the shoest compression time
followed by Leeds(RCM 5) as shown in Fig3.17. Due to its relatively faster
compression correction of measured delay times a&scount for reactions utding
compression iimited to a maximum of 1% for Leeds RCM whereas for slower RCMs

such as RCM &erequired correctiongere up td36%.

The difference in the heat loss characteristics of these REMainly affected by the
combustion chamber geometry aodrrespondingsurfaceareato volume ratio(S/V).

Since all RCMs studied in this work had cylindrical shape then their S/V ratio played a
major role.lt was not possible to get the actual dimensions of the combustion chambers
and their crevicefor different rigs in this study. Howevet,was evident that the RCMs

with noncontained crevice after compressi®CMs 1, 2, 4, 6 and )had higher heat

loss than others. This is due to their associated highératio after compssion the
additional crevice volumes restitito increasedatio and henchigherheat lossShown

in Fig. 3.25is the amount of pressure drop after end of compression (t=0) for different
RCMs and it can be seen thateds RCMRCM 5)and Akron with crexde containment

(RCM 3) showthe least post compression pressure drop than others and thistheakes
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required correction due to heat lassbe less significantfor Leeds RCM At lower
temperatures wherheat loss effects are maximum, Leeds RCM shows anmuami
correction of delay times up to 2.5ms whicl7 i&%6 decrease of original measured value
whereas RCM 7 shows a maximum decreds2286. This is in linewith the results
obtainedn section4.7 in chapter &vhen comparisofor Leeds RCMwvas made between
simulated delay times calculated using variable antstemt volume approachesoN
significant differencdetween themvas obtained.

05
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Figure 325. The amount of pressure drop with time after end of compression (t=0) for
different RCMs.

For the rest of the data presented in this work pressure measurementsredaive
mixtures for different fuels at different temperatures were comgaréghown in Figs.
3.26-:3.28 for three different temperatur@$ie pressure histories aftampression were
seento follow the same trend which confirms that there is no substantial change in heat
loss characteristics for the fuels studied in this wGdmpression time was kept constant

for all experiments during this work to ensure reactaunmeng compression is minimum.
Therefore, the corrections due to heat loss and reactions during compfesshenrest

of thedata in this worlcan be considered to be within similar range to those seso-by
octane in this chapter.
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Figure 326. Pressure history for neneactive mixtures alo=676+£2K.
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Figure 327. Pressure history for neneactive mixtures alo=763+£2K.
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Figure 328. Pressure history for nereadive mixtures afl,=855+/5K.
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3.3.50verall Livengood-Wu integrals,. Auto-ignitive Explosions, and

Piston Bounce.

3.3.51 The overall Livengood Wu integral.

The ultimately derived values of adignition delay time,, and the associated
corrected experiental pressures and derived temperatures for each RCM, were
employed to evaluate the LivengeWdu integral, that now extended from the start of
compression at timg up to the autaegnition at pointi, atti. Values of this integral,
(LWI)i, are given by:

Q

0 . (3.12)
t ORY )

These are shown by the associated symbols for each RCM, plotted again$g, 1000/
Fig. 3.29 The best full line curve through the points has values close to unity, with a
tendency to fall below uty at the highest temperatures.

This is in sharp contrast to values of the integral, that were based on the original
experimental autignition delay timesl|d, temperatures and pressures, as indicated by
Fig. 3.1Q for the different RCMs. These integraise separate points for which are not
shown, exhibited a much greater scatter and deviation from unity, with limits that
extended to the broken curves in F3g29. The integral values based thare much

closer to unity and this is indicative of impeaaccuracy.
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Figure 329. Calculated (LWI)values using the original experimental temperatures and
pressures in the different RCMs, but with the associated derived vEju8spken
curves show the upper and lower limitstio¢ integral when the original experimental

values,d, were employed in the evaluation.

The end of the autmnition delay time is marked by a rapid explosion, the severity of
which increases witfiio. A single RCM, namely RCM5, was selected for a detailedy

of such autagnition, and the pressutane traces in Fig3.30 show this mounting
severity, and the onset of pressure oscillations, over a ranigevafues. There are no
oscillations afl, = 650K, but they begin to emergeTat= 713K. The presse traces

show them to intensify a& increases.
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3 T=713K
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Time from the end of compression (ms)

Figure 330. Pressure records from RCM 5 with aidaitions at six different end of
compression temperaturds, P, = 2.0 MPa.

3.3.52 Piston bounce.

The question arisessao whether the high frequency pressure oscillations are gas
dynamic manifestations of the explosion, or consequences of the pidioarreing, or
Abouncingo, from its intended stationary
explore this furtheran attempt was made to measure the displacement of the extended
piston rod optically, as described 8ection 2.1.7.3In normal operation the piston

bounce was minimised, but in order to study its effects, controlled amounts of more
extensive bounce wenetroduced by fine tuning of the piston damping mechanism and

the compression pressure.

Air was compressed to 2.7 MPa in an initial investigation of controlled larger piston
displacements. The sharply decreasing, wedical, line in Fig.3.31shows theapid
compression to time 0. Thereafter, the piston bounce is indicated by a positive
displacement that diminishes relatively slowly as the piston returns to its intended
position, with no displacement, after 18 ms. The volume of air is correspondingly
increased and decreased, and the pressure decreased and increased. These changes

induce an, assumed isentropic, cooling and heating, from which the associated pressure
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changes could be calculated. There was also cooling of the air due to heat transfer at the

walls, apparent from the pressure record after 20 ms.
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Figure 331. Pressure and piston displacement measurements fereaotive mixture

(air) with piston bounce.

The dotted pressure curve on Bd31was calculated from tlse mean volume changes,

neglecting the high frequency displacement oscillations, with the heat transfer inferred

from the falling pressure after 20 ms. When allowance was made for the high frequency

displacement oscillations the calculated pressures h®wesl such oscillations. The

dotted, noroscillatory, pressureucve on this figure was close to that measured by a

high

resonant

frequency

(080

k Hz)

Ki

st

Importantly, the fact that the measured pressure trace only responded to the mean

displacements, and not to the initial two hhifyequency cycles measured by the laser

beam, implies that the origin of the high frequency component of the piston rod

oscillation did not lie in the piston bounce. It would appear that the high frequency

vibrations monitored by the reflected beam werpagated by the combined RCM with

its support structure, and the externally extended piston rod, laser head, and reflection

plate.
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3.3.53 Auto-ignition explosions.

Returning to the origins of the high frequency pressure oscillations, of the type shown
in Fig. 3.30 at auteignition, Figs.3.32 and 3.33 show the temporal variations of
pressure and piston displacement during both the initial compression, and also the two
contrasting autagnitions. As in all the autggnition delay time measurements, the
piston bounce was minimised in these measurements. In contrast to the greater bounce
in Fig.3.31, in, both Fig3.32 To=650K, and Fig3.33 To=802K, the initial compression
bounce is similar, and only occupies about 3 ms, with no significant associaedrpre
decrease after the compression. At dgtotion the displacements are similarly
comparable, but there are no significant pressure oscillations at 650K. In contrast, there
are strong pressure oscillations at 802 K. After a delay of about 3 msdtsegraater
displacement than at the end of compression, very similar in both cases. Only at 802K
do strong pressure oscillations develop, and this occurs before there is any piston

displacement. Clearly, the high frequency oscillations at-iguition at802K are not
related to piston bounce and there must be some other cause.
10

Piston displacement

Pressure

Pressure(MPa)
Piston displacement(mm)

30 40 50
Time(ms)

Figure 332 Pressure trace and piston displacement measurem@iptsciiOK.

89



CHAPTER 3: RCM IDEAL OPERATION AND CONSORTISMUDY OF
MEASUREMENTS OF ISOCTANE IGNITION DELAY TIMES.

10

E
& 6 -
£ 5
= \
23 !
5 = "
2 = 4 - \ Piston displacement |
S i
&~ g Pressure i
2 i
& ———JE
]
1 I L
10 20 30 40 50
Time(ms)

Figure 333. Pressure trace and piston d&gment measurementsiat=802K.

At the higher temperatures, the decrease in values of (b@fbw unity with increasing

temperature in Fig3.29suggest the possibility of hot spot aigaitions that are more

reactive and stronger than the milder oaekwer temperatures. Hot spot temperature

elevations can be quite small, of the order 1K, which does not represent severe
heterogeneity. Perfect homogeneity is unlikely, and it is normal forignitoon to be
initiated at hot spotsBradley, 199% Gradients of reactivity at hot spots can induce

appreciable localised velocitias, which at a spherical hot spot of radiusare given

2003:

u, =pr/pr = (pr/uT ) (e /ur)

[Meyer and Oppenheiyl971]s howe d

associated with low values cﬂﬂz‘/uT) and

(pz‘/uT) andU[Fieweger et aJ1997 suggested in their shock tube studies that localised

experimentally

i mi

d

by wr/uz . When this gradient is associateith a temperature difference [Gu et al.,

(3.12

t hat

ignitionso wit

low temperature autmnitions were mild, with ensuing slower flame speeds and an

absence of pressure oscillations. In contrast, at higher temperatures tigniiotos
werestrong, with a higher rate of change of the energy release rate and the generation
of shock waves. The evidence of Figs29 3.32 and 3.33 is in line with these

observations.
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At low values of(ut / uT) Ua can become appreciable and apprdhelacoustic velocity,

a. The pressure pulse amplitude, generated by the rate of change of the heat release rate
at a hot spot, increases in proportion tg'd)? [Bradley and Kalghatgi, 2009If the
excitation time is short enough for sufficient energyfded into the pressure pulse, a
detonation can develol et al., 200B The relevance of hegpot auteignition to the

intensity ofengine knock is discussed in Bates ef2015.
3.3.5 Summary.

The diversity of the different RCMs has been advantagjgoutilised to increase
understanding of the departures of the RCMs from their ideal performance. It is
emphasised that the performances of all the RCMs are those at the time that the data was
submitted to the Consortium. They are no guide to their prgssformance at the
different centres. Allowances have been made for the effects of reaction during
compression, the heat loss thereafter, and piston bounce. The different corrections to the
measured aut@nition delay times result in an increase initihvalues at intermediate

and high temperatures. Auignition is usually at hot spots, which initiate a flame or a
propagating autegnition that, depending upon the strength of the associated shock
wave, might initiate detonation. The strong pressurdlatsons observed at the higher

temperatures arise from this evolution.
More accurate values of adignition delay times can be derived when
(). Piston bounce is minimised.

(ii). The compression time is minimised, and allowance made for the effee@otibn

during compression.

(ii). Corrections are made for the heat loss and any piston bounce during the auto
ignition delay time.

(iv). The mixture should be homogeneous. Even so, ignition is likely to occur initially
at a hot spot. This may not intratkiserious error. ldeally, homogeneous agtaion

should occur in a thermal explosion, but this is usually not possiies{ al., 2003
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CHAPTER 4: MEASUREMENTS OF AUTOIGNITION
DELAY TIMES .

4.1 Introduction

This Chapter presents the experimemésults of ignition delay times of the selected
synthetic fuels and their blends. The Rapid Compression Machine described in Chapter 2
was employed to measure the instantaneous pressure within the combustion chamber
during and after compression. Ignitioelay times were obtained from these pressure
traces, as defined and described in Section 1.6.3. The measured ignition delay times are
attributed to the end of compression conditions, of presByrand temperaturd,. An
isentropic law is used to deteima the temperaturd, of the adiabatic core in the

combustion chamber;

(4.1)

<<
CllCl

whereT;, P; are the initial temperature and pressure, 8)dP, are those at the end of
compression temperature and pressur e, an
pressureP;, initial temperatureTiand o9 were varied to att
compression pressuRs. Vari ations of o0 were maode by
COy) and/or its concentration in the mixture. The chemical kinetic effects of these diluents

on the measurednition delay times were assumed to be negligible.

The results in this Chapter are presented in terms of pressure traces during and after
compression, and ignition delay times are derived from pressure traces measured at

different end of compression tenmptures.

The fuel and fiairo mixture was premixed
hour to ensure proper mixing, as described in section 2.2.6. The required volume of each
fuel injected into the mixing chamber was obtained from their moleidraend total
pressure as explained in Section 3.3, and the partial pressure obtained from addition of
each individual fuel was checked against the calculated partial pressure and the values
were always within 100 Pa. The temperature and pressure wee dasthe vapour

pressure of the individual fuel, and in the case of the fuel blends, the settings were based
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on the lowest vapour pressure of the fuel components mixed. This ensured all individual
fuels in the blend are fully vapourised. The fuels used #we test conditions are
summarised in the tables in each section. The experimental results presented in this

Chapter are compared, where possible, with those of other researchers.

4.2 Selection of fuels.

Commercial gasolines contain different classebyofrocarbons. Tests have shown that
up to 80% (by weight) of the gasoline composition consists mainly of alkanes and
aromatics Thomas et al., 1984 of which, more than 12% are aromatics with an
appreciable amount of toluenBighl et al., 199B In thiswork, the branched alkane (
octane), linear alkaneheptane) and aromatic (toluene) are chosen as representative of
existing commercial gasolines. In addition, alcohols (ethanohdndanol) are selected
because of their growing importance, as descrinChapter 1

There are few ignition delay measurements for pdbetanol and its blends with other
fuels, something the present work attempts to rectify. Ignition delay measurements are
made for pure-octane, toluene an@butanol followed by thosefdlends ofi-octanen-
butanol, toluen@-butanol, toluen@-heptandtoctane-butanol and toluene/

heptaneafoctane/ethanol.

4.3 Blending of fuel/air mixtures.

In all the fuel/air blends in the present work, the blended mixtures have the same
equivalene ratio,” . Mixtures have been designated in different ways: by mass, mole and

liquid fuel volume. In so far as reaction in terms of moles, conversion betweerediff

units is often necessaryhis section gives general expressions for conversion between

the different units.
From the fundamental definition of stoichiometry, equivalence ratis, given as;

T (4.2)
9

whereF is the number of moles of fuel ands the number of moles of air, and a suffix

s indicates a stoichiometnmixture.

on . (4.3)
YR

The total number of moles for fuel and air mixture is given as;
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on . 4.4

0 & 0 “CP " (4.4)
(O

One mole of fuel/air mixture is comprised of;
O fuel + "Qn T'AG  air, which (4.5)

. gn . "gn

O KT 0 — 96

= n fuel + o O air (4.6)

GO PEEES

If there arew moles of mixtures Andw moles of mixture 2the composition of the

blend for these mixires will be;

p . . P v - (4.7)
A G0 o W ; G0 o wh

If there is one mole of mixture them w p.

At the same , the ratio moles of fuel/moles of fuel 2s given as:

no oo w | (4.8)

Blends are not always composed of binary constituent fuel/air mixtures, sometimes more
than two constituent mixtures are in the blend. In general, the fractional number of moles

of all the costituent mixtures is:

n a0 .
) th 4.9
R wh Wi (4.9)
w ph (4.10)

The above form of Eq4.8) is helpful because it separates fuel moles and the moles of
air. It makes pssible to express the mixture in terms of either its fractional fuel ratio or
fractional fuel/air ratio for a particular constituent mixture. For example, the mole fraction
of constituent fuel/air mixture ik:

n Go n Go (4.11)

n @0 n @G0 w N @0 M @G0 w
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Fuel/air constituent mixtures blends can also be presented in terms of their fractional mass

weighting. For example in a binamixture, the ratio bmass of fuel/air constituenttt

that of fuel/air constituent 8:

nd @O 0 nd Ggo o |
n O n O n o0 n QO
wherel is fuel molecular weight and is that for air.

(4.12)

Finally, for practical reasons relative amounts of liquid fuels are often measured

volumetrically. Ifwj w is relative volume of fuel 1 to &l 2then the mole ratio of fuel

1 to fuel 2is;

(4.13)

where” ,0 are liquid fuel densities and molecular massesmin the Table (4.1) for

the different fuels studied in this work.

Molecular mass) (g/mole) | Density,” (kg/m®)
i-octane (GHas) 114.23 690
n-heptane (€H1e) 100.21 684
Toluene (GHs) 92.14 865.14
n-butanol (GH100) 74.12 806.11
Etharol (CoHsO) 46.07 789
Table 41. Fu e | densities, obtained from

masses for the fuels studied in this work.

suppl i

The volume of liquid fuel injected into the mixing chamber was derived thenmole

fraction of fuel to fuel and air. The total number of moles in the mixing chamber was

obtained from its total volume and the conditions of pressure and temperature during

mixing using the ideal gas expression.

0 ®
Ny

(4.14)

Moles of fuel needs to be injected in the mixing chamber at these conditions will be;

€ wzZE
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These moles are converted into liquid volume using the following expression;

¢ 0 (4.16)

4.4 Single fuels results.

Table 4.2 summarises the individual pure fuels and conditions under which they were

tested.
Fuel Condition
n Pressure (MPa)| Temperature(K

iIso-octane 0.8,1.0,1.2 | 2.0 640940
Toluene 0.5 1.01.5 10901170

1.0 2.0 9151050
n-butanol 0.5 2.0 730945

1.0 2.0 666-862

Table 42. Testing conditions for single fuels.

Repeatability tests were performed to confirm that same results can be repfodticed
same initial conditiond=ig. 4.1shows 5 different pressure traces for{meactive mixture

(air), measured separately. The curves areenry good agreement which confirm high
repeatability.During the course of this work, at least 3 repeats of experiments were
performed for edt condition. Measurement ofotal spread between maximum and
minimum measured ignition delay timegremade and presented by error barsese
were determined by first calculating theean ofcollected datgointsfor a particular
temperature and then tddference betweemaximum valueand mean was determined

to get positive error bar arttie difference between minimum value and mean to get

negative error bar
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Figure 41 Repeatability test for Leeds RCMsing pessure histy for nonreactive

mixture (air).
4.4.1iso-octane.

Shown in Figs. 4:2.4 are measured RCM pressure records for stoichiometric, lean
("=0.8) and rich =1.2) iscoctane when compressed to a pressure of 2.0 MPa at
different compression temperatures. Avlto medium temperatures (65@02K), the
occurrence of two stages of ignition is evident, where the first stage is usually attributed
to the occurrence of cool flames and the second stage to the main exothermic ignition. At
higher temperatures (>900K) am cool flame, single stage, nmaignition is obtained.

Fig. 4.5shows the corresponding ignition delay times derived directly from these pressure
traces. The negative temperature coefficient (NTC) behaviour, where the reaction rates
decreases with the grease of temperature, is seen in the medium temperature range
(725K-833K). These results agree fairly well with those obtained by other researchers
[e.g Griffiths et al., 1993Westbrook et al., 1998)avidson et al., 2005; Fieweger et
al.,1994. The effet of equivalence ratio is more pronounced in the NTC region, where
the lean mixturen(= 0.8) shows an increased delay time, relative to the stoichiometric
mixture, while the rich mixturen(=1.2) results in a reduced delay time. At higher

temperatures there is no significant change of delay times for the equivalence ratios
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studied in this wrk, while at the lower temperatures the trends are similar to those in the

NTC regime.
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Figure 42. Pressure records for stoichiometric=Q) iso-octane at the end of compression

pressure 2.0 MPa.
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Figure 43. Pressure records for lean=0.8) iso-octane at the end of compression

pressure 2.0 MPa.
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Figure 44. Pressure records for rich£1.2)iso-octane at the end of compression pressure
2.0 MPa
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Figure 45. Ignition delay times for stoichiometri¢ €1), lean { =0.8) and rich/(=1.2)

iso-octane at compressed pressure of 2.0 MPa.
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Comparison ofiso-octane ignition delay times obtained from Leeds RCM and those
measured using UCT RCM under theme conditions of pressure, temperatures and
concentratiorare shown in Fig. 46 Leeds RCM measures shor
throughout the temperature range studied. This is due to higher heat loss that is
experienced by the UCT RCM. The UCT RCM, as dbescr in Chapter 2, has a
protruding piston rod that goes in théaiie of the combustion chambehi$ adlitional

cool mass resulted increased heat loss within the combustion chamber during and after
compression, and thusnger delay timesvere measue Shown in Fig 4.7are the
pressure records for the two devices at the same end of compression pressure of 2.0 MPa
and temperature 895K, the heat loss with associated longer delay times is evident in these
records. It is therefore not possible to compasallts quantitatively between these two

rigs, extensive comparison of results measured from different rigs at different research
groups under the same conditions of pressure, temperature and concentration were

discussed in detail in Chapter 3.

Ta(K)
mﬂm_oq _ %09 833 769 714 667 |62_5
UCT
)
8
= 10 ]
o
A+
&
1 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i
1 11 12 13 14 15 16
1000/ T (K)

Figure 46. Ignition delay times for stoichiometriso-octane at compressed pressure of
2.0 MPa measured using UCT RCM and Leeds RCM.
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Figure 47. Pressure records for stoichiometrgo-octane at the end afompression

pressure 2.0 MPa and temperature 895K, measured from UCT and Leeds RCM.
4.4.2 Toluene.

Pressure records for stoichiometric toluene/air mixture at different compression
temperatures and a compression pressure of 2.0 MPa are shown ir8Fidneddelay

time versus reciprocal temperagwelationship Isown in Fig. 4.9s very different from

that foriso-octane in Fig. 4.5with the complete absence of an NTC regime. This trend

is common to aromatic hydrocarbons, as revealed by experiments andalhénetic
simulations under different conditiondital et al., 2007; Davidson et al., 2005; Roubaud

et al., 2000; Shenetal.,2J09 For temperatures below 90/
times were too large to be measured accurately. There wasegbe noFhomogeneity

within the cylinder and the core gas had lost heat to the chamber walls, to the extent that
the mixture became nagnitable. Previous RCM work at LilleRoubaud et al., 2000
showed that stoichiometric toluene could not dagtote below 917K at 1.7 MPa.
Comparison with other published measurements for RCMs hackS ubes are shown

in Fig. 4.10for lean ( =0.5) toluene mixtures, in the pressure and temperature ranges of
0.91.4 MPa and 109Q170K. Very good agreement is obtainemt the current results

with those from Davidson et aJ2009 and Shen et al[2009. There is however,
substantial difference with the results Mittal et al. 007 at low temperatures. The

principal reason, amongst others, would appear to be the aofdwedt loss experienced
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by the mixture during the extensive delay time, a problem addresskitiahet al. 2007
and in Chapter 3.
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Figure 48. Pressure records for stoichiometric toluene/air at compression pressure of 2.
MPa.
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Figure 49. Ignition delay time for stoichiometric toluene/air at a compression pressure of
2.0 MPa.
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Figure 410. Comparison of ignition delay times from different researchers for lean (

0.5) toluene/air at a compression pressure 6l IGMPa.
4.4.3n-Butanol.

The pressure records forbutanol also show that they have single stage ignition, with a
nearl i near change i n U thetemperaturerangeNFigE 4did hr o u
4.12 show the records for stoichiometric<1) and lean/=0.5) mixtures. For both
equivalence ratios the ignition delay time generally decreases with increase of
temperature, while the leaner mixture has longer ignition delay times throughout the
temperaturerange. A monotonic change ithe slope is clear in Fig. 4.1%r a
stoichiometric mixture in the temperature range (702%K). This finding is similar to

that obtained by Heuffer et 4d2013. No ignition measurements were possible for the

lean mixtureat temperatures lower than 730K.

The key mechanism driving auignition of n-butanol are well described in Dagaut et al.
[2008], Moss et al. [2008], Sarathy et al. [2012] d&idck et al.[2010. Here only a
summary of reaction pathways suggestgdSarahy et al.[2012] for low and high
temperatures is given. At low temperasjréhe first chain branching process is the
addition of molecular oxygen to fuel radicals (hydroxybutyl) which leads to formation of
a chain branching radical hydroxyalkyl pero®O) and hydroperoxide radical (HO

The formation of H@ essentially inhibits the low temperature ignition behaviour of

butanol, however it can be an important reaction during blending with other fuels as will
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be discussed for the case of toluene inigactt.5.2. The second step involves the
isomerisation reaction where intramolecularabstraction of ROO occurs to form
hydroxyalkyl hydroperoxide radicals (QOOH) which further propagates the chain
reaction. QOOH further reacts with molecular oxygen tanfbiydroperoxyalkylperoxy
radicals (OOQOOH) which then isomerise to form carbonyl alkylhydroxy
hydroperoxides and OH. The last reaction path for the low temperature oxidation is the
decomposition of carbonyl alkylhydroxy hydroperoxides to fonenOH radicd, small
oxygenated radical and stable oxygenate(i.e aldehydes or ketones). For high
temperaturg the most important and relatively faster reaction is taostraction of the
weaker alpha €4 bondby OH radical This bond isveaker than similar bondis alkanes

due to the nearby presencetioé OH group. The importance of this reaction is reduced
with increasing temperature as contribution fromxH@®emistry and formation of 4.
becomes more significanMiller et al., 2005].

The model described abewas been validated using different experimental studies such
as premixed laminar flame velocityeloo et al., 2011], [ORwald et al. 2011], [Hansen

et al.,2011], ignition delay times from shock tubes and RCM [Weber et al., 2011}, [Heufer
et al.,2010], Vanckx et al.,2011], [Stranic et al., 2011] and species profile frestijezd
reactos [C. Togbé et al, 2010], [Dagaut et al., 2009)wide variety of combustion data

in these studies were well predicted using this model.

In this particular studya conparison was made betweere asur ed "Fland!| ues
calculated values obtained from Energy Research Institute University of Leeds using
numerical modelling and a detailed chemical kinetic model by Sasdtlay. 012]

Details of this work argiven inAgbro et al. P013. Very good agreementasobtained

at intermediate temperatures between 735K and 793K, whilst an over prediction is seen

at higher and lower temperatu@s shown in Fig. 4.13
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Figure 411. Pressure recorder lean ( = 0.5)n-butanol at a compressed pressure of 2.0
MPa.
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Figure 412. Pressure records for stoichiometrie() n-butanol at a compressed pressure
of 2.0 MPa.
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Figure 413. Ignition delay time oféan { = 0.5) and stoichiometri¢ € 1.0)n-butanol at

a compressed pressure of 2.0 MPa.

4.5 Binary blendresults.

The binary blends are thoseisb-octanenh-butanol and toluene/butanol. These blends

were selected to show the effectrebutanol additioron the autdgnition of paraffins

and aromatics, represented isp-octane and toluene, respectively. Table 4.3 shows

compositions of the blends and the conditions under which they were tested.

Constituents fuels Fuel Conditions
i-octan(ltoluenen-butanol designatio| " |Press. (MPgTemp. (K)
Fuel mole fractio] 0.7 0 0.3 170 1 2 650926
Fuel mole fractio, 0.5 0 0.5 150 1 2 650-893
Fuel mole fractiop O 0.7 0.3 T70 1 2 7351000
Fuel mole fractio, O 0.5 0.5 T50 1 2 690917

Table 43. Composition and test conditions for binary blendsobctanen-butanol and

tolueneh-butanol.
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4.5.1iso-octaneh-butanol blends.

Figs. 4.18-4.16 show the experimental results for trem-octanef-butanol blends, all
conducted at stoicbmetric concentration and a pressure of 2.0 MPa. In general, at the
higher temperatures the addition mbutanol in theiso-octane mixture decreases the
overall ignition delay time, while, at the lower temperatures it increases. This is due to
then-butarol delay times being lower than thosasifoctane at the higher temperatures,
while they are higher at lower temperatures. The change of delay time due to the addition
of n-butanol is not linear, Figs. 4.44.19 summarise the changes in delay time, as a

function of the proportions af-butanol in the blend mixture, at different temperatures.

At the higher temperatures (>760K), the additiom-tfutanol decreases the delay time,

and the trend can be presented by a second forigtron, as seen in Figs.14-4.18 The

middle temperature range, between 758BOK in Fig. 4.5, shows an interesting
behaviour where the addition pfbutanol increases the delay time but there is visually

no difference in U values bet wmmm (66080 an

there is a significant increase.
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Figure 414. Pressure records for stoichiometric 170 blend at a compressed pressure of 2.0
MPa.
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Figure 415. Pressure records for stoichiometric l&nd at a compressed pressure of 2.0

MPa.
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Figure 416. Ignition delay times for stoichiometric purgoc-octane n-butanol and their

blendsl70, 150 at a compressed pressure of 2.0 MPa.
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Figure 417. Ignition delay times ofso-octanenh-butanol at" =1.0 as a mole % af-
butanol in the blend mixture, at a compressed pressure of 2.0 MPa, in the temperature
range (816K869K).
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Figure 418. Ignition delay times ofso-octaneh-butanol at' =1.0 as a mole % af-
butanol in the blend mixture, at a compressed pressure of 2.0 MPa, in the temperature
range (769K800K).
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Figure 419. Ignition delay times ofso-octanenh-butanol at" =1.0 as a mole % af-
butanol in the blend mixture, at a compressed pressure of 2.0 MPa, in the temperature
range (666K740K).

The effect of pressure on 150 and 170 blends were investigated using UCT RCM.
Measurements were made at 2.0 MPa and 4.0 MéPeesnlts presented kigs 4.20 and

4.21 For both blends, pressure increasiitsins hort er U values. Th
also reduced with pressure increase. Using these results, pressure exponest,
calculated, for each blend, based on the relatian , and it was found that values
changes with temperature, with highefues of obtained in the intermediate range and

fairly constant values at higher and lower pamatures, as shown in Fig. 4.22
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Figure 420. Ignition delay times for stoichiometric blend 170, at a compressed pressure
of 2.0MPa and 4.0 MPa.
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Figure 421. Ignition delay times for stoichiometric blend 150, at a compressed pressure
of 2.0 MPa and 4.0 MPa.
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Figure 422. Values of pressure exponent,for stoichiometric lends 170 and 150 and

different compression temperatures.
4.5.2 Toluene anch-butanol blends.

Figs. 423 and 424 show the pressure records for stoichiomeli@©andT50blends at a
compressed pressure 2.0 MPa, in which, single stage ignition was obtéimed NTC

regime throughout the temperature range. The ignition delay times for the blends and the
pure constituent fuels are shown in Fi@51Fig. 4.5 summarises the effect of increasing

the percentage af-butanol on the delay time&enerally,an increasing concentration
reduces U, particularly, at |l ow temperat
735K-835K, the ignition delay times d@fb0blend are slightly less than both constituent
mixtures whilst those foll 70 are very close to tiee ofn-butanol This suggests that
within this temperature range-butanol generates chain #@nching radicals that
overwhelmthose created bipoluene and thus-butanoldominates the kinetics dhe

blend This behaviour is analogous to the results rtejoioior the autagnition studies of
tolueneh-heptane blendBom Di Sante [2012]Hartmann et al[2011] and Vanhove et

al. [2006] In these studiegjue to the difference in reactivity between toluene and
heptanethe more reactive fueh{heptane) cotrolsthe kinetics of the blend. At lasy
temperatures, toluene habkigh resistance to auignition due to the lack of any forceful
initiating reaction thatould producehe chain carrier OHn-heptane on the other hand

can readily generatthe OHand HOy radicalsduringits low temperéure oxidation The
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presence of these radicals resutito cross acceleration effect, where the radicals
produced during oxidation afi-heptane dramatically increaske oxidation rate of
toluene compared to when tiene alone was oxidized\ detailed chemical kinetic
mechanism for tolueneheptane blend developed by Andrae etallP]identified the
main chemicakeactionresponsible foincreasetoluene consumptidreactivity due to
crossacceleratioreffects a® "'06 "G "00 %0 & 06 "Q® § 'O

Described in sectiof.4.3 n-butanol generates H@adicals at low temperatwgand will

therefore promote cross acceleration effects similar to that occurring in the aase of

heptane.
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Figure 423. Pressure records for stoichiomefficOblend at a compressed pressure of
2.0 MPa.
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Figure 424. Pressure records for stoichiometfi6Oblend at a compressed pressure of
2.0 MPa.
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Figure 425. Ignition delay times for stoichiometric pure toluemehutanol and their

blendsT70andT50at a compressed pressure of 2.0 MPa.
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Figure 426. Ignition delay times of toluenefnutarol ath =1.0 as a mole % af-butanol
in the blend mixture, at a compressed pressure of 2.0 MPa, in the temperature range
(730K-866K).

4.6 Gasoline surrogate and its blends with alcohol.

4.6.1 Introduction.

The blending of gasoline and bimsed fuels is anof the methods of reducing the use of
petroleum based fuels and eradicating its negative environmental effects. A surrogate for
gasoline of growing importance is Toluene Reference Fuel (TRF), comprised of ternary
blends of Toluene and PREdutham et aJ.2013; Cancino et al., 2009; Goutham et al.,
2017. Because of their importance, this chapter reports the ignition delay times of the
blends of TRF and two bialcohols, namely ethanol and butanol. Ethanol has been
proven to improve the arkinock propeiies of gasoline. However, its use is not without
disadvantages and these have been explained in Chapter 1. On the othe+bligaab!
provides an alternative to ethanol, without some of its disadvantages. Clearly, it is
necessary to know how the autoigom times of respective blends of the gasoline

surrogate, witm-butanol and ethanol, compare.

There are numerous proposed TRF surrogate mixtures in the literdtumedve et al.,
2006, Morgan et al., 2010; Gauthier et al., 2004; Lenhert et al., 2009;aVlal., 2011]
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and the choice of surrogate composition depends on the end applications. In the present
work, the objective is to measure the effect of alcohol on the ignition delay times of a
typical high octane European standard gasoMuargan et al[201( was able to suggest

a TRF mixture which was based on this standand,in their work aresponse surface
modelwas proposed which can give the composition of a mixiased on thepecified
values ofRON and sensitivityUsing this model, it was gsible toobtainthe volume
fractions ofthe three components (toluemeheptane andso-octane) inTRF mixtures

which can emulate gasoline with specified values of RON and MZakulations of the
composition ofa TRF mixture were made to emulate a hmgttane (RON=98.5 and
MON=88) commercial gasoline (Gron 98 MKIyhe obtained TRF comprised of
0.75418 toluene/0.0583B0-octane/0.1874M-heptane (by liquid volume fraction)
Comparison of cylinder pressure profiles between Gron 98 MK1 and simulatidts resu
of the obtained TRF showedezllent agreementhis surrogate mixture is adopted in
the present study and igjuivalent fuel mole fractiors shown in Table 4.5The liquid

densities {) were obtained from the supplied fuel bottles atdeshown inTable 4.1.
4.6.2 Ignition delay times and pressure profiles for TRF blend.

The chosen TRF blend was tested in the RCM under stoichiometric conditions, at an end
of compression pressure of 2.0 MPa, in the temperature range ofo®80K The results
are presnted in Figs. 4@4.27. In Fig. 4.27 the symbols represent the measured ignition
delay times data while the solid line in the best fit line through thesetidat@ecrease of
ignition delay time with the increase of temperature is clearly seen fdrigher and
lower temperature ranges. In the mahge temperatures, Fig. 8.8hows twostages
ignition whilst Fig. 4.27hows a region of negative temperature coefficient (NTC) in the
temperature range of 769K to 833K. These findings are similar to dhdamed in the
other heavy hydrocarbons suabPRFs Fieweger et al., 1997; Halstead et &b/,
gasoline and other TRFs surrogates mixtu@sutham et al., 2013; Cancino et al., 2009;
Goutham et al., 2012Shown inFig 4.28alsois a comparison beteen theagnition delay
time of the current TRF mixture with those of researchgasoline (RD387) from
Kukkadapu et al.J012] anda gasoline surrogattfom LLNL [Mehl et al., 201]Land
Stanford ATRF mixture from Gauthier et al.4004] The solid line is th best fit line
through the measured delay times for the current wddasurements were made at
stoichiometric conditio;and an end of compression pressure of 2.0 MRH3 blends
show to possess NTC behaviolihe current TRF measurbsnger ignition dely times

throughout the temperature range duksthigh contentof tolueneas shown in Table 4.5
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Blend Compositior? (by volume)

Current TRF mixture 5.833/18.75/75.418

Gasoline (RD387) [Kukkadapu et al.,2017 42.3/9.5/26.4/4.7/16

Stanford A [Gauthieet al., 2004] 63/17/20/0/0

LLNL [Mehl et al., 2011] 57/16/23/4/0

aComposition orderiso-octanef-heptane/toluene/olefins/napthenes

Table 44.Composition of gasoline and surrogates investigated in this and other studies.

i-octane| n-heptane | toluene

Liquid fuel volume fraction | 0.05833| 0.1875 | 0.75418

Fuel mole fraction 0.0411 0.146 0.8125

Table 45. Constituents fuel proportions in tiearrentTRF mixture, at =1.
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Figure 427. Pressure records for stoichiometric TRF/air (81.25% toluene/4i%t©%
octane/14.64%-heptane (by mole) at a compressed pressure of 2.0 MPa.
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Figure 428. Ignition delay times for stoichiometric TRF/air at a compregsedsure of
2.0 MPa, compared with those of gasoline and other TRF surrogate at the same

conditions.

4.6.3 Ignition delay times and pressure records for TRF/Ethanol

blends.

As for the case of pure toluene, ethanol has very low reactivity at low temsatu
Experimental measurements of ignition delay tinfi@s pure ethanohave not been
possible at low temperatures and pressures, a trend consistent with its high octane number.
It is well known that high octane number fuels such as ethanol, methanol, MTBiE
widely used as antinock additives due to their long ignition delay tinespecially at
low temperaturef_u et al., 2004, [De Caro et al., 20Q1[Rothamer et al., 2012 well

as improving spark ignition engine performance [Kaal., 2009][Hsieh et al.,2002],
[Wallner et al., 2009]However, due to its very high sensitivity, ethanol has shorter
ignition delay times at higher temperatures and this can enhancegaitit;m of the
blended fuelFor example,n a study by Saisirirat et.42001], a blend of ethanol ard
heptane havbeenshown to supress autagnition of n-heptane at low and intermediate
temperatures whilat high temperatures there was significant chang#r low ethanol
content However,when it was increased to 57% Yylume,n-heptane autignition was
enhanced and shorter ignition delay timeseobtainedTien et al[2014 measured the

change oftraditionalresearch octane number (RO&)d sensitivitywhen ethanol was
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added togasoline, PRF and TRF mixtures. Folr these mixtures, addition of ethanol

increased their ROMNd sensitivitywaluesas shown in Fig4.29.
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Figure 429. (a) Measured ROB and (b) Sensitivity for different ethanol/TRMblends
versus ethanol conteritien et al[2014 is indicated a#this studyin the plot Data from

Anderson et al[2007 is included foreference.

This Section reports ignition delay times for the blends of TRF/air and ethanol/air, with
n =1.0 for both component mixtures. The experimental érudimpression pressure was
2.0 MPa, in the temperature range of -AMMOK. The chosen TRF mixed with air at
n=1.0 was blended with different mole proportions of ethanol/air al$o=at0. The
blends are characterised by the liquid volume percentage afoktinathe liquid blend

fuel. E25 indicates 25% liquid volume of ethanol in the blend mixture, the remainder is
TRF mixture which is comprised of constituent fuels having the same ratid a$ ploae

TRF shown in Table 4.5. Table 4Bows all the blendssted, their composition in terms

of liquid volume fraction and their equivalent fuel mole fractiothe blend. Table 4.7

shows the conditions under which they were tested.
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iso-octane | n-heptane | toluene | ethanol| Fuel designation

Liquid volume 0.5656

fraction 0.04375 | 0.14062 | 4 0.25

Fuel mole fraction| 0.0248 0.0883 | 0.4903| 0.3966 E25
Liquid volume 0.3770

fraction 0.02917 | 0.09375 | 9 0.5

Fuel mole fraction| 0.0138 0.0493 | 0.2734| 0.6635 E50

Liquid volume 0.1885

fraction 0.01458 | 0.04687 | 5 0.75

Fuel mole fraction| 0.0059 0.0212 | 0.1175| 0.8554 E75

Table 46. Liquid fuel blends designation and constitugmbportions.

Fuel Condition
designation 1] Pressure (MPa) Temperature (K)
E25 1.0 20 £90-971
E50 1.0 20 890-952
E75 1.0 20 £90-952

Table 47. Test conditions for chosen blends

Pressure records and ignitioelay times for the blends of TRF/air and ethanol/air at

n=1.0are shown in Figs. 4.30.33. The results from all three blends show single stage
ignition under the conditions studied, with no NTC behaviour anywhere in the
temperature range.
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Figure 430. Pressure records for stoichiometric E25 blend at a compressed pressure of

2.0 MPa.
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Figure 431. Pressure records for stoichiometric E50 blend at a compressed pressure of

2.0 MPa.
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Figure 432. Pressure records for stoichiometric E75 blend at a compressed pressure of

2.0 MPa.
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Figure 433. Ignition delay times for TRF/Ethanol blends at compressed pressure 2.0MPa.

Interestingly, NTC behaviousiorly shown br the TRF on Fig. 4.33vhereas ethanol

and the blends hardly show such a trefkis trend is in agreement with the results
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obtained by Yates et d2010], where addition of ethanol or methanol to the PRF80
mixture weakened its NTC behaurowhich waseventually completely eliminated with

higher content of ethandtig. 434 summarises the change of ignition delay times of the
blends with ethanol addition. At low temperatures < 860K, ethanol increases the
resistance to autignitionandthe e i s an appr eci abtéemperaturec r e a
range there is relatively small change in ignition delay times for all blends, with their
delay times almost similar. Intherange 869K 0 K, U val ues are sl i
of the main comgnents. At high temperatures > 910K, ethanol addition reduces the
autoignition resistance of TRF, due to the shorter ignition delay times of pure ethanol.
Similar results were obtained b@asirirat et al. 001 where ethanol addition to-

heptane supreed autaignition of n-heptaneat low and intermediate temperatures and

BOOK
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s — /

enhancedt at high temperatures.
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Figure 434. Change of ignition delay time with the proportion of ethanol in the blend for
n=1.0, compressed pressure 2.0 MPahentemperature range 8050K.
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4.6.4 Ignition delay times and pressure records for TRR-butanol

blends.

Table 4.8shows the composition and concentration of the TRF/airralbdtanol/air

tested and Table 4te test conditions.

Fuel
iso-octane | n-heptane | toluene | n-butanol | designation

Liquid volume
fraction 0.04375 0.14062 | 0.56564| 0.25
Fuel mole fraction| 0.0289 0.1031 0.5725| 0.2955 B25
Liquid volume
fraction 0.02917 0.09375 | 0.37709 0.5
Fuel mole fraction| 0.0182 0.0648 0.3598 | 0.5572 B50
Liquid volume
fraction 0.01458 0.04687 | 0.18855] 0.75
Fuel mole fractionl 0.0086 0.0307 0.1702 | 0.7906 B75

Fuel designatio

Condition

Pressure (MPa)

Temperature (K)

B25 10 |20 671-917
B50 1.0 |20 671-900
B75 10 |20 671-855

Table 48. Liquid fuel blends designation and constituents proportions.

Table 49. Test conditions for chosen blends.

Figs 4.354.37 show the pressure records B25 B50 and B75 blends atdifferent

temperatures, two stages ignition is evident in theterigperatureange for all blends.

Fig. 4.38shows the ignition delay times for all blends, whB&5 and B50 show NTC

behaviour, while B75 behaves more like -hutanol with monotonic changet a

temperatures between 755K and 769K. Between 700K and 769K, the addinen of

butanol has insignificant effect on the ignition delay times of TRF, whilst at temperatures
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lower than 700K ignition delay times are increased Bifhas the same delay timas

that of TRF at temperatures below 769K. At high temperatures, generally, the addition of
n-butanol decreases delay times of TRF, and as for the TRF/ethanol blends, it can be seen
that B75 has delay times shorter than the individual components fuéésrgteratures

above 769K. The effect ofbutanol addition to TRF delay times at different temperatures
is summarised in Figs.39-4.40
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Figure 435. Pressure records for stoichiomet#25 blend at a compressed pressure of
2.0 MPa.
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Figure 436. Pressure records for stoichiometB80 blend at a compressed pressure of
2.0 MPa.
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Figure 437. Pressure records for stoichiomet#e5 blend at a compressed pressure of

2.0MPa.
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Figure 438. Ignition delay times for stoichiometric TRF/air andbatanol/air blends at a

compressed pressure of 2.0 MPa.
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Figure 439. Change of ignition delay time with addition ofbutand on TRF at
stoichiometric condition, compressed pressure 2.0MPa and temperature range (833K
1000K).
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4.7 Use of the experimental data in this work for simulation.

As discussed in Chaptér one of the main objectis®f measuring ignition delay times

in the RCM is to enable accurate modelling of the dgndion characteristic of a
particular fuel at varying conditions of pressure, temperature and concentratioftsusing
chemical kineticsPressure traces for noeactive mixture are usually required to
accurately simulate RCM experimenthis will help to accounfior heat loss during and
after compression and also to avoid missing out any reat¢tiahmight have started to
take place during compressidks pointed out in Sectioh.7, nonreactive pressure traces
with the same specific heat and initial conditiohpressure and temperature as the

reactive mixture are used to calculate volume expansion term using eduafion

Different RCMs have different extesf heat loss after compression due to their design
and operating condition$hose with abstantiabmount of heat loss will necessitate the
use of norreactive pressure measurements for each particular fuel and condialer

to obtainatime dependentolumeexpansion term before carrying out chemical kinetic
simulations However those with neglidple heat losswill have their time dependent
effective volume almost the same as that of the actual chamber andrénsmafulations

can be donesing constant volume.

In this section comparison was mageng Leeds RCMetween the measured ignition
delay times ofTRF mixture and TRtbutanol blendat stoichiometric condition and end

of compression pressure of 2.0 MPa and their corresponding simulations using constant
volume approach (assuming negligible heat loss during delay period) and variable
effecive volume approach. F&y 4.41&4.42how the ignition delay times ftiesefuels
usingthe two approache&ata measured and simulated by PhD student Edirin Agbro)
Comparison with research gasoline RD387 figukkadapu et al.Z017 is also madetl

can be seen that there is mubstantialdifference between theonstant and variable
volume approachesnd therefore the experimental data in this work can be reasonably
simulated using constant volume approdtause all measurements were made at
similar conditions to those shown in Figs41&4.42 However, itshould be noted that,
since the heat loss characteriftica particulamachine depends aperating conditions,
thennonreactive pressure tracaesed to be measured for new operating condition and

run simulationsusing variable effective volunte compare with constant volume.
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Figure 441. Comparison between measured and simulated of ignition delay times for

gasoline and TRF mixture. Simulations were run using constash variable volume
approaches.
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Figure 442. Comparison between measured and simulated of ignition delay times for

gasoline/butanol and TRF/butanol blends. Simulations were run using constant and
variable volume approaes.

129



CHAPTER 4: MEASUREMENTS OF AUTOIGNITION DELAY TIMES.

4.8 Summary.

Comparison of measurements taken from Leeds and UCT RCMs at the same conditions
have shown to differ. The main reason for this difference is due to their difference in heat
loss behaviour, with UCT shows higher heat loss and thus me&sniges delay times

than Leeds.

Butanol is considered as one of the alternative biofuels which can potentially replace
ethanol. Its effect on the ignition delay timessafoctane and toluene was studied in this
Chapter. Addition oh-butanol iniso-octane and toluene show a rather different outcome.
iso-octane was made more reactive at higher temperature and thus shorter delay times
were measured, and less reactive at lower temperatures with longer delay times. Toluene
reactivity was significantly increszd with butanol addition throughout the temperature

range.

Comparison of addition af-butanol and ethanol on TRF gasoline surrogate was also
made, and Fig 43shows a summary of the effect of adding equivalent amount of ethanol
andn-butanol to the TREurrogate in the temperature range between 800K and 952K.
The curves are the difference between the measured delay times of the blends and that of
pure TRFYt. The fAzerod horizont al l ine repres:s
range n-butanol and ethanol hagenerally shown to hav@milar effect on TRF ignition

delay times at lower temperaturasd higher temperatures wher e U waral ues
increased at lower temperatures and decreased at higher tempeitatinage®! starts to
increaseU v a | u e at subdtanti@lliR Righer tem@gures compared to-butanol
Interestingly, in the temperature range between 709K and 752K additieoutéinolhas

no substantiadf f ect to the U values of TRF.
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Figure 443. Ignition delay time difference between those of the blends and pure TRF at

the end of compression pressure of 2.0 MPa.
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CHAPTER 5: AUTOIGNITION BLENDING LAW

5.1 Introduction

To be able to predict the adignition behaviour of fuels under varying conditions of
pressure, temperature and composition would be a very powerful tool. It could be used
to increase and optimise engine performance and reduce pullasovell as act as a
safety tool for fuel storage. In an era which searches for new sources of liquid fuels, the
optimal blends of different classes of fuel for efficient power generation with clean
combustion have to be found. A major factor in thecdrla of these blends is their auto
ignition behaviour under varying conditions of pressure, temperature and concentration.
It is therefore beneficial to develop atigmition blending laws that are able to predict the

ignition delay times of different fudlends.

Numerous empirical ignition delay correlation models have been proposed by different
research group¥ptes et al., 2010; Qin et al., 2001; He et al., 2005; Goldsborough, 2009;
Zhu et al., 2015; Li et al., 2014These are usually for single putel components at
relatively high temperature and are validated against chemical kinetic and/or
experiment al measur ement s. Measur ement s
RCMs, engines, and constant volume bombs, have shown them to be verjetépen
temperature, pressure and fuel concentrafitaids et al., 2010; He et al., 2005; Zhu et
al., 2015; Li et al., 2014; Goutham et al.,2DIR useful simplification is to characterise
autoignition behaviour of a fuel by a global one step mechanispnesented by an

Arrhenius expression:

t 60 A@H Y'Y (5.1)

where A and n are calibrations factors that change with fuel/air concentrations and
tempeature.

These empirical model s have been wused

component fuels and blends of different fuels under specified conditions. However, many
of these models are onlglidated using fuels and/or conditions that do not shegative
temperature coefficiefNTC) behaviour. This has been relatively easy and convenient,
as the values of activation energy in these models are nearly constant over a wider

temperaturerangd.o t he aut hor és knowledge only t
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Goldsboroughet al.[2009] predicts NTC behaviour akso-octane, including different

pressure and temperature conditions.

Practical gasoline and diesel fuels are composed of differeneslagsydrocarbons in
hundreds of different compounds, and the
coefficient behaviouroutham et al., 201Fieweger et al., 1997; Herzler et al.0ZD

As described in Sectiof2, gasoline surrogate mixtures qamse a limited number of
carefully selected individual hydrocarbons components, which collectively mimic the
properties of the practical fuels, have been widely adopted. The use of these surrogate
mi xtures can simplify t he sckdr iomattihoen Uo fv a
constituent fuel. However, very little has been published onignttion blending laws,

a brief summary of which is highlighted below.

An extensive shock tube study of the ignition delay times of hydrogen and metharse blend
at pressures and temperatures, ranging from 800K to 2000K and 0.1 to 0.3 MPa, was
conducted by Cheng and Oppenh¢ii884. The delay times of the blend mixture were

correlated using the empirical expression,
I , (5.3)

wheret andt are the ignition delay times for hydrogen and methane} asdhe

mole fraction of hydrogen in the mixture. Very gagteement was obtained at the tested
blends and conditions. Further studies were conducted by Gerserj2808.for the
stoichiometric blend mixtures of hydrogen and methane at higher pressure)(M@a)

in the temperature range 95AK60K. Their reslts led to an Arrhenius like empirical
relation for determining the delay times of their blend mixtures, incorporating the
pressure and temperature dependency of ignition delay time for the pure individual fuels
to be blended, of the form:

t 6 0 — Aob . (8)

Recently, Sileghem et aR015have suggested the use of an energy fractianstead

of mole or volume fractiod used inCheng and Oppenheirhi984.| , see below, is the

heat of reaction of one fuel in the blend as a fraction of the total heats of reaction. Their
method yielded a relatively good agreement with ffEhanol blends calculated from

detailed chemical kinetics.
| —, (5.5)
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where Yo "Os the teat of reaction of the mixture components. The delay time for the

blend mixture was given as:
T Bt . (5.6)

There hae been no further reported tests of the validity of these methods with other
blends. It would be interesting to check if these methods could accurately predict ignition

delay times of other blends, especially those that show NTC behaviour.

In this Chapteran attempt is made to formulate a mixing rule that can be used to predict
the ignition delay time of fuel blends using the ignition delay times of the fuel components
under different conditions of pressures and temperatures, including the NTC region, and

to compare this new approach with the reported existing ones.

5.2 A suggested autagnition blending law.

A two parameter blending law is developed for binary mixtures based on the fractional
mole weighting of the principal parameters in an Arrhenius espr,A andE/R, at

constant pressure:

aetaeg o gy"y (5.7)

This method will be termed, the linear by mole (LbM) method. The ignition delay time
of the mixture of two fuels B and C to fornbkend D will then be given as;

ot O ad  gYY oaé gy, (5.8)

with @ andw are the mole fractions of fuel B and C in the mixture of fueh@8@. The
two fuels are assumed to be mixed with air at the same vafudbé values oE/R for
individual fuel conponents are obtained from Eq.9p and the values @éfare obtained

from the meas uE/Rfdrauyisehpresssre, osing K§.1@):n d
gY QoaEQp Y, (5.9)
6 TA@PG'Y'Y (5.10)

Eq. (58) allows for diffeent activation temperaturds/R, and for values oA to change,

but only linearly, with fractional fuel concentration.

As shown in Chapter,3or fuels which show NTC behaviguhe values of E/R and A

vary with temperature and therefore using the acuadlies of these parameters at a

particular temperature will potentially enable more accurate prediction of ignition delay

time of blends with and without NTC behaviour. This makes LbM method different to
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those suggested yheng and Oppenheirfl.984 andGersen et al. 2008] which were

only designed and tested for fuels without NTC behaviour and at high temperatures.
5.2.1 Blends investigated.

The predicted dta points employing this approach are compared with the experimental
results. Some values were obtained by other workers and some in the course of the present
studies. The fuel blend mixtures studiedlnis work are given in TableBbtogether with

the source from which relevant data were obtained.

Fuels Data source for fuel/air Data source for blend
B C B C
CHa H> [Gersen et al.,2008] | [Gersen et al.,2008] | [Gersen et al.,2008]

i-CgH1s | N-C7H16 [Fieweger et al., 1997 [Fieweger et al., 1997 [Fieweger et al., 1997

C7Hs n-C7H1e [Herzler et al., 2047 | [Herzler et al., 2047 | [Herzler et al., 2047

CHs | n-CaH10 | [PW] [PW] [PW]
i-CeHis | N-CaH100 | [PW] [PW] [PW]
TRF* | n-C4H100 | [PW] [PW] [PW]
TRF* | CHeO | [PW] [Mittal et al.,201% [PW]

Table 51. Constituent fuels studied in this work and their source.
[PW] Present Work

[TRF*] Constituent fuels that make thl&RF mixture are shown in Table 4.4 in Chapter
4.

5.2.2 CH4J/H2 blends.

For these blends, experimental ignition delay times were obtained entirely from an
external source[Gersen et al.200§ who used a shock tube, umdstoichiometric
conditions at pressures between 1.5 and 7.0 MPa, and temperatures between 950 and
1060K. The blends are presented as a mole fraction of hydrogen in a mixture of both
fuels, (H/(H2+CH,)). In Gersen et a[2008, ignition delay times for ifferent pressures
were presented in a single pj|"Ytasddyothei vi d
pressure dependenay,i.etj 0j"Y . Gersen et a[2008] used constant values of the

pressure dependency coefbicts, for H as -1.3 and CH as -2.3 throughout the
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temperature range they studied. Also in their work, the valuedafthe blends were
obtained by mole weighting of the individual pure fuel values d.e. ¢ ®

¢ w ,wherew andw are the mole fractions ofdénd CH in the blend.

To obt aiions fdr the daadpresented in Gersen ef2009 using the LbM
method E/Rvalues were obtained from the gradient of the curve for constitughires

(CH4 and H) using Eqg. () and corresponding valuesAtalculated from Eq. (30).
Predict ed ere thencacslatan using/ Eqw(5.8). Figs-B3.show the results
obtained from the LbM method, together with the experimental rdsuftsGersen et al.
[2008. Excellent agreement is found between these sets of results for all blends,

throughout the temperature range.
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Figure 51. Ignition delay time divided byRu/To) to the power of pressure dependency
upon reciprocal temperatures for stoichiometric pure individual constituents g&H
H>) represented by solid lines and their blend/H4+CH4=0.1, represented by circles
[Gersen et al., 2008LbM results represented by asterisks. Pressur&.0.MPa.
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Figure 52. Ignition delay time divided byRy/To) to the power of pressure dependency
upon reciprocal temperatures for stoichiometric pure individual constituentsai@H
H>) represented by solid lines and their blend/HA+CH4=0.2, represented by circles
[Gersen et al., 2008LbM results represented by asterisks. Pressur&.0.MPa.
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Figure 53. Ignition delay time divided byP/To) to the power of pressure dependency

upon reciprocal tengratures for stoichiometric pure individual constituents {@kd
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H2) represented by solid lines and their blend/H4+CH4=0.5, represented by circles
[Gersen et al., 2008LbM results represented by asterisks. Pressur&.0.MPa.

5.2.3 Primary Refererce Fuel (PRF) blends.

In this instance, experimental ignition delay times for different PRF blends of
stoichiometric mixtures were obtained from an external source, naRelWeger et al.,
1997.Shock tube measur e méspdctsne/0.h-heptane,foyliquidP RF 6
volume fraction), PRF80 (0.8o-octane/0.2r-heptane, by liquid volume fraction) and
PRF90 (0.9so-octane/0.In-heptane, by liquid volume fraction) were conducted with
stoicHometric constituent mixtures at the pressure of 4.0 MPa and temperature range of
710K-1175K. The fuel mole fractions and fuel/air mole fractions for constituent fuels in
PRF bends were obtained using Egs. (5.10) antil(f with the liquid densities ginan

Table 5.1, in Section.d. Data sourcesre summarisechiTable 52.

Fig. 54 compares the percentage molessofoctane/air in the PRF/air mixture with
octane number. Similar conversion procedure was used for niRIEinol and
TRF/ethanol blends, with were prepared using liquid volumes. Thesults are
summarised in Tables 4.5 and 4.7 in Sections 4.6.3 .&r/d 4

PRF mixture composition Fuel
iso-octane | n-heptane Designation
Liquid volume fraction 0.6 0.4
PRF60
Fuel mole fraction 0.57 0.43
Liquid volume fraction 0.8 0.2
PRF80
Fuel mole fraction 0.78 0.22
Liquid volume fraction 0.9 0.1
PRF90
Fuel mole fraction 0.89 0.11

Table 52. Composition of constituent fuels in the PRF mixtures.
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Figure 54. Percentage mole ofactane/air in a PRF/air mixture vs octane number. The

curve is the best fit line through the points.

Ignition delay times from the LbM ethod were obtained using Eq.&8p The obtained

results shown by asterisksniFigs. 5.55.7, are in fair agreement with the experimental

measurements, shown by circles, at the higher temperatures (T > 885K) but are over

predicted at the lower temperatures, where an NTC region develops. This trend is seen

for all the PRF blends dflied.
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Figure 55. Ignition delay time versus reciprocal temperature for stoichiometric pure
individual constituents (PRFO and PRF100) represented by solid lines and their blend,
PRF60, represented by circles, measurements raade0 MPa. LbM results are

represented by asterisks.

‘ T,(K)
o250 1111 1000 909 833 769 714

[y
T

=
—
T

Ignition delay time (ms)

¥ PRFS0 LbM

O PRF80,exp[Fieweger et al . 1997]

D-Dl i i i i i i i i i i i i i i i i i i i i i i i i i i i
0.8 0.9 1 11 1.2 1.3 1.4

1000/T)(K)

Figure 56. Ignition delay time versus reciprocal temperature for stoichiometric pure
individual constituents (PRFO and PRF100) represented by solid lines and their blend,

PRF80, represented by circles, measurements made at 4.0 MPa. LbM results are

represented by asterisks.
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Figure 57. Ignition delay time versus reciprocal temperature for stoichiometric pure
individual constituents (PRFO and PEO0) represented by solid lines and their blend,
PRF90, represented by circles, measurements made at 4.0 MPa. LbM results are

represented by asterisks.
5.2.4 Tolueneh-heptane blend.

Experimental delay times for a stoichiometric toluerdegptane blend wh fractional

liquid volume ratios of 0.35 afi-heptane and 0.65 of toluene were obtained from the
shock tube measurements of Herzler ef2007. All mixtures were stoichiometric at a
pressure of 3.0 MPa and temperasubetween 620 and 1180K. Tabls83 Shows the
proportions of constituent fuels in the blend in different foest, derived from Egs.
(4.11) and 4.13). The blend was designated as T78, indicative of the toluene mole

fraction in the fuel.

Composition
Fuel designation

toluene| n-heptane

Liquid volume fraction 0.65 0.35
T78

Fuel mole fraction 0.78 0.22

Table 53. Liquid fuel blends designation and constituents proportions.

Similar to the procedure for PRF blends, the LbM predictions are presented along with

the measuments. The predictions in Fig.8agree relatively well with the experimental
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results at the higher temperatures. However, there is substantial disagreement at the low
temperatures, from where tmeheptane NTC region starts. The asteriskedlipted

values become rather closer to the toluene values than to the measured blend values.

T(K)
1111 1000 909 833 769 714
100 £ OTVE, exp[Herzler et al.. 2007] E
2 [ xT78,LbM X
= X
u
F10 L .
- E Toluene O ok
= L o O ]
s
g
2 1 E ;
2 - n-heptane
U_ 1 T N TR TR NN TR TR TR N (N S N TR TR N TR TR SR TR N TR T S |
09 1 1.1 12 1.3 14

1000/ T,(K)

Figure 58. Experimental ignition delay time versus reciprocal temperatures for Toluene
andn-heptane represented by solid curves tuar blend, T78, represented by circles.

LbM results are represented by asterisks.1(0, Pressure 3.0 MPa).
5.2.5isc-octaneh-butanol blend.

Figs. 5.9 and A0 show both the LbM predictions, the measured ignition delay times of

the constituent mixtures, and of their blends for stoichiomd&® and 170, the
compositions of which arehewn in Table 43. Measurements were at 2.0 MPa for both
blends. Results for the constituent fuels and their blends are shown in more detail in
Section 4.5.1 Here only the experimental points for blend results are shown for
comparison with the LbM predions. ForI50, LbM overpr edi ct s t he veé
throughout the temperature range. F, fairly good predictions occur throughout the
temperature range, but with slightly oyaediction at low temperature. In general,

predictions were better at the higher tempeestu
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Figure 59. Experimental ignition delay time against reciprocal temperaturesséor
octane and-butanol represented by solid curves and their bl&s@), represented by
circles, LbM predictions are represented byrashe (" =1.0, Pressure 2.0 MPa).

T (K)
%09 83 769 714 667

100 + ]

._.
o

Ignition delay time (ms)

n-butanol
o170 exp
170 LbM

I ——————ee—e— -
1.1 1.2 1.3 1.4 1.5

1000/ T, (K)

Figure 510. Experimental ignition delay time against reciprocal temperaturesdor
octane and-butanol represented by solid curves and their blEf@), represented by

circles, LbM predictionsra represented by asterisks=1.0, Pressure 2.0 MPa).
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5.2.6 Tolueneh-butanol blend.

Figs. 5.11 and A2 compare the LbM predictions, the measured ignition delay times of

the constituent mixtures, and of the stoichiomef®0 andT70blends, measured the

course of present work at 2.0 MPa. Detailed composition of these blends are shown in

Table4.3, along with their experimental measurements in Sedtiaf. As with thaso

octanef-butanol blends, only experimental points for blends are shown icdbes to

allow clear comparison between the experimental results and LbM predictions. The LbM

ignition delay times strongly ovgrr edi ct the blendsé

throughout the temperature range.

1. E+05
LE+04 |

= 1LE+03

LE+02 |

Ignition delay time(ms)

870

T- (K)
833 800 769 740 714

¥ T50 LbM
Toluene

OT50 exp

#-butanel

1.E+00

Figure 511. Experimental ignition delay time against reciprocal temperatures for Toluene

1.2 1.25 1.3 1.35 1.4
1000/Ts (K)

meas u

and n-butanol represented by solid curves and their bl&b@, represented by circles,

LbM predictions are represented by asterigks1.0, Pressure 2.0 MPa).

A very surprisig feature is observed with these blends, in that the experimental values

for the blends are so close to the values-bfutanol. The reason for this feature was

suggested in Sectiod.5.2, that, n-butanol generates chain branching radicals that

overwhelm hose created by toluene and thusrtfiitanol reactions dominate over those

of t he

values.

toluene. This feature makes
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Figure 512. Experimental ignition delay time against reciprocal temperatures for Toluene
and n-butanol represented by solid curves and their bl&i@, represented by circles,

LbM predictions are represented by asterigks1.0, Pressure 2.0 MPa).
5.2.7 TRF/ethanol and TRFh-butanol blends.

A further analysis of LbM predictions was conductedthe blends of TRF/ethanol and
TRF/h-butanol. Fuel mole fraction, fuel/air mole fractions of ethanolrahdtanol in the
TRF/ethanol (E blends) and TRHbutanol (B blends) were calculated from their
corresponding ligid volume fractions using Eqg. (40 The data are summarised in
Tables 4.5 and 4.7 in Chapterhe measured ignition delay times for the TREktome
and the blends we presented in Sectiods$.3 and4.6.4 in Chapter.4Only experimental
data points for blends are shown here, in otddeature a clear comparison with LbM

predictions.

Figs. 5.135.15 show the plots of measured ignition delay times together, with the LbM
predicted values for TRF/ethanol. The best predictamtsir with E25 in Fig. 33, but

otherwise the ethanol blendlues are ovepredicted, particularly at low temperatures.
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Figure 513. Experimental ignition delay time against reciprocal temperatures for TRF
and Ethanol represented by solid curves and their [id@Bdepresented by cikes, LbM

predictions represented by asterisks:1.0, Pressure 2.0 MPRa)
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Figure 514. Experimental ignition delay time against reciprocal temperatures for TRF
and Ethanol represented by solid curves and their blend E5@eaped by circles, LbM

predictions represented by asterisksz1.0, Pressure 2.0 MPa)
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Figure 515. Experimental ignition delay time against reciprocal temperatures for TRF

and Ethanol represented by solid curves and theirdbE75 represented by circles, LbM

predictions represented by asterisks=X.0, Pressure 2.0 MPa).

The TRFh-butanol data extend to lower values of temperatures than those for ethanol

and the experimental values indicate some influence of the TRF NjiQeeThis is
particularly so for B50 in Fig. 5.17. The predicted values show less influence.

l't is striking that the U values for
constituent fuel. This is particularly evident for B75 blend for tempesatbelow 800K

in Fig. 5.18. At such conditions the
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Figure 516. Experimental ignition delay time against reciprocal temperatures for TRF
and n-butanol represented by solid cunasd their blend B25 represented by circles,

LbM predictions represented by asterisksz1.0, Pressure 2.0 MPa).
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Figure 517. Experimental ignition delay time against reciprocal temperatures for TRF
and nbutanol representely solid curves and their blend B50 represented by circles,
LbM predictions represented by asterisksz1.0, Pressure 2.0 MPa).
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Figure 518. Experimental ignition delay time against reciprocal temperatures for TRF
and nbutarol represented by solid curves and their blend B75 represented by circles,

LbM predictions represented by asterisksz1.0, Pressure 2.0 MPa).

5.3 Improved blending law for PRF mixture.

A further development was made to improve the LbM blending law esafyrifor the

PRF mixtures. More generallyhe results obtained from the above 14 different blends
show that the blending linearity of Edh.&) is most closely followed when there is no
NTC behaviour. A good example of this is the good predictabilitg@blending law for
CH4/H2 blends in Sectiorb.2.1. The LbM predictions begin to deviate from the
experimental values when one, or both, of the components show NTC behaviour. In this
section the LbM predicted ignition delay times for PRF mixtures are amdpwith
experimental values. In the PRF mixtures, the presencei loéptane ensures the
occurrence of NTC behaviour. The onset of NTC in this case was defined by the
corresponding temperature at the inflexion point after the local maximuwin-heptae

curve, which is about 870K. For temperatures below 870K, it was found that the
experimental ignition delatymes of the PRF mixtures froieweger et al1997 could

be related to the octane number (ON), temperafyrebM predicted delay time$

and an exponential factarusing the following empirical expression fbr
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t  F O00nuy ,forpmyir>1.15 (5.11)
With T equal to the experiental values, and those mfwere calculated from;
111gt (5.12)
11T

Fig. 5.19 shows values oh for different PRF mixtures and temperatures at a pressure of

2.0 MPa. Evaluated in this way, a linear fit wairis fitted through the data points and

there suggest a constant value®@8 forp 1 [t > 1.19.

0.3
0.2
0.1
o
£-01 [~ 5 M " T 5~y - - x--O-.

-0.2
0.3 FOPRF60
- OPRF80
- APRF90

-0.4

-0.5 -
1.19 1.24 1.29 1.34
10007, (K)

Figure 519. Values of m for PRF mixtures at different temperature, Pressure 2.0 MPa.
The dotted line is the best flirbugh the values oh.

With this value oim, and application of Eq5(11) for the temperatures below 870K, the

values off are plotted in Figs5.20-5.22, by the square symbols. There is very good
agreement between the three PRFs and conditiongnslamd the measurements, shown
by the circle symbols. However, such a direct procedure was not applicab&other

blends in Section.3.
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Figure 520. Experimental ignition delay time against reciprocal temperatures-for
heptane anéso-octane represented by solid curves and their blend, PRF60, represented
by circles.t  PRF corrected values are shown by square symbais.@, Pressure 4.0

MPa)
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Figure 521. Experimental ignition delay time against reciprocal temperatures-for

heptane angso-octane represented by solid curves ¢heir blend, PRF80, represented
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by circles.t  PRF corrected values are shown by square symbeai$.(@, Pressure 4.0
MPa).
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Figure 522. Experimental ignition delay time against reciprocal temperatures-for
heptane anéso-octane represented by solid curves and their blend, PRF90, represented
by circles.t  PRF corrected values are shown by square symbais.@, Pressure 4.0
MPa).

5.3 Generalisation of deviations of LbM ignition delay times from

experimental measurements.

This Section reports a study of the difference between the LbM predictions and
experimental measurements, for all tbel blends studied in Section25 The aim was
to generalise these differences as a function of temperaturéuahdoncentration.

Changes are made to the Arrhenius parametersogatpin the LbM method in Eq. .(B.

The starting point is the predictions of the valued &f cather tharQ 'Y, on the grounds
that concentrations of intermediate radicals and species are likely to centre on changes in

collision frequencies, and hence values of A. These cannot be derived by simple mole
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weighting. Changes i ¢ @re asumed to vary nonlinearly with fuel concentration and

temperature. Hence the methodology is termed as thénear by mole (nLbM) method.

Essentially, values af ¢ for each fuel/air constitunt mixture, obtained from Eq. (8),
6 TAGPOYY are ftweakedo to obtain a perf
using their known values ofj Y . These modified values af ¢ dre identified ast @ .
The difference between the original measured valueg dfand those ofx @ are

calculated for each constituent mixture B and C. Importantly, the differences are
designated a@ @ andda @ . These values are regarded as the deviation values from

the Atrueaeée.dmwstl ues of
ae aé aeé ,and (5.12)

a8 aé  as . (5.13)

aé aé aeé (5.14)
Values oftE0 , for blend D are expressed in terms of the mole weightin ando of

the constituent mixtures by:

G woéxe wae . (5.15)
From all the calculated values in this equation for the different mixtures, it was faind th
the values of the two terms on the right side of the equation were always Wigh of

each other. From Eq. (85)a @ was readily evaluated. The proposed revised values of
a @& ,namelyd @ , are found from Egs. (5.8), (5.1did (515).

ae w&e wae wa e wa&e (5.16)
Fig. 4.23 shows the deviation parametrs & ¢a® andw a ¢a® for the TRFA-
butanol blend, B25, at different reciprocal temperatures and a pressure 2.0 MPa.

With these revised Arrhenius A, but with the original valu€'Y values for the

constituent mixtures the revised ignition delay times, ;
at w 08 gY'yY oae gyY'y wa e
w88 (5.17)

&t &t CoOad (5.18)

153



CHAPTER 5: AUTOIGNITION BLENDING LAW.

T. (®)
209 833 769 714 667
{]-g T T T T T T T T T T T T T T T T T ¥ T
Q &
2 R [
06 | % :
' B
- !
EZ 2
=504 F i
02 T, e % |
- n-butanol -
{] i i i i | i i i i | i i i i 1 i Q 1 i
11 12 13 14 15
1000/Ty(K)

Figure 523. Values of a8 ¢ dor n-butanol and TRF obtained from blend B25, at

different reciprocal temperatures, pressure 2.0 MPa.

The procedure adoptaeslas to express values ab 8 €¢adas a function of reciprocal
temperature for different blend compositions. These were then usegvalvate the
values oft for the blends. Results are highlighted, first for the PRF blends, which are
followed by other blends.

5.3.1 Primary Reference Fuel (PRF) blends.

The three PRF blends weh were considered in Section 5.2:8re subjected to this same
analysis and the calculatech & £ad values are plo#td against
reciprocal temperature in Fig.Z8l. A fairly general trend in values was obtained for the
three PRF mixtures and second order best fit curve was fitted through the data points. The
ignition delay imes were -calculated from Eq. .{8) with the alues of

W & £ad from the best fit curve in Fig.24. The values of are plotted
against the reciprocal temperature in Fi§255.27, along with the LbM predictions and

experimental values. The revised blend vsloEt are close to the measured values.
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Figure 524. Values of the correction factorso & £ad for

stoichiometric PRF blends, at pressure of 4.0 MPa and different recipnogedrsgures.
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Figure 525. Experimental and predicted ignition delay time against reciprocal
temperature for PRFO and PRF100 represented by solid curves. Their blend, PRF60, is
represented by circles. Predicted values from Lol mLbM methods are also shown.

("=1.0, Pressure 4.0 MPa).
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Figure 526. Experimental and predicted ignition delay time against reciprocal
temperature for PRFO and PRF100 represented by solid curves. Their blend, PRF80, is
represented by circles. Predicteduesd from LbM and nLbM methods are also shown.

("=1.0, Pressure 4.0 MPa).
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Figure 527. Experimental and predicted ignition delay time against reciprocal
temperature for PRFO and PRF100 represented by solid curves. TheirRiRH0), is

represented by circles. Predicted values from LbM and nLbM methods are also shown.
("=1.0, Pressure 4.0 MPa).
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CHAPTER 5: AUTOIGNITION BLENDING LAW.

It is clear from these three figures that the nLbM approach is accurately descriptive. The

same approach was adapted for other blends.
5.3.2 Tolueneh-heptane blend.

In contrast, for the toluengheptane blendHerzler et al., 2047 the correction factor
w d b was found to vary linearly with reciprocemperature, as shown in Fig.
5.28. The nLbM and experimaitresults are shown in Fi§.29 for the T78 blend, and

an excellent agreement between them is observed.

19 |

0.9 1 1.1 1.2 1.3 1.4
1000/T(K)

Figure 528. Values of correction factab & €¢a@ for T78 blendy =1.0, at Pressure

3.0 MPa and diierent reciprocatemperatures.
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T(K)
1111 1000 909 833 769 714

O T78. exp[Herzler et al.. 2007]
X T78. LbM
AT78 nLbM

00

[a—
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[e—

Ignition delay time (ms)

[
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=
o
—

11 12 13 14
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Figure 529. Experimental and predicted ignition delay time against reciprocal
temperature for Toluene aneheptane represented by solid curves and their blend, T78,
represented by circles, Mband nLbM results are respectively represented by asterisks

and triangles.(=1.0, Pressure 3.0 MPa).
5.3.3 Tolueneh-butanol blends.

Fig. 530 shows the correction factar d b for T50 and T70 blends at different
reciprocal temperatures. A general expression was obtained for this factor as a function
of percentage mole fraction afbutanol in the blend and the temperature. This took the

form;

w &exd Q Qp mam (5.19)
"Qand Care lnear functions with their coefficients given by:

QB W B (5.20)
Q Mt Ty (5.21)
where"Y= 10001,

Results fromtie nLbM methodology using Eqg..(®) gives excellent agreement with the
experimental ignition delay times for T@dd T70, as is shown in Figs. 5.31 a5 It
is noteworthythat the ignition delay times for T50 and T70 blends are now accurately

predicted as close to those of parbutanol.
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Figure 530. Values of® 8 €¢a® for T50 and T70 blends, at changing temperature.
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Figure 531 Experimental and predicted ignition delay time against reciprocal
temperature for Toluene anebmitanol represented by solid curves and their blend, T50,
represented by circles, LbM and nLbM results are respectiephgsented by asterisks

and triangles.(=1.0, Pressure 2.0 MPa).
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T,(K)
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E£T70 LbM
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Figure 532 Experimental and predicted ignition delay time against reciprocal
temperature for Toluene amebutanol represented by solid curves and their blend, T70,
represented by circles, LbM antlbM results are respectively represented by asterisks

and triangles.(=1.0, Pressure 2.0 MPa).

5.3.4iso-octaneh-butanol blends.

The same technique was used to obtain correction factors for the 150 and 170 blends. In
this case, the function®) and "Q necessitated "4 degree polynomials. Different
coefficients were obtained for three main regions; theNIr€ region (T<703K), the
NTC region (T=70315K) and posNTC region (T>815K) indicated by (i), (ii) and (iii),

respectively.

HQ  wpdY Too@dXKY YX®Y XCEY ¢¢Bp (5.22)
Q T @EY ¢odY vig®Y 1T XKY pud, (5.23)
(i)Q oy oox&8 &% oougph vUYYKY¥ pwodp (5.24)
Q @Y pc&Y cudiY qo@Y xa& (5.25)
(iQ oo@Y oyop® You® xwp& & cytdm (5.26)
Q ppRY QoW po@Ye ponBY T Q@ (5.27)

Again, & £ad

"Q "Qp Tam
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0.1 r

Eqn. 5.5 (R*=0.815)

Eqn. 5.2 (R?>=0.979)

1.35 1.4 1.45 15

1.1 1.15 1.2 1.25 1.3
T (1K)

Figure 533. Best fit lines for values df at different temperatures, with theirduared

values.

0.025 -

0.02 -
Egn. 5.27 (R=0.992)
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e Egn. 5.23 (R=0.993)
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Egn. 5.25 (R=0.998)

0 T T T T
11 1.15 1.2 1.25 1.3 1.35 1.4 1.45 15

T (1K)

Figure 534. Best fit lines for values dfat differenttemperatures, with their-Bgquared

values.
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Ignition delay tines were recalculated from Eq..1B) with the respectiveorrection
factors from Egs. (5.28.27). These are plotted against reciprocal temperaturés®

and 170 blends in Figs.3 and 536. Predictions from the nLbM method are compared
with experimental values for the two blends, the nLbM predictions for these blends are

good, but at the expense of a fourth order curve fit.

T, (K)
99 833 76 T4 667
o150 exp

100 |
A 150 nLbM

n-butanol

lgnition delay time (ms)

I S S - -
1.1 1.2 1.3 1.4 1.5
1000/ T(K)
Figure 535. Experimental ignition elay times against reciprocal temperaturesigor
octane and-butanol represented by solid curves and their blend, 150, represented by

circles. nLbM results are represented by triangles1(0, Pressure 2.0 MPa).
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T, (K)
909 833 769 714 667

OI170 exp
100 | "
P Al70 nLbM

._.
=

n-butanol

Ignition delay time (ms)

1.1 1.2 1.3 1.4 1.5
1000/Ts (K)
Figure 536. Experimental ignition delay times against reciprocal temperaturasdor
octane and-butanol represented by solid curves and their blend, 170, represented by

circles. nLbM results are represented by triangles1(0, Pressure 2.0 MPa).
5.3.5 TRF/ehanol and TRF/h-butanol blends.

The nLbM method was further tested using the experimental results for TRF/Ethanol and
TRF/h-butanol blends. The relevant correction factors for tHerdiit blends are shown

in Fig 537. The best fit curves for the sameuid volume percentage of ethanol ard n
butanolin TRF are also shown in Fig.%&. Values of correction factots &x @ as

a function of temperature and percentage of ethanotbartanol liquid volume in the

blend, are expressed by the quadratic equation;

© &d BrwY uvsteY & (5.28)
Wheredd 6 0micu® ., od0micu®,Q &0micu®

ALV% = Ethanol om-butanol liquid volume percentage in the blend mixture.

Figs. 5.385.43 show the measured and predicted galof ignition delay times for the
di fferent bl ends. T theecorrdction fattar & £q. &%) shaw n e d

fairly good agreement with experi ment al
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Figure 537. Values of @ 8 £¢a® at 2.0 MPa at different reciprocal temperatures for
TRF/ethanol and TRF-butanol blends. The lines are the best fit curves through the same
percentage of liquid volume of ethanol antdutanol in the blends £1.0, Pressre 2.0
MPa).
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Figure 538. Experimental ignition delay time against reciprocal temperatures for TRF

and Ethanol represented by solid curves and their blend E25 represented by circles. nLbM
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results are represented by triangd@sl corresponding LbM results by asterisks:1(.0,

Pressure 2.0 MPa).

T(K)
100 909 833 769 714
1(]1]_........3:‘........._
=
E
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E
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OE, exp
AES0, nLbM
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1 1.1 1.2 1.3 1.4
1000/7,(K)

Figure 539. Experimental ignition delay time against reciprocal temperatures for TRF
and Ethanol represented by solid curves and their blend E50 represented by circles. nLbM

results are representbég triangles and corresponding LbM results by asterigksl.Q,

Pressure 2.0 MPa).

T(K)
1000 909 833 ‘ 769 714

100

Ignition delay time{ms)
=

OLET3, exp
AET5, nLbM
XET75.LbM

1 1.1 1.2 1.3 1.4
1000/T,(K)
Figure 540. Experimental ignition delay time against reciprocal temperatures for TRF

and Ethanol represented by solid curves and their lil@Bdepresented by circles. nLbM
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results are represented by triangles and corresponding LbM results by aster$k, (

Pressure 2.0 MPa).

Figure 541. Experimental ignition delay time against reciprocal temperaturesRér T

and nrbutanol represented by solid curves and their blend B25 represented by circles.
nLbM results are represented by triangles and corresponding LbM results by asterisks.
(=1.0, Pressure 2.0 MPa).

Figure 542. Experimenthignition delay time against reciprocal temperatures for TRF
and nbutanol represented by solid curves and their blend B50 represented by circles.
nLbM results are represented by triangles and corresponding LbM results by asterisks.
("=1.0, Pressure 2.0 RA).
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