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Abstract
Lignocellulosic biomass is a promising renewable feedstock for the production of future
transportation biofuels. However, fuels derived from biomass are vastly different in
composition to traditional fossil-derived hydrocarbon fuels; e.g. the presence of oxygen
and variation in molecular structure, so that little is known about the combustion
behaviour and knock tendency of these fuels in spark-ignition engines. This research
focused on experimentally investigating the effect of utilising a wide range of
lignocellulosic biomass-derived fuel molecules, producible from hemicellulose and
lignin with different chemical composition and properties, as biofuels or fuel blending
components on autoignition and combustion characteristics in spark-ignition engines.
The study was conducted on a single cylinder variable compression engine (Ricardo E6).
For all tests, the engine was operated in spark-ignition mode at operating conditions
similar to the international standard test method for Research Octane Number (RON) of
spark-ignition engine fuels (ASTM D2699 – 19); fixed operating conditions of engine
speed and ignition timing, 600 rpm and 13 CAD BTDC respectively, and controlled inlet
coolant and oil temperatures, while air temperature before carburettor entry was
intentionally varied from day-to-day to compensate for changes in atmospheric pressure.
During experiments, the engine compression ratio (CR) was varied in order to investigate
the effect of the molecules investigated on knock resistance of the fuel blends during
lambda λ sweeps from 1.00 to 0.8. It was found that unsaturated cyclic molecules with
single, or more but isolated (non-adjacent) attached oxygenated functional groups, such
as anisole and 4-ethylguaiacol (4-EG), respectively, have increased resistance to knock
relative to unsaturated or saturated cyclic molecules with adjacent attached oxygenated
functional groups, such as guaiacol, veratrole and methylcyclohexanones. The results
also showed that the ortho effect in oxygenated molecules is sensitive to the type of
attached oxygenated functional groups. Moreover, for the saturated 5 carbon ring
structure, the presence of an ether linkage, such as in 2-MTHF, decreased knock
resistance, while the addition of a carbonyl group, such as in GVL, reversed this effect
and increased it significantly.
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Impact Statement
This research focused on experimentally investigating the potential utilisation of a wide
range of biomass-derived molecules producible from hemicellulosic and lignin
lignocellulose as biofuels or fuel blending components for spark-ignition engines.
Throughout the research, valuable scientific insight as to the effect of varying the
chemical composition, properties and concentration of such molecules on the anti-knock
quality, combustion and autoignition characteristics when blended to reference gasoline
fuels has been obtained, which could highly benefit both academic and non-academic
fields, such as the biofuels industry and automotive companies, as follows.
In academic research, the experimental systems and robust methodology developed and
utilised in this research produced high-quality results that can provide better
understanding of the relationship between features of biomass-derived fuel molecules;
for example, physical and chemical properties, and molecular structure, and their
limitation as biofuels or fuel blending components. The current work could be extended
to cover a wider range of biomass-derived fuel molecules or focus on such molecules
with specific features; for example, unsaturated cyclic molecules with isolated attached
oxygenated functional groups, in order to expand the existing knowledge about
combustion and autoignition of oxygenated molecules. Additionally, the research
outcomes can be used as a basis of subsequent academic studies that could validate or
further investigate these results from a numerical or optical diagnostics perspective.
With regards industrial input, the research systematically investigated the potential
utilisation of 15 biomass-derived fuel molecules, in which 9 were found to increase the
anti-knock quality of the reference gasoline fuels to different levels between 0.5 and 7.7
RON unit. This outcome will provide a significant opportunity to the biofuels industry
and automotive companies where the production and utilisation of these molecules can
contribute, not only to improve the spark-ignition engine efficiency but to implement
renewable and sustainable fuel strategies in order to reduce carbon emissions and improve
air quality towards a low-carbon transport sector. In this regard, a presentation of the
results was made to expert technologies involved in developing new sustainable fuels for
the transport industry at BP with follow-up meetings.
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1.1 Structure of the Thesis

Chapter 1 Introduction
Despite the introduction of alternative propulsion technologies, such as fuel cells, hybrid
and electric vehicles, renewables contributed to around 3.7% of energy demand for
transport in 2018, and are projected to increase to 4.6% by 2024 (IEA, 2019). Internal
combustion engines are expected to continue to play an important role in the global
transport sector for years to come (Le et al., 2020; Zhao et al., 2020; Reitz et al., 2020;
Leach et al., 2020), and the demand for liquid hydrocarbon fuels, which are a primary
source of energy for internal combustion engines, is expected to grow (Leitner et al.,
2017; Bedon et al., 2017; Reitz et al., 2020), as these have advantages such as high energy
density, ease of transport and storage, affordable cost and compatibility with a global
infrastructure for the transport sector.
To date, the vast majority of the liquid fuel supply consist of fossil oil-based products.
For the latter part of 2017, the global demand for petroleum liquid hydrocarbon fuel was
large relative to earlier years; 4.85 billion litres of gasoline fuel, 4.83 billion litres of
diesel fuel and about 1.3 billion litres of jet fuel each day, a total of 61.7 million barrels
of oil equivalent (BOE) per day (Kalghatgi, 2018a). According to the stated policies
scenario set out by the world energy outlook 2019, (IEA World Energy Outlook, 2019),
the global utilisation of petroleum liquid hydrocarbon fuels in passenger vehicles will
reach a peak in the late 2020s. Subsequently, during the 2030s, the daily demand will
continue to increase slightly by only 0.1 mb/d on average each year. This is because,
despite increase in the need for liquid fuels, the increasing market share of biofuels will,
therefore, maintain or decrease the utilisation of petroleum fuels in road transport
applications.
The increase in market share of biofuels is driven by concerns about local and global
environmental benefits, socio-economic development, and energy security (Nogueira et
al., 2020). With regards the environmental benefits, in particular, the development and
introduction of biofuels to the transport sector are essential in order to decarbonise the
sector and reduce greenhouse gas (GHG) emissions associated with fossil fuels (Meng
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and McKechnie, 2019). In the UK, for example, the decarbonisation of the transportation
sector, via increasing the share of biofuels to 5% and 10% by 2013 and 2020 respectively,
was outlined in 2008 in the Low Carbon Transition Plan (LCTP) in order to cut 18% of
GHG emissions on 2008 levels by 2020 (Acquaye et al., 2012). It is projected by 2030
that share of biofuels will have further increased to 14% to cut GHG emissions by at least
40 % below 1990 levels (DIRECTIVE (EU) 2018/2001, 2018).

Figure 1.1: WTW GHG emissions (g CO2eq/km) values grouped for type of biofuel (neat or
blended). S = number of studies; n = number of results; Bio-H2 = biohydrogen; Bio-SNG = biosynthetic natural gas; DME = dimethyl ether; ETBE = ethyl tert-butyl ether; EXY = XY% of
bioethanol + (100-XY)% of petrol; BXY = XY% of FAME + (100-XY)% of diesel; FTD =
Fischer-Tropsch diesel; HVO = hydrotreated vegetable oil, adapted from (Puricelli et al., 2021).

Furthermore, utilising biofuels in applications, such as hybrid- and range extenderengines, could benefit the transportation sector towards developing range-extended
electric vehicle (REEV), while maintaining a reduction in harmful emissions (Zöldy,
2011, Wahono, Nur, Santoso, et al., 2016, Wahono, Nur, Praptijanto, et al., 2016, Boretti,
2020 and Markov, 2020). Sandy Thomas (2009) reported that partially electrified
vehicles such as hybrids and plug-in hybrids fuelled by biofuels, such as cellulosic
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ethanol as a displacement of a significant amount of gasoline, will substantially decrease
greenhouse gas pollution and oil consumption. Figure 1.1 shows an overview of life-cycle
impact assessment (LCIA) represented by values of Well-To-Wheel (WTW) GHG
emissions (g CO2eq/km) for various types of biofuels in the range of conventional petrol
and diesel fuels in comparison to the aforementioned conventional fuels, while in Table
1.1 an estimation of GHG reduction caused by bioethanol producible from different
sources of biomass feedstock relative to conventional gasoline is presented.
Table 1.1: Estimated GHG reduction caused by bioethanol producible from different sources of
biomass feedstock relative to conventional gasoline, adapted from (Sharma, Larroche and
Dussap, 2020).

Biomass

GHG reduction potential (%)

Poplar
Willow
Pine
Sawdust
Miscanthus
Switchgrass
Wheat straw
Rice straw
Corn cob

30-70
10-90
--90-130
80-100
30
--100

In 2018, the production of biofuels rose by 10 billion litres (7%) compared to that in 2017,
reaching a record of 154 billion litres. In 2020, it is expected that biofuels will have
contributed to about 10% of the total energy supplied to the transportation market in
Europe, and about 136 billion litres to be blended into transportation fuels in the United
States (Leitner et al., 2017). Globally, from 2019 to 2024, the level of biofuel production
is expected to reach 190 billion litres, an increase of about 25% relative to 2018
production levels (IEA, 2019). Furthermore, by 2035, the target is to increase the market
share of biofuels to supply 29% of world energy demand (Dahman, Syed, et al., 2019).
In general, there are three generations of biofuels, depending on the source of the raw
material utilised in production. First-generation (conventional) biofuels, such as
bioethanol, biodiesel and hydrotreated vegetable oil (HVO), are made from foodbiomass; food crops, sugar canes, animal fats and vegetable oil. Second-generation
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(advanced and novel advanced) biofuels, which can be produced from various types of
non-food biomass materials, such as the waste from food crops, used cooking oil,
agricultural residue and wood chips. The difference between advanced and novel
advanced second-generation biofuels is that the latter is made using technologies that are
not yet fully commercialised (IEA, 2019). Lastly, third-generation (future) biofuels which
can be manufactured from algae (Dahman, Dignan, et al., 2019). Currently, firstgeneration (conventional) biofuels dominate, while second-generation biofuels
accounted for 9% of the total biofuels produced in 2018; 12 billion litres advanced
biofuels, mainly biodiesel and HVO, and 1.4 billion litres novel advanced biofuels (IEA,
2019). However, with regards to the third-generation biofuels, profitable production has
yet to be realised (Dahman, Dignan, et al., 2019).
Lignocellulosic biomass, in recent years, has received extensive consideration as a
potential feedstock for sustainable production of second-generation biofuels. It is an
abundant and inexpensive material that can be obtained from non-food feedstocks, such
as wood and agricultural residues. However, it possesses a very complex structure that
requires intensive efforts and expensive processes for upgrading to biofuels (Lange et al.,
2012), with the literature showing that several methods have been developed to optimize
production processes and reduce cost. Additionally, interest has increased to finding
potential molecules suitable for use as biofuels, or fuel blending components, that can be
produced at lower operational efforts and cost from biomass, relative to conventional
biofuels, so that these production technologies can be scaled up and commercialised.
Some studies have shown the possibility of operating internal combustion engines with
second-generation biomass-derived fuel molecules. For example, Wang et al. (2016)
investigated the combustion characteristics of 2,5-dimethylfuran (DMF) and
2-Methylfuran (MF), in comparison to conventional bioethanol and gasoline fuel, in a
spark-ignition engine. A noticeable higher knock resistance of DMF and MF was
observed compared to gasoline. The engine indicated thermal efficiency was 3% higher
when operated with MF compared to gasoline and DMF, while the volumetric indicated
specific fuel consumption was lower by 30% relative to bioethanol. Considering the
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engine exhaust emissions of all test fuels, MF showed a comparable level of the regulated
emissions compared to the other fuels tested. However, the aldehyde emission was
significantly lower than during gasoline and bioethanol combustion.
In comparison to conventional liquid hydrocarbon fuels, however, biomass-derived fuel
molecules differ vastly in composition; e.g. the presence of oxygen and the molecular
structure, so that little is known about their combustion characteristics and auto-ignition
behaviour in engine applications. For spark-ignition engines, fuels are selected based on
the characteristic of ability to resist knock; Octane Number (ON). It is well known that
knock in spark-ignition engines is a major obstacle limiting the improvement of engine
efficiency through operation at a higher compression ratio or optimising the development
of downsizing and turbocharging technologies. In addition to modifying engine hardware
and combustion strategies to mitigate knock, improving fuel properties so that they better
resist autoignition can also contribute to an increase in the engine thermal efficiency and
avoid knocking combustion. This can be achieved by investigating in detail the autoignition characteristics of fuels and understanding the relationship between chemical
composition and knock-resistance.

1.1 Structure of the Thesis
The thesis contains ten chapters, as follows. After the introductory chapter, Chapter 1, a
review of the relevant literature is presented in Chapter 2. Chapter 3 and Chapter 4 then
provide a detailed description of the experimental setup and methodology, and the
analytical methods applied to identify several combustion characteristics based on incylinder pressure data and different temperature measurements, respectively. Next,
Chapter 5 presents the results of experimental repeatability and error analysis. Following
this, the experimental findings of autoignition and combustion characteristics of aromatic
and paraffinic fuels are described in Chapter 6, while Chapter 7 and 8 present autoignition
and combustion characteristics of biomass-derived fuel molecules producible from
furfural and lignin, respectively. In Chapter 9, the effect of degree of ring saturation and
position of a methyl branch on autoignition and combustion characteristics of anisoleand cyclohexanone-derivatives are discussed. Finally, a summary of the most relevant
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conclusions of the current work and some suggestions for future work are presented in
Chapter 10. The thesis also includes the compression ratio chart of Ricardo E6 variable
compression engine, as shown in Appendix A. The certificates of analysis for the fuels
and chemical molecules investigated in the study in addition to hazards identification of
cyclohexanone and 4-methylanisole are presented in Appendixes B, C and D,
respectively.
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Chapter 2 Literature review
The literature review presents a brief introduction to the normal and abnormal combustion
processes in spark-ignition engines, followed by a highlighting of the significant effects
of knocking combustion on engine performance and durability. This is followed by a
detailed discussion of knock detection and evaluation in spark-ignition engines utilising
in-cylinder pressure measurements, including the review of relevant previous studies that
have used this technique in experimental investigations. After that, an overview of fuels
knock-limit measurements and the octane rating tests, RON and MON are presented.
Finally, an extensive review of lignocellulosic biomass biorefinery concepts, and the
potential contribution of biomass as a sustainable non-food feedstock for fuels is
provided.

2.1 Introduction to combustion in spark-ignition engines

Figure 2.1: Basic geometry and the four-stroke operating cycle the reciprocating ICE,
(Heywood, 2018).

Figure 2.1 shows the basic geometry and operating cycles of a conventional four-stroke
internal combustion engine. It can be seen that a complete engine working cycle consists
of four sequential strokes called intake, compression, expansion and exhaust strokes,
respectively. During these strokes, the piston travels forwards and backwards inside the
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engine cylinder between two reference points referred to as Top Dead Centre (TDC) and
Bottom Dead Centre (BDC), respectively. As a result, the volume inside the cylinder
increases and decreases corresponding to the piston movement. The largest in-cylinder
volume is found when the piston is at bottom dead centre (BDC), and then it decreases
as the piston travels up towards the (TDC) point. The volume between these two reference
points (BDC) and (TDC) is called the displacement or swept volume (VS) and is usually
expressed in cubic centimetres (cc) or litres (L). The enclosed space remaining between
the piston face and the engine cylinder when the piston is at TDC is defined as the
clearance volume (VC) of the engine in which the combustion process takes place. The
summation of the engine swept volume (Vs) and clearance volume (VC) forms the engine
total volume (VT). The compression ratio (CR) of an engine is found by dividing the
engine total volume (VT) by the clearance volume (VC) as shown in Equation 2.1. The
useful work out of an engine is produced during the expansion stroke when the energy
released by the combustion process inside the combustion chamber, in the form of high
pressure and temperature gases, applies a direct force to the piston towards the BDC.
Therefore, via a connecting rod between the piston and the engine crankshaft, useful shaft
mechanical work can be obtained.

𝐶𝑅 =

V𝑠 +V𝑐
V𝑐

=

V𝑇
V𝑐

Equation 2.1

In the case of a four-stroke spark-ignition engine, the intake stroke starts when the piston
is at TDC. In this stroke the inlet valve(s) opens while the exhaust valve(s) remains
closed. Expect in the case of gasoline direct injection engines (GDI), nearly homogenous
fuel-air mixtures are prepared outside of the cylinder, in a carburettor or an intake
manifold as in port fuel injection gasoline engines, and is inducted into the cylinder via
the inlet valve(s) due to the suction caused by piston downward movement towards BDC.
This air-fuel mixture along with residuals remaining from the previous combustion cycle
are mixed together and compressed as the piston travels from BDC towards the TDC with
both inlet and exhaust valves are closed, causing an increase in pressure and temperature
of the mixture. Then, at the end of the compression stroke before the piston reaches TDC,
an external energy source, a spark plug, is required to initiate the combustion process at
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a designated ignition timing. After a period of time following the spark plug energy
discharge, a flame kernel develops initiating combustion of the air-fuel mixture. As the
initiated flame develops and propagates, the pressure and temperature inside the cylinder
increase, reaching the maximum after TDC before decreasing due to the downward piston
movement during the expansion stroke. The expansion of the in-cylinder contents, now
at elevated pressure and temperature due to combustion near TDC, pushes against the
piston as it moves back to BDC. Finally, during the exhaust stroke, the exhaust valve(s)
opens and the piston moves up towards TDC to expel the after-combustion gases so that
the engine is prepared to induct a fresh charge of the fuel-air mixture for the next
operating cycle. The in-cylinder pressure in this stroke falls to atmospheric pressure and
the inlet valve(s) remain closed until the piston reaches TDC, (Heywood, 2018). It should
be noted that any instability in the flame propagation and temperature release, during
combustion stage, can result in undesirable auto-ignition of unburnt fuel-air mixture, as
discussed in the next section (Wang, Liu and Reitz, 2017).
2.1.1 Abnormal combustion (Knock) in spark-ignition engines
In spark-ignition engines, abnormal combustion is the name given to describe a
significant undesired release of energy, potentially leading to major engine mechanical
damage or limiting engine operating life, performance and efficiency (Hamilton and
Cowart, 2008). There are two important phenomena considered to be major abnormal
combustion processes in spark-ignition engines; surface ignition and knock. Surface
ignition is defined as the ignition of the fuel-air mixture by a hot spot on the combustion
chamber walls such as an overheated valve or spark plug, or glowing combustion
chamber deposit (Heywood, 2018). This phenomenon can occur before or after the spark
plug discharges its energy to ignite the compressed fuel-air mixture at the predefined
ignition timing, and are also called respectively, depending on the time of occurrence,
pre-ignition and post-ignition surface ignition. As an example of the negative impact of
surface ignition on an engine performance, pre-ignition can cause a reduction in engine
output power through an increase in the compression work required (Richard Stone,
2012). The second phenomenon, knock, is associated with autoignition of the end-gas in
advance of the propagating flame (Wang, Liu and Reitz, 2017). It is also often described
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as the audible noise that results from the self-ignition of the unburned end-gas portion of
the charge mixture ahead of the advancing flame front (Heywood, 2018; Hamilton and
Cowart, 2008). This ringing noise results from the reflection of pressure waves arising
from the sudden release of heat from auto-ignition of the homogenous air-fuel mixture
(Syrimis and Assanis, 2003).

Figure 2.2: An example of an spark-ignition engine knocking cycle,
(Wang, Liu and Reitz, 2017).

Figure 2.2 shows an example of a typical knocking cycle, illustrating combustion pressure
before and after knock, pressure oscillations caused by knock, heat release rate (HRR)
during normal and abnormal combustion, and the unburned gas temperature profile for
the combustion process. Following spark discharge, the initiated flame undergoes a
period of ignition lag while the flame grows and develops (flame preparation phase) and
subsequently starts propagating, (flame propagation phase). In this phase, ideally the
flame should travel and spread throughout the combustion chamber in a uniform manner
to avoid knocking combustion. The rate of the flame pressure rise must be regulated so
that the peak should occur after TDC when the piston is travelling back to BDC, early
during the expansion stroke. Looking at the heat release rate profile in Figure 2.2, a
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smooth gradient increase can be seen with a slight drop just before CAko; the crank angle
degree where knock occurs and causes pressure increase and oscillation. The slight drop
in HRR at this time is because of the volume expansion and heat transfer to cylinder
walls. When knock does not occur, the flame temperature and pressure should decrease
smoothly after reaching a peak of (Pko), in which the third combustion phase starts
(afterburning phase). As the piston travels back to BDC, the in-cylinder volume expands,
leading to a decrease in the combustion rate and velocity with no pressure rises occurring
in this stage.
Unlike normal combustion in spark ignition engines, as discussed above, at the time of
knock (CAko), the flame pressure starts fluctuating due to knocking combustion caused
by auto-ignition of the end gas in front of the propagating flame, causing oscillations in
pressure waves near peak pressure point (Coetzer et al., 2006). The abnormal combustion
occurs in the end-gases when the temperature of the unburned gases rises rapidly,
exceeding the self-ignition temperature. Many sources contribute to initiating this event.
After the flame propagates, the movement of the expanding burned gases throughout the
combustion chamber compresses the unburned gases available in the end-gas zone,
leading to an increase in the temperature of these gases. In addition, the temperature of
the end-gases also changes in response to the piston movement as it compresses or
expands the volume of the end-gases. Moreover, the thermal effects of the radiation from
the burned gas front and the surrounding boundaries around the end-gases tend to increase
the temperature of the end-gases as well. Therefore, if the local temperature in the endgas zone exceeds the mixture self-ignition temperature, knocking combustion due to endgas auto-ignition occurs as a form of pressure oscillations and audible sound (ringing
noise) (Zhen et al., 2012). This explains the occurrence of knocking combustion at the
point of (CAko) as shown in the Figure 2.2.
2.1.2 Effects of knock on spark-ignition engines
Knocking combustion in spark-ignition engines has been investigated widely. However,
more research is necessary as the presence of knock still limits the improvement of ICEs.
For example, the thermal efficiency of spark-ignition engines increases when increasing
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the operational compression ratio (CR). Also, current advanced spark-ignition engines
technologies aim for higher efficiency engines by applying turbocharging and
downsizing strategies in order to enhance power density and reduce fuel consumption.
However, the increase in pressure and temperature in the unburned mixture ahead of the
flame front, associated with such technologies, also accelerates the auto-ignition process
at the end-gas, leading to the occurrence of conventional and super knock, respectively.
Thus, efficiency and performance improvements of spark-ignition engines are practically
constrained by knock (Peters, Kerschgens and Paczko, 2013; AlAbbad et al., 2017;
Wang, Liu and Reitz, 2017; Kalghatgi, 2018b).
(a)

(b)

Figure 2.3: Mechanical damage to engine parts caused by (a) conventional knock,
(b) and super-knock, (Wang, Liu and Reitz, 2017).

In addition to the performance constraints caused by knock in spark-ignition engines,
operating an engine under knocking conditions leads to serious engine mechanical
damage (Hamilton and Cowart, 2008). In general, during knocking combustion
operation, engine vibration and noise are increased, however, an increased knock
intensity when knock becomes heavier can cause serious damage, resulting in engine
failure, serious damage to engine parts such as (pistons, valves, and spark plugs), a
reduction in engine life and efficiency and further increase in engine noise, vibration and
pollutant emissions (Chen et al., 2014; Lasocki, 2016). Examples of the consequences of
engine knock are shown in Figure 2.3.
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2.2 Knock detection and measurement in spark-ignition engines
While engine knock is an audible noise that can be easily recognised by human ears or
visually by seeing resultant vibrations, it can also be detected, measured and evaluated
on a quantitative basis so as to investigate the sources of a knock. Knocking combustion
in spark-ignition engines can be detected directly and indirectly based on the
instrumentation available. The direct approach utilises a flush-mounted in-cylinder
pressure transducer and has the advantage of indicating clearly and effectively the realtime impact of knocking combustion on the pressure history of gases inside the
combustion chamber. However, such pressure sensors are expensive and require
specialist modification of an engine head for their installation. Indirect knock
measurements are achieved using a vibration measuring sensor (accelerometer), attached
to the engine block, cylinder head or engine intake manifold. This approach is widely
applied to commercial vehicle engines where knock detection is mainly needed to adjust
and improve engine operating performance and prevent running under knocking
conditions. It offers low-cost, good reliability and easy installation compared to the direct
approach of knock detection. However, heavy noises caused by other sources of vibration
in vehicle engines can affect the quality of measurements, (Lasocki, 2016).
Knock detection can also be achieved through the analysis of other combustion
characteristic parameters and measurements. Abu-Qudais (1996) proposed a control
system that detects engine knock in spark-ignition engines via the measurements of the
exhaust gas temperature. It was found that during knocking combustion, the exhaust gas
temperature decreased by about 75 °C. The drop of the exhaust temperature was attributed
to three times the magnitude of heat loss through the overheating cylinder head and wall
during knock relative to non-knocking combustion. Grandin and Denbratt (2002)
investigated the effect of knock on heat release to the walls of the combustion chamber
of a spark-ignition engine by measuring the combustion chamber wall temperature to
estimate the heat flux. Through the examination of heat flux of over 10000 individual
engine cycles with a varying knock intensity, an increase in heat flux when engine
knocking above 0.2 Mpa was observed. Also, it was found that increasing the knock

41

2.2 Knock detection and measurement in spark-ignition engines

intensity from 0.2 Mpa to greater than 0.6 Mpa increased the peak of heat flux to 2.5
times higher than that of a non-knocking cycle.
Knock detection can also be detected using spectroscopic and chemiluminescence
techniques to analyse chemical reactions caused by end-gas auto-ignition. According to
Lasocki (2016), an increase in the concentration of HCHO in the end-gas before the
advancing flame front, for example, can allow the detection of hot spots. However, the
direct approach has been most widely applied in research since 1906 when Hopkinson
and Ricardo concluded that knock in spark-ignition engines are linked to the rapid
pressure rise of in-cylinder pressure (Kalghatgi and Stone, 2018). In the following
section, an introduction to in-cylinder pressure measurement techniques and usage in
detecting knock are discussed.
2.2.1 Knock detection based on in-cylinder pressure measurements
In engine research and development, in-cylinder pressure measurement is a primary and
valuable method that records variations in gases behaviour throughout combustion
processes and operating cycles. Thus, engine performance and work delivered can be
monitored, investigated, and improved. It has been used for these purposes since 1796
when John Southern invented an instrument that could visually record the engine cylinder
pressure during expansion and exhaust strokes (Eriksson and Thomasson, 2017).
Nowadays, electronic systems are commonly used for measuring and recording incylinder pressure (Richard Stone, 2012). A typical system consists of a pressure
measuring transducer and a charge amplifier. Pressure transducers come in different
types, for instance; piezoelectric, piezoresistive or capacitance. Piezoelectric transducers
are widely used as they are lightweight, small in size, with fast response time, and with
low sensitivity to environmental conditions (Lee, Yoon and Sunwoo, 2008). This type of
transducer has a diaphragm which is stressed in response to in-cylinder pressure changes
and then generates electric charges reflecting the applied stress. A charge amplifier is
subsequently required to convert the measured charge to equivalent amplified output
voltages (Heywood, 2018). However, it is particularly important that the entire pressure
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measuring system be highly noise-resistant and insulated, as signal leak or drifts might
occur. Triggering the measurement of in-cylinder pressure to a specific crank angle
degree within an engine revolution allows for in-cylinder pressure to be considered on
the basis of engine displacement, rather than time. With crank-angle degree resolved incylinder pressure measurements, significant parameters that represent the combustion
process can be found, for example, heat release rate, mass fraction burned and mean
effective pressure. It also allows for the direct detection of engine knocking cycles.

Figure 2.4: In-cylinder pressure for (a) a non-knocking cycle and (b) knocking cycle,
(Zhen et al., 2012).

Several methods based on in-cylinder pressure measurements have been widely used to
detect engine knock. Table 2.1 describes some of these, as summarised by Lasocki
(2016). While methods using crank angles at peak values of the 1st and 3rd derivatives of
the in-cylinder pressure signal as knock onset indicators, the band-pass filtered signal can
be referenced against a pre-determined threshold value in order to indicate more precisely
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the onset of knock. Therefore, among these various methods, the band-pass filter
technique has been most widely employed.
In detail, the Band-pass technique filters the in-cylinder pressure signal utilising two cutoff frequencies, low and high, respectively. As a result, pressure oscillations caused by
knock can be isolated from other sources of oscillation in the pressure measurements
obtained, for example from electrical noises. The filter technique is applied to a specific
window of engine crank angles, usually starting at 100 degrees before cylinder Top Dead
Centre (TDC) and ending at 100 degrees after TDC so that the occurrence of knock during
combustion and the expansion stroke can be quantified. To subsequently distinguish
between knocking and non-knocking cycles, a predetermined value of pressure
oscillation amplitude can be used. A combustion cycle is therefore considered to be a
knocking cycle if the amplitude of a filtered pressure signal exceeds this predetermined
threshold (Galloni, 2012). Figure 2.4 shows a typical filtered pressure signal for a nonknocking cycle and knocking cycle, respectively (Zhen et al., 2012). The influence of
knocking combustion on in-cylinder pressure behaviour can be seen clearly as pressure
oscillations in the knocking cycle compared to a smoother non-knocking, normal,
combustion cycle.
Table 2.1: Knock detection methods based on in-cylinder pressure measurement,
as summarised by Lasocki (2016).
Object of analysis

Knock onset indicator

Raw pressure signal

Crank angle at peak pressure

Band-pass filtered pressure signal

Crank angle at max. amplitude
or amplitude exceeding a threshold value

1st derivative of filtered pressure signal

Crank angle at max.

3rd derivative of filtered pressure signal

Crank angle at max. negative amplitude

Heat release rate
(calculated from in-cylinder pressure)

Crank angle at abrupt rise of heat release
or at change to high frequent signal
components
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(a)

(b)

Figure 2.5: Illustrative (a) non-knocking and knocking cycle pressure, (b) and the pressure
filtered by a band-pass filter (Panzani, Östman and Onder, 2017).

Various knock determination indices calculated from filtered in-cylinder pressure data
have been suggested to find the knock intensity of knocking cycles. Although those
indices are well studied and used in research, there is no consensus on a single index that
can be used as a standard detection index. This is because of the complexity of knock
phenomenon, as well as the difficulty in setting an arbitrary predetermined threshold
(Lasocki, 2016). However, the maximum amplitude of pressure oscillation (MAPO) is
the most commonly used metric to evaluate knock intensity (Panzani, Östman and Onder,
2017), and finds the maximum peak of pressure changes caused by knocking (Lasocki,
2016). An example of filtered pressure signals of two combustion cycles that used MAPO
as a knock detection index is shown in Figure 2.5 (Panzani, Östman and Onder, 2017).
As can be seen, the pressure trace of cycle #297 was affected by knocking combustion,
resulting in an increase in pressure oscillation by 2 bars. If the MAPO value exceeds the
predetermined threshold then this recorded pressure cycle is considered to be a knocking
cycle, while cycle #69 will be logged as a non-knocking cycle. More examples from
literature which utilise MAPO as a knock detection index are presented in the next
paragraphs.
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Figure 2.6: Determination of two knock indices based on a band-pass filtered pressure signal
(Brecq and Le Corre, 2005).

Brecq and Le Corre (2005) analysed pressure oscillations of high-frequency signals
detected by a piezoelectric in-cylinder pressure sensor of an spark-ignition engine fuelled
by natural gas and operated under knocking conditions. The study was carried out in order
to validate a numerical model of in-cylinder knocking pressure oscillations for future
ECU implemented applications. The knock indicator; Maximum Amplitude of Pressure
Oscillations (MAPO), was determined following the steps shown in Figure 2.6:
application of a band-pass filter with low and high cut-off frequencies of (4 kHz to 20
kHz, respectively), to produce a filtered measured pressure signal.
In a further study conducted by Liu and Chen (2009), MAPO was also selected as a
knocking detection index. In this study, a pressure transducer was used to record incylinder pressure signals from a single cylinder E6 Ricardo research engine operating
under knocking and non-knocking conditions. A predetermined threshold value of 30
bar/CA2 was set as an indicator of knocking occurrence to distinguish between knocking
and non-knocking cycles. The engine was operated at full load while varying engine
speeds, spark timings and stoichiometric ratios. For each test condition, 50 consecutive
cycles were logged and evaluated in order to collect experimental data for modelling
validation purposes.
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Figure 2.7: Critical MAPO values for different engine operating conditions of engine speed, and
air to fuel ratios (Galloni, 2012).

Galloni (2012) carried out experiments to evaluate the knock level of spark-ignition
engine, utilizing an in-cylinder pressure transducer, (AVL GM12D). A log of 50 cycle
pressure signals was filtered by a band-pass filter in the range between 6 and 20 kHz so
that pressure oscillations due to knock isolated. Due to variation in experimental
operating conditions, a statistical approach was used to find the MAPO value of each
operating condition, instead of using a fixed predetermined threshold. The dynamic
analysis method proposed followed research undertake by Leppard (1982) in enhancing
knock assessment approaches for application to different engines running on different
fuels and operating conditions. Figure 2.7 shows the different critical values of MAPO
obtained, dependent on different operating test conditions of engine speed and air-fuel
ratios. Apparent in Figure 2.7 is an increase in MAPO with both engine speed and mixture
richness.
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Figure 2.8: Knock onset and intensity of a band-pass filtered pressure signal
(Chen et al., 2014).

Investigating the influence of additional engine operating conditions and strategies, such
as exhaust gas recirculation (EGR), on engine knock is important for knock prediction
and detection in modern spark-ignition engines. Chen et al. (2014) developed a predictive
knocking model, utilising in-cylinder pressure measurements from a turbocharged
gasoline spark-ignition engine equipped with a cooled EGR system and operated under
knocking conditions. As observed previously by Galloni (2012), different test operating
conditions, predominantly engine speed, lead to different peak pressure oscillations.
Based on that, a frequency-domain analysis of three selected knocking cycles to
determine low and high cut-off frequencies was applied, utilising fast Fourier transform
(FFT) spectrum of the cylinder pressure. These frequencies were found to be 3 kHz and
30 kHz, respectively. MAPO was used as a knock detection index, with each value of
MAPO compared to a predetermined knocking threshold of 0.1 MPa (1 bar) so that the
knocking cycles, knock intensity and crank angle of knock onset could be determined.
An example of a knocking cycle processed by the band-pass filter is shown in Figure 2.8.
A similar setting technique was used by Li et al. (2016) to determine the band-pass filter
optimum parameters, utilising 8 and 22 kHz as the low and high cut-off frequencies,
respectively. This can be attributed to the difference in the test engine, as these values
were found by determining the range of dominant resonant frequencies induced by knock
in the specific test engine.
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Figure 2.9: Schematic diagram shows the determination of knock intensity (KI2) factor,
(Galloni, 2016).

Building on his earlier study Galloni (2016) conducted a comparison between two incylinder pressure measurement dependent knock detection methods. The first method
utilised a dynamic knock threshold that was determined statically based on a specific test
operating condition of engine speed and mixture richness while the second method did
not rely on a pre-set threshold, Figure 2.9 outlines this method in conceptual terms.
Although both knock detection methods presented in this study were found to detect
knock events in spark-ignition engines, the dynamic method (a flexible MAPO) was
found to be advantageous due to its simplicity and reliability.
2.2.2 Knock measurements in spark-ignition engines
In 1917, in order to express the knock quality of fuels, Ricardo and his colleagues tested
fuels in a variable compression ratio engine, varying the operating compression ratio to
determine at what condition the occurrence of knock commenced. Following this
approach, a comprehensive study was published in 1924 that expressed the quality of a
wide range of gasoline components and compositions. A few years later, in 1928, for the
sake of using a standardised term and method to specify the anti-knock quality of fuels,
and to share the relevant data internationally, the term Octane Number (ON) was
introduced as a measurement and specification of a fuel’s resistance to auto-ignition
(Stradling et al., 2016; AlAbbad et al., 2017; Kalghatgi and Stone, 2018). Fuels with a
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higher octane number can be more resistant to auto-ignition and thus used in higher
compression ratio engines. Since the establishment of octane number, it has been adopted
globally for quantitative knock determination of liquid fuels for spark-ignition engines,
utilising a standardised equipment; a cooperative fuel research (CFR) engine, and the two
following different sets of standardised operating conditions. The first set of operating
conditions is used to evaluate the knock rating of fuels under mild operating conditions
and provide a fuel parameter called the Research Octane Number (RON) while the second
set is performed to rate a fuel under severe operating conditions and obtain a fuel
parameter called the Motor Octane Number (MON).
The significant differences between RON and MON standardised tests are the sparktiming, the engine speed, the inlet air temperature, and the intake mixture temperature, as
shown in Table 2.2. In RON tests, the spark-ignition timing is kept constant at 13 CAD
BTDC, while it is varied between 14 and 26 CAD BTDC in MON tests. Overall, fuels
are rated for MON at a higher intake mixture temperature and a higher engine operating
speed than for RON tests, representing more severe engine operating conditions
(Kolodziej, 2017). Therefore, during MON rating, the temperature of an unburned gas is
considerably higher at a given pressure than that under RON conditions. Hence, practical
fuels rated during MON tests always have lower octane number values than RON,
typically 10 values lower (Stradling et al., 2016). The difference between these two
measured parameters (RON – MON) is also used in determining the knock characteristics
of a given fuel and is known as fuel sensitivity (S) (Kalghatgi and Stone, 2018).
Table 2.2: RON and MON engine operating conditions.

Parameter
Intake air temperature
Intake air pressure
Coolant temperature
Engine speed
Spark timing
Compression ratio

RON
MON
52 ºC
149 ºC
Atmospheric
100 ºC
600 rpm
900 rpm
13 °BTDC 14-26 °BTDC
4 to 18
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Figure 2.10: A CFR engine unit, (http://cfrengines.com/octane-rating-unit/, accessed in 2020).

Figure 2.10 shows a picture of a CFR F1/F2 engine unit, which is used to measure both
RON and MON. It consists of a standardised single cylinder, four stroke, carburetted,
water-cooled engine, flat combustion chamber. The engine has the advantage of a
variable compression ratio from 4:1 to 18:1, with dial and digital cylinder height
indicators that index the reading of the cylinder height settings. Furthermore, the
compression ratio can be varied while the engine is in operation and can be used to rate
a wide range of various octane number liquid fuels; in the range of 40 to 120 encompasses
typical commercial spark-ignition engines fuels.
In a CFR engine unit, knock detection and measurement is based on an integrated system
that is designed to pick up, meter and indicate knock detonation. Initially, the rate of
change of pressure inside the engine combustion chamber is picked up as a signal by the
detonation pickup (a magnetostrictive-type transducer). The signal is then filtered and
conditioned using the knock meter circuit, in which the rate of change of pressure due to
normal or non-knocking combustion is subtracted while amplifying and stretching
knocking pulses. After that, conditioned knock pulses of multiple cycles are integrated to
produce an average knock characteristic. Finally, a dc voltage output signal proportional
to the averaged knock characteristic is displayed on the knock meter of the CFR engine
unit so as to represent the knock intensity of the test fuel (ASTM Int., 2019).
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According to the standard test method for research octane number of spark-ignition
engine fuel (ASTM Int., 2019), rating an unknown octane number fuel (a sample fuel) in
a CFR engine unit is achieved by comparing and matching its knock intensity (KI) to one
or more Primary Reference Fuel (PRF) blends, following bracketing or CR procedures.
In the bracketing procedure, the sample fuel is tested, at the air-fuel ratio that maximises
its KI, to find the cylinder height at which the standard KI is achieved. Without changing
cylinder height, two PRF blends of which, at their air-fuel ratio for maximum KI, one
knocks harder (higher KI) and the other softer (lower KI) than the sample fuel are
selected. After the second repeat of these measurements for the sample and PRF fuels,
the octane number of the sample fuel is then calculated by interpolation in proportion to
the differences in average KI readings, using Equation 2.2. In the case of the CR
procedure, after performing an engine calibration using the selected PRF, the sample fuel
is tested at the air-fuel mixture that maximises its KI to find the cylinder height that
produces the standard KI. The cylinder height reading for the test fuel is then converted
directly to octane number using the guide table.
𝐾𝐼𝐿𝑅𝐹 − 𝐾𝐼𝑠

𝑂𝑁𝑠 = 𝑂𝑁𝐿𝑅𝐹 + ( 𝐾𝐼

𝐿𝑅𝐹 −𝐾𝐼𝐻𝑅𝐹

) (𝑂𝑁𝐻𝑅𝐹 − 𝑂𝑁𝐿𝑅𝐹 )

Equation 2.2

Where:
ONs

= octane number of the sample fuel.

ONLRF = octane number of the low PRF.
ONHRF = octane number of the high PRF.
KIs

= knock intensity of the sample fuel.

KILRF = knock intensity of the low PRF.
KIHRF = knock intensity of the high PRF.
With regards the preparation of PRF blends, firstly, if the estimated octane number is
below 100, the PRFs blend is prepared by blending iso-octane and n-heptane on a
volumetric basis equivalent to the required octane number (iso-octane is considered to
have an octane number of 100 while that of n-heptane is 0). Hence, the volumetric
proportion of iso-octane in a blend with n-heptane represents the mixture octane number.
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On the other hand, if the octane number is above 100, a blend of PRFs is made by
blending tetraethyllead in iso-octane, applying an empirical relationship that determines
the mixture octane number based on the volumetric addition of tetraethyllead to isooctane.
It is worth noting that since the worldwide adoption of RON and MON rating methods,
the tests conditions and the basic engine settings have not been changed significantly, and
so do not take into account the current improvement in spark-ignition engines
technologies, such as direct fuel injection and boost intake charge systems. These modern
operating strategies allow spark-ignition engines to operate beyond RON test conditions,
at relatively lower combustion temperatures at a given pressure. It was noted by Kalghatgi
(2001) that neither RON nor MON alone could describe the anti-knock quality of
practical fuels at operating conditions in spark-ignition engines different to these the RON
and MON tests. This is because, by definition, paraffinic fuels (PRFs) which are used to
rate the octane number of practical fuels have zero sensitivity to operating conditions as
their RON and MON values are equal. However, most practical fuels utilised in sparkignition engines have a sensitivity greater than zero. Therefore, the same practical fuel,
such as gasoline, may match different PRFs at different engine operating conditions than
these of the RON and MON tests (Naser et al., 2017).
In order to better describe the anti-knock quality of fuels at a given engine operating
condition, a parameter called an octane index (OI) was introduced by Kalghatgi (2001).
Octane index can be calculated from Equation 2.3. It can be seen that octane index is a
linear function of the RON value and the sensitivity of a fuel, which is the difference
between the RON and MON of that fuel. Also, octane index depends on a K value, a
factor which varies due to the change in engine operating conditions. Overall, K equals
to 0 and 1 at the test conditions of RON and MON, respectively. However, Kalghatgi
(2001) found that the value of K decreases with decreasing the temperature of the endgas for a given pressure and with increasing the octane requirement of an engine. Hence,
for modern spark-ignition engines, where the temperature of unburned gas temperature
is relatively lower at a given pressure, the value of K can be negative. Similar to RON
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and MON, the anti-knock quality of fuels increases with increasing octane index.
However, fuels with higher sensitivity, lower MON, can have a higher octane index and,
therefore, greater knock resistance.

𝑂𝑐𝑡𝑎𝑛𝑒 𝐼𝑛𝑑𝑒𝑥 (𝑂𝐼) = 𝑅𝑂𝑁 − 𝐾𝑆

Equation 2.3

Although some studies have suggested that octane number parameters, RON and MON,
should be replaced, alternatively, by a more representative anti-knock quality index; e.g.
autoignition delay time (Bradley, 2012; Naser et al., 2017), such a change could not be
easily implemented especially in the oil and gas sector where the entire refinery
operations are calibrated against these parameters (Naser, Sarathy and Chung, 2018).
However, as the combustion conditions in modern spark-ignition engines are closer to,
or beyond, RON rather than MON operating conditions, it has been widely accepted in
the literature that there should be a focus on studying combustion characteristics of fuels
under RON test conditions (Kolodziej, 2017). An example to support this argument is a
study carried out by Stradling et al. (2016) that showed, in modern spark-ignition engines,
that MON is less important than RON in order to predict the performance of such engines.
In fact, helping refiners in the production of practical fuels of higher RON with a
relaxation in the MON specification could provide more benefit to the improvement of
engine performance.

2.3 Biofuels from lignocellulosic biomass

Figure 2.11: Structure of lignocellulosic material (S. Wang et al., 2017).
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Renewable sources of hydrocarbon fuels offer an essential opportunity to sustainably
meet the global growing demand in conventional fuel consumption and could play a key
role in solving the related concerns in supply. One promising resource of renewable fuels
is lignocellulosic biomass. It can be obtained from non-food feedstocks such as wood and
agricultural residues which are considered to be a large-scale abundant and inexpensive
natural source of energy (Devendra Pratap Singh, 2013). Lignocellulosic material, as
shown in Figure 2.11, is composed mainly of cellulose (30-50 wt%) in addition to
hemicellulose (15-35 wt%) and lignin (10-20 wt%) (Limayem and Ricke, 2012). The
potential conversion of its components to hydrocarbon products, renewable biofuels, has
received considerable attention. Thus, it has been widely investigated and many
conversion strategies have been suggested for optimizing production (X. Han et al.,
2019). However, the natural formation of lignocellulosic material results in a very
complex structure which is resistant to most treatment and can not be easily broken down
to final products, due to the covalent and hydrogenic bonds found between the cellulose
and hemicellulose components that are tightly linked to the lignin (Limayem and Ricke,
2012; Devendra Pratap Singh, 2013). Therefore, the industrial processing of this complex
structure still faces many challenges and requires intensive efforts to render it practically
and economically feasible, especially in competition with current low-price and highvalue oil-based hydrocarbon products (Machado et al., 2016; X. Han et al., 2019).
2.3.1 Structural properties of lignocellulosic biomass

Figure 2.12: Lignocellulosic composition; cellulose; hemicellulose and lignin, adapted from
(Menon and Rao, 2012).
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The relative composition of the constituent raw materials (cellulose, hemicellulose and
lignin) is varied, in general, even between one plant species to another, depending on the
type, age, place of the growth and other conditions. Looking into the details of the
lignocellulosic material composition, as shown in Figure 2.12, cellulose is found in the
form of micro-fibrils; chains of cellulose that are grouped together and bonded to
hydrogen. The cellulose chain can be described as a straight chain of a highly stable
polymer of glucose and has the chemical formula (C6H10O5). However, the natural
presence of strong molecular hydrogen bonds in cellulose leads to the strong formation
of a crystalline matrix structure between the molecules. This reduces reactivity during
hydrolysis processes and solubility in conventional solvents. As an example, converting
cellulose to an amorphous structure in water requires a high temperature and pressure of
320 ˚C and 25 MPa.
Hemicellulose is the second most abundant material found in lignocellulosic biomass and
forms almost one-third of the carbohydrates of the whole composition. It is made of
different types of sugar, including pentoses, hexoses and uronic acids. In addition, the
composition of hemicellulose is varied based on the lignocellulosic biomass source; for
example, hemicellulose of hardwood like hybrid poplar is composed mainly of xylan,
while glucomannan is the prime component in hemicellulose from softwood.
Hemicellulose has, relative to cellulose, short lateral chains and a lower molecular
weight. Thus, it can be hydrolysed easier under relatively mild pre-treatment conditions
and extracted using dilute alkaline solutions. Consequently, it has the advantage of use
as a cheap and accessible raw material for the production of high value-added chemicals
and alkanes.
Lignin is the smallest fraction of the lignocellulosic material and has the most complex
structure. The lignin chain can be described as a long chain of a heterogeneous polymer
that contains cross-linked polymers of phenolic monomers, acting as glue, by filling the
gap between and around the cellulose and hemicellulose, providing structural rigidity and
support for plant cells. In addition, it is known for its strong resistance against microbial
attack, preventing the destruction of plant cells. However, these physical and chemical
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properties of lignin are a major obstacle in biomass separation processes as it makes the
access of catalytic enzymes to cellulose and hemicellulose difficult (Anwar, Gulfraz and
Irshad, 2014; Lee, Hamid and Zain, 2014; Bajpai, 2016).
2.3.2 Conversion of lignocellulosic biomass into biofuels
Primary platform chemicals derived from lignocellulosic biomass are known to contain
excessive amounts of oxygen (Huang et al., 2020). Therefore, the conversion strategy of
lignocellulosic biomass, in general, is to increase the energy density and molecular weight
of the final products by reducing the substantial oxygen present in its raw material
(Alonso, Bond and Dumesic, 2010). This production strategy is easy to apply at current
biofuel refineries where a simple structure of biomass raw materials, such as starchy and
triglyceride feedstocks, is used. In the case of lignocellulosic biomass, however, the
complex physical and chemical properties of the raw material require intensive and
expensive treatment processes that contribute to the high cost of the production of
chemicals and fuels. Various transformation routes and techniques developed for
breaking down lignocellulosic biomass into feasible final products are available in the
literature (Limayem and Ricke, 2012; Devendra Pratap Singh, 2013; Bajpai, 2016; X.
Han et al., 2019). Overall, the conversion processes require multiple steps that include
pre-treatment of the raw material, enzymatic hydrolysis and a fermentation process. A
pre-treatment step is important for lignocellulosic biomass raw materials as it is required
to recover cellulose and hemicellulose contained in the resources material while the lignin
barrier is being broken-down (Anwar, Gulfraz and Irshad, 2014).
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Figure 2.13: Pathways of processing lignocellulosic biomass (Menon and Rao, 2012).

Figure 2.13 shows the two common pathways that are applied to transform the energy
content of lignocellulosic biomass into liquid fuels or final chemical products; the
thermochemical conversion pathway and biochemical conversion pathway. In the
thermochemical pathway, heating or oxidation of biomass is controlled during
gasification, liquefaction or pyrolysis to produce a wide range of suitable liquid fuels and
speciality chemical products (DeFoort et al., 2013). On the other hand, through the
biochemical pathway, pre-treatment and enzymatic hydrolysis of lignocellulosic biomass
is utilised to separate the biomass into its major components in the form of an aqueous
solution of sugars. This solution is then fermented into biofuels such as bioethanol and
biobutanol, or converted to speciality chemical products (Chen et al., 2017).
Biofuels such as bioethanol and biodiesel are currently used in global transport fuel
markets as blending components or additives for improving conventional fuels; gasoline
and diesel respectively. The properties of these biofuels are not dissimilar to fossil fuels,
and their production from biomass has been industrialised for many years (Alonso, Bond
and Dumesic, 2010). However, recent literature on lignocellulosic biorefinery concepts
shows that the interest in converting biomass into different potential fuels and speciality
chemicals has become more active than the production of bioethanol only (Lange et al.,
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2012). This is in order to reduce the operation cost and improve the production efficiency
of the entire process by applying flexible production strategies that could produce various
oxygenated biomass-derived fuel molecules and chemical products in the range of
conventional fuels (Alonso, Bond and Dumesic, 2010; Dautzenberg, Gerhardt and
Kamm, 2011). Also, it presents an opportunity to produce an optimal mixture of fuel
components, as stated by the long-term objectives of the Cluster of Excellence “TailorMade Fuels from Biomass” (TMFB) at RWTH Aachen University (Janssen et al., 2011).
Figure 2.14 shows an example of the production of a wide range of valuable chemical
products, such as n-hexane and n-pentane, by the hydrolysis treatment of cellulose
(X. Han et al., 2019). Also, another example of flexible production strategy, glucose
(C₆H₁₂O₆) can be converted to hydroxymethylfurfural (HMF, C₆H₆O₃) and then upgraded
to dimethylfuran (DMF, C₆H₈O), or to hydrocarbons in the range of diesel. Furthermore,
it can be converted to a mixture of light oxygenates after which aromatic gasoline
products can be obtained, or alternatively, reformed to alkanes (Lange et al., 2012). The
following sections; (2.3.3) and (2.3.4), discuss in detail the upgrading of lignocellulosic
biomass based on the material type; hemicellulose and lignin, in addition to the utilisation
of potential chemical products as a fuel or a fuel additive which are produced at different
processing levels during the upgrade.
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Figure 2.14: Production of n-hexane and n-pentane from Cellulose (X. Han et al., 2019).
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2.3.3 Upgrading and utilisation of biofuels from hemicellulosic lignocellulose

Figure 2.15: Simplified reaction scheme for the acid-catalysed conversion of pentosan into
furfural (FUR) as adopted from (Mariscal et al., 2016).

Hemicellulose is a mixture of glucose and sugar monomers in which xylan is found as
the most abundant hemicellulose-containing pentose sugars (Ummalyma et al., 2019). In
a biorefinery, xylan is converted to xylose which can be dehydrated into furfural (Binder
et al., 2010). A simplified reaction scheme for that process is shown in Figure 2.15.
Furfural (C5H4O2) is well-known as a promising chemical platform (Zhang et al., 2014;
Machado et al., 2016; Lee, Kwon and Lee, 2019; Tarazanov et al., 2020). It is made of a
furan ring that has two olefin groups (CH═CH) and connected to an aldehyde side group.
This molecular structure makes it a versatile compound for many applications to produce
chemical, pharmaceutical, and flavouring intermediates (Mathew et al., 2018; LópezAsensio et al., 2018). It is defined by the U.S. Department of Energy as a key intermediate
of 12 potential chemicals that can be upgraded to derive a wide range of high value-added
chemical products and biomass-derived fuel molecules (Natsir and Shimazu, 2020).
In general, the transformation of furfural from biomass still requires intensive efforts and
cost due to the complexity of the source and these processes still require improved in
order to provide a cost-competitive product. Luo et al. (2019) reviewed comprehensively
different suggested production methods such as a one-pot synthesis and the selective
dissolution and conversion that are usually utilised to produce furfural. The one-pot
method can produce high yields of furfural. However, the selectivity of furfural from the
final mixture is still low. This is because the mixture contains some products that are
formed from cellulose and lignin components during the conversion of hemicellulose.
Alternatively, the selective dissolution and conversion method can be utilised. It can be
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achieved in one-step or two-step methods. Although the one-step method can simplify
the reaction processes, the two-step method is considered to be one of the most efficient
conversion ways in order to produce furfural with high yield and selectivity.

Figure 2.16: Various products formed during hydrogenation of Furfural (FUR) to Furfuryl
Alcohol (FOL) (Mariscal et al., 2016).

The presence of the aldehyde functional group in furfural makes it immiscible for
blending in hydrocarbons due to its polarity (Lange et al., 2012). Hence, exploring
furfural derivatives to find potential products that can be used as fuel or fuel blending
components has been an interest for many researchers (Bohre et al., 2015; Natsir and
Shimazu, 2020). In Figure 2.16, various high value-added chemical products that can be
obtained while upgrading furfural to furfuryl alcohol are shown (Mariscal et al., 2016).
However, each molecule is produced at a different level of operational cost and efforts.
Therefore, there is still significant research to be carried out to identify potential
molecules suitable for use as biofuels, or fuels additives, that can be produced at feasible
and suitable conditions.
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An extensive review carried out by Ovchinnikov et al., (2018) discusses the possibility
of utilising furfural derivatives, such as furfural ethers and furfuryl amine, as fuel octane
boosters based on the physicochemical properties and hazard characteristics of the
selected molecules. The study outcomes agreed with most of the recently published work
that showed the possibility of achieving high-performance chemicals via upgrading
furfural that display greater knock resistance than conventional fuels. The study also
reported that in comparison to chemicals of high knock resistance such as ethanol and
MTBE, furfural derivatives potentially have the advantages of high volumetric heat of
combustion due to lower oxygen content and higher density. The authors found that 2methylfuran and furfuryl amine are the most promising among the studied molecules. In
another study, Natsir and Shimazu (2020) reported that short alkyl molecules such as
furfural ethers and methyl-furans which are considered as promising fuel blending
components due to their high RONs could be produced by etherification of furfural and
its derivatives. Moreover, Tarazanov et al., (2020) studied the chemical stability of
furfural derivatives such as 2-methylfuran, furfuryl amine, furfural dipropyl acetal,
furfuryl alcohol and their mixtures when blended at different ratios by weight, from 5 to
30%, into gasolines of low and high octane number. It was found that the furanic
molecules were most effective when added to the low octane gasoline fuel, improving
the anti-knock quality of the blend.
In addition to furfural (Fur) and furfuryl alcohol (FOL), some potentially promising
molecules from hemicellulosic lignocellulose are gamma-valerolactone (GVL), methyl
valerate (MV) and 2-methyltetrahydrofuran (2-MTHF). In Figure 2.16, the production
pathways for these molecules from Fur and FOL can be seen, except for the production
of MV which will be discussed separately later. In general, as shown in Figure 2.16, these
intermediate platforms can be produced at different levels of processing while upgrading
furfural to furfuryl alcohol. These molecules are of interest as they possess different
molecular structures and contain different types of oxygenated functional groups. Also,
they have different physical and chemical properties which will be reflected in their
performance when blended into gasoline reference fuel.
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FOL (C5H6O2) is a colourless liquid that can be produced via the hydrogenation of
furfural with a yield of 100% over a CuMgAl catalyst (Cu: 17.9 wt.%). It is mostly used
as a resin or a speciality solvent (Lee, Kwon and Lee, 2019). It is made of a furan ring
that has two olefin groups (CH═CH), such as in furfural. However, the carbonyl
functional group (C═O) of furfural is replaced by a hydroxyl functional group (OH). The
molecule has only been proposed as a fuel additive for IC engine applications in a study
of Tarazanov et al., (2020). However, the anti-knock quality of the FOL blends was not
reported, due to its poor solubility into hydrocarbons.
Several studies have investigated the conversion of FOL into various fuel derivatives
such as 1,5-pentanediols, 3,3 tetrahydrofurfuryl alcohol, 3,4 and methyl furan (Iqbal et
al., 2014). FOL is also utilised in the production of alkyl levulinate fuel additives which
are considered a promising source for production of high-performance renewable
chemicals for the transportation fuel industry (Enumula et al., 2017). In a study carried
out by Sudholt et al., (2015), the ignition characteristics of FOL in the form of derived
cetane number (DCN) was reported. It was found that FOL has a lower DCN than a fuel
with RON of 90. This means it has higher knock resistance than RON 90, mainly due to
the influence of its aromatic ring with the presence of a hydroxyl functional group
observed to have a minor effect.
GVL (C5H8O2), according to Alonso, Wettstein and Dumesic (2013), can be described as
a 5 carbon (valero-) cyclic ester with 5 atoms (4 carbons and 1 oxygen) in the ring
(γ-lactone). It is a colourless liquid with a sweet, herbaceous odour and has low toxicity
which makes it suitable to produce perfumes and food additives. It is stable at standard
conditions and has low melting and high boiling temperatures of -31 °C and 207 °C,
respectively (Horváth et al., 2008). It also does not hydrolyse and form peroxides which
makes it easy and safe for storing and transportation (Bereczky et al., 2014). As shown
in Figure 2.16, GVL is obtained under mild reaction conditions by hydrogenation of
levulinic acid that is produced through hydrolysing furfuryl alcohol (Hengst et al., 2015;
Yan et al., 2015; Sun et al., 2020).
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The physicochemical properties of GVL are of interest in the field of biofuel research and
development. It was proposed by Horváth et al., (2008) as a fuel additive of similar
performance to that of ethanol. Although it has energy density and enthalpy (29.7 MJ/kg
and 54.8 kJ/mol, respectively) comparable to ethanol, GVL has further advantages
including a high RON (130) and requiring less energy as to be removed in distillation
processes (Masurier et al., 2020). Moreover, GVL has the lowest vapour pressure (3.5
kPa at 80 °C) if compared to popular oxygenated molecules such as methanol, ethanol,
methyl t-butyl ether, and ethyl t-butyl ether, an important feature in controlling the
emission of volatile organic compounds (VOCs) and also improving the combustion at
similar octane numbers (Alonso, Wettstein and Dumesic, 2013; Kamm, Gerhardt and
Dautzenberg, 2013; Dutta et al., 2019). However, the addition of GVL to hydrocarbons
shows poor solubility. Therefore, it is limited to a low concentrations, such as 2.5 %(v/v)
into conventional diesel at room temperature as reported by (Bereczky et al., 2014), with
phase separation was observed when blended at high concentrations (Tang et al., 2014).
Engine studies with GVL as fuel or fuel additive are limited (Masurier et al., 2020). Its
first application in diesel engines was reported by Bereczky et al., (2014). The study was
carried out to investigate the effect of utilising GVL as a fuel additive on the engine
performance, combustion characteristics and emissions. Two blends were prepared and
compared to the conventional diesel fuel. The first blend was a mixture of conventional
diesel fuel 76.9 %(V/V) and 23.1 %(V/V) biodiesel. The second blend was a mixture of
conventional diesel fuel 71.4 %(V/V) and 21.5 %(V/V) biodiesel and 7.1 %(V/V) of
GVL. A four-cylinder turbocharged direct-injection compression-ignition engine was
utilised in this study. The results showed that a slight decrease in the engine performance
was noticed for the blend contains GVL when compared to the conventional diesel fuel
and the second blends. However, a significant reduction in the emissions of CO, THC
and smoke were measured for the GVL blend. Masurier et al., (2020) conducted an
experimental investigation on a CFR engine operated in HCCI combustion mode to study
the effect of utilising GVL as a fuel additive on boosting the octane of the base fuel; a
single low-octane number Fuel for Advanced Combustion Engine (FACE), known as
FACE J, with RON = 70.7 and MON = 68.8). Due to the poor solubility of GVL, it was,
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therefore, blended with ethanol, at a ratio of 2:1, into the base fuel at different volumetric
proportions from 5 to 20 %(v/v). The results showed, in general, that GVL can be
considered as a high-performance fuel additive. It was found that GVL has a stronger
knock resistance characteristic than ethanol when blended at smaller concentrations.
However, ethanol was observed to be superior in resisting knock if higher fractions of
GVL were used.
Under mild conditions over silica-supported RhRe and RhMo bimetallic catalysts,
hydrodeoxygenation of GVL can produce 2-MTHF (Huang et al., 2020). 2-MTHF
(C5H10O) is a cyclic ether which is considered as a promising renewable chemical solvent
and one of the potential biofuel candidates suggested by the project of “Tailor-Made
Fuels from Biomass” (TMFB) (Wang et al., 2020). Huang et al., (2020) showed in an
experimental investigation the possibility of producing 2-MTHF, utilising the one-pot
selective hydrodeoxygenation of GVL with high selectivity of 86% in heptane at 120 °C.
The study also showed the possibility of producing the molecule if the reaction was
conducted in water by adding solid acid catalysts that helped to form 2-MTHF from
1,4-pentandiol, which was formed during the reaction due to the weak acidic property of
Re and Mo species in water. 2-MTHF also can be produced via hydrogenation of furfural
to produce 2-methylfuran, which is then hydrogenated to 2-MTHF (Li et al., 2018).
2-MTHF has received considerable attention as a fuel additive to conventional gasoline
alternative rather than, for example, ethanol for several reasons. Firstly, it has a heating
value of (32.7 MJ/kg) significantly higher than that of ethanol (26.8 MJ/kg) but lower
than conventional gasoline fuel ≈ (43 MJ/kg) (Jiang et al., 2017). However, its higher
density (0.863 g/cm3) than that of conventional gasoline fuel and ethanol (0.744 g/cm3
and 0.792 g/cm3, respectively) compensates for this lower heating value (Kumari, Reddy
and Sagar, 2019). Secondly, 2-MTHF was found to reduce engine out emissions of HC,
CO, benzene and particulate matter (Rudolph and Thomas, 1988; Janssen et al., 2011;
Boot, 2015; Lucas et al., 1993). However, its low octane number (86) limits its
application as a pure fuel or blending into gasoline with high concentration as this
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decreases the knock resistance of the final blend, requiring a lower engine CR operating
limit (Jiang et al., 2017; Fenard et al., 2019).
The combustion chemistry of 2-MTHF has been reported in the literature. Simmie (2012)
investigated the combustion kinetics of 2-MTHF in addition to tetrahydrofuran (THF)
and 2,5-dimethyltetrahydrofuran (2,5 DMTHF). The study provided, for the first time for
2-MTHF and 2,5 DMTHF, basic thermochemical and kinetic data such as the enthalpies
of formation, entropies, specific heats at constant pressure, enthalpy functions, and all
carbon-hydrogen and carbon−methyl bond dissociation energies. The ignition delay time
of 2-MTHF in a rapid compression machine and a high-pressure shock tube was
measured experimentally by Tripathi et al., (2017). The measurements were taken at
temperatures between 639 and 1413 K, pressures of 10, 20, and 40 bar, and three different
equivalence ratios of 0.5, 1.0, and 2.0. The study reported, for the first time, the
experimental and chemical kinetic ignition characteristics of 2-MTHF at the lowtemperature condition. It was found that 2-MTHF showed slight NTC behaviour. It also
was observed that the reactivity of 2-MTHF increased with the increase in pressure or
fuel concentration over the entire range of the operating test conditions of pressures and
equivalence ratios. In a further study carried out by Fenard, Boumehdi and Vanhove
(2017), the combustion kinetics of 2-MTHF/O2 /inert mixtures at high pressures and
temperatures below 900 K in a rapid compression machine was reported for the first time.
Two-stage ignition was noticed for temperatures between 685 K and 790 K.
The laminar burning characteristics of 2-MTHF have also been investigated. Jiang et al.,
(2017) studied the laminar burning characteristics of a 2-MTHF-air mixture relative to
these of ethanol and isooctane in a constant-volume vessel at initial temperatures (333 K,
363 K and 393 K) and ambient pressure while varying the equivalence ratio between 0.88
and 1.43. The results of most tests, at varying equivalence ratio, showed that the unstretched flame propagation speed of 2-MTHF was slower than ethanol but faster than
isooctane. Also, it was found that 2-MTHF displayed a burning velocity comparable to
ethanol but much faster than isooctane. Wang et al., (2020) also investigated the laminar
flame characteristics of 2-MTHF among its THF family molecules; tetrahydrofuran
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(THF) and 2,5-dimethyltetrahydrofuran (2,5DMTHF). The study was conducted in a
constant volume bomb at elevated temperatures and pressures (373–453 K and 1–4 bar,
respectively) and equivalence ratios in the range of 0.7–1.6, using high-speed schlieren
photography technique. It was found that laminar burning velocities of the three
molecules were affected by varying the equivalence ratio, reaching their peak value at
slightly rich mixtures near 1.1. The velocities were then accelerated as the initial
temperature elevated, however, increasing the initial pressure decelerated laminar
burning velocities. The study concluded that 2-MTHF had laminar burning velocities
higher than 2,5 DMTHF but lower than THF.
In addition to cyclic molecules, such as reviewed above, straight-chain valeric molecules
can be obtained from hemicellulosic platforms. Lange et al. (2010) showed the possibility
of producing valeric biofuels via the hydrogenation of levulinic acid to GVL and then
valeric acid, which is finally esterified to produce alkyl valerate esters. In general, valeric
molecules have a fruity odour. They are commonly utilised in a wide range of
applications such as fragrances, beauty care, soap, laundry detergents at levels of 0.1–1%
and food (Mounaïm-Rousselle et al., 2016). However, they are of interest as biofuels or
fuel blending components, as firstly identified by Lange et al. (2010), due to their suitable
energy densities and polarities and volatility ignition properties compared to other
candidates such as ethanol, GVL and 2-MTHF. Depending on the carbon chain length of
the produced molecule, its application for gasoline (lighter esters) or diesel (heavier
esters) engines can be determined (Mounaïm-Rousselle et al., 2016).
One such promising valeric biofuels in the field of spark-ignition engines is methyl
valerate (MV) (C6H12O2), also called methyl pentanoate (Lange et al., 2010). It is an ester
molecule, clear colourless to yellowish oily liquid and has higher density and RON than
conventional gasoline fuel (0.875 g/cm3 and 115, respectively) (Mounaïm-Rousselle et
al., 2016). In a study carried out by Contino et al. (2013), the effect of utilising methyl
and ethyl valerate as a pure biofuel and as blends of 20% (V/V) in PRF95 on the
performance and emissions of a spark-ignition engine was reported. The engine was
operated at a speed of 1500 and 2500 rpm while varying the load (IMEP) between 2 and
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9 bars. It was found that the pure biofuels MV and EV showed engine performance and
exhaust emissions similar to PRF95. However, it was noticed that both MV and EV had
a higher flame speed than PRF95 and were observed to have higher knock resistance due
to their higher RON.
In the literature, few studies have investigated experimentally and numerically the autoignition reactivity and laminar burning velocity of MV. Korobeinichev et al., (2015)
carried out an experimental investigation and kinetic modelling study of methyl
pentanoate and methyl hexanoate premixed laminar flames. The investigations were
conducted over a flat burner utilising molecular beam mass spectrometry with tunable
synchrotron vacuum ultraviolet (VUV) at conditions of pressure 1 atm and 20 Torr for
methyl pentanoate and methyl hexanoate, respectively. The experimental data were used
to develop the kinetic model for ester fuels. However, the final model had several
unsolved issues, such as uncertainties for low-temperature reaction pathways. Weber et
al. (2018) measured the ignition delays of methyl valerate using a rapid compression
machine at elevated temperatures and pressures (680–1050 K and 15–30 bar,
respectively) and equivalence ratio in the range of 0.25–2.0. It was found that MV
experienced an NTC region of the overall ignition delay and two-stage ignition for
pressures of 15 and 30 bars at =ϕ 2.0 at =ϕ 1.0, respectively. Due to the inappropriate
chemical kinetic models available in the literature, the authors constructed a new model
to validate the experimental results. However, an unsatisfactory prediction was achieved.
A new approach was taken by Gerasimov et al. (2017) to develop a reduced chemical
kinetic mechanisms for the combustion of methyl pentanoate using the Mechanism
Workbench software. The proposed model was validated against published experimental
data on the structure of burner-stabilised stoichiometric and fuel-rich MPe/O2/Ar flames
at pressures of 20 Torr and 1 atm. Although a good agreement was achieved with the data
at atmospheric pressure, further development was still needed to agree with the data of
autoignition delay times of stoichiometric MPe/air mixtures at pressures of 10−18 atm.
A comprehensive study on fifty alternative liquid fuel compounds that were identified
from the literature as potential candidates for spark-ignition engines was recently carried
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out by Gschwend et al. (2019). All work was conducted numerically on a simulated turbocharged four-cylinder direct-injection spark-ignition engine, assuming the engine
operated under stoichiometric conditions at fixed engine speed and boost pressure of 2000
rpm and 2 bar, respectively. For each fuel, the engine compression ratio was optimised.
Among those fifty fuels, the critical compression ratio of the molecules; FOL, GVL, 2MTHF and MV were obtained as shown in Table 2.3. It can be seen that FOL, GVL and
MV were predicted to operate at a higher engine CR compared to the gasoline of 98 RON.
However, 2-MTHF had the lowest critical CR. The results are in agreement with the data
available in the literature in terms of the octane number of those molecules. However, the
study did not consider the effect of varying the air-fuel ratio on the knock tendency of the
molecules. Also, no description of the combustion characteristics of the molecules as fuel
blending components to hydrocarbons was provided.
Table 2.3: Compression ratios of the tested fuels as reported by (Gschwend et al., 2019).

Molecule

ƐCR

Gasoline RON 98

7.7

Furfuryl alcohol

15.2

GVL

14.1

Methyl valerate

10.0

2-MTHF

6.7
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2.3.4 Upgrading and utilisation of biofuels from lignin lignocellulose

Figure 2.17: Phenolic molecules in lignin with several typical linkages. The linkages marked by
solid squares are ether linkages. The linkages marked by dot squares are condensed linkages,
adapted from Chio, Sain and Qin (2019).

Lignin, unlike cellulose and hemicellulose of lignocellulosic biomass, has a varying
composition, complex and irregular three-dimensional structure, depending mainly on
the nature of biomass source and the part of the plant (Li et al., 2015). This natural
structure makes upgrading lignin to high value-added chemicals much more recalcitrant
than cellulosic and hemicellulosic biomass (Li et al., 2019). Hence, lignin is usually
considered as a by-product in the biorefinery industry and only a small amount of it, 5%,
is combusted for heat and power generation (Chio, Sain and Qin, 2019; Ha et al., 2019).
However, due to the presence of high amounts of phenolic compounds in lignin, as shown
in Figure 2.17, the developments achieved in more recent years by many researchers, on
lab-scale of experiments, to effectively depolymerise lignin into monomers has increased
the potential of utilising lignin as a promising renewable source for aromatic
hydrocarbons production (Runnebaum et al., 2012; Zhang et al., 2016; Cao et al., 2019).
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Figure 2.18: Summary of processes for conversion of lignin (Note: the abscissa represents the
typical temperature range of the lignin conversion processes), adapted from (Li et al., 2015).

Various treatment methods undertaken towards valorisation of lignin for the production
of high performance chemicals and fuels have been reviewed in several studies. Li et al.
(2015) provided a comprehensive review on the progress that had been made in the field
of catalytic chemical conversion of lignin to high value-added chemicals. The authors
also provided, as shown in Figure 2.18, a simplified summary of various treatment
methods, such as selective acid/base depolymerization, hydro-processing degradation,
oxidation, pyrolysis or gasification, that are used to produce a wide range of chemical
products. It can be seen that different methods occur in different environments (oxidating,
reducing or neutral environments) over a different range of operating temperatures
between 0 °C to 700 °C, utilising different types of catalysts. It was concluded that lignin
is a promising source of aromatic biomass and, via pyrolysis and gasification processing
strategies, potential high value-added aromatic chemicals could be produced.
Chio, Sain and Qin (2019) critically reviewed various depolymerization methods of
lignin such as thermochemical and physical depolymerization, chemical catalysis and
biological depolymerization methods. As shown in Table 2.4, the study provided a
summary of the advantages and disadvantages of each treatment method. It was found
that some of the methods were more effective than the others in some specific areas of
utilisation. However, understanding each depolymerisation method and finding the best
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approach that could be applied for a specific application is essential. For example,
pyrolysis can be considered as the most effective method in converting lignin to bio-oil
for power generation while recovering many high value-added chemicals during a
conversion process that can be utilised to reduce the overall cost of energy production.
On the other hand, catalytic chemical conversion methods provide the most appropriate
pathway in order to produce a specific type of high value-added chemicals, due to its
higher specificity and efficiency at milder reaction conditions than pyrolysis.
Table 2.4: A brief summary of various lignin depolymerization methods, as summrised by
(Chio, Sain and Qin, 2019).

The conversion of lignin into bio-oil aromatic compounds is the current approach for the
production of hydrocarbon fuels or fuel blending components. However, bio-oil products
are, in general, heavy in molecular weight, acidic, viscous, unstable, oxygen-rich, low in
heating values, and perform poorly if utilised directly as engine drop-in fuels (Zhang et
al., 2018; Y. Han et al., 2019; Li et al., 2019). Therefore, further upgrading is necessary
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(Remón et al., 2019). For example, catalytic hydrodeoxygenation (HDO), which is a
chemical conversion process that occurs at elevated hydrogen partial pressure (between
100 and 200 bar) and elevated temperatures (from 570 to 670 K) in the presence of a
hydrogenation catalyst, is used for oxygen removal in the form of water so that useful
lignin-derived phenoic compounds that are compatible with engine requirements can be
obtained (Yoshikawa et al., 2013; Saidi et al., 2014; Zhang et al., 2018; Remón et al.,
2019; Li et al., 2019).

Figure 2.19: Reaction network for the conversion of lignin-derived compounds (each compound
shown in red was used as a reactant) with H2 catalysed by Pt/g-Al2O3 at 573 K and 140 kPa.
HDO, hydrogenolysis, and hydrogenation (or dehydrogenation) reactions are represented by
dashed green, blue, and black arrows, respectively. Transalkylation reactions are represented by
solid black arrows. H2 as a reactant is omitted for simplicity. The representation in this network
is simplified: for example, in transalkylation reactions in which two guaiacol molecules are
involved (e.g., 2-guaiacol - catechol + veratrole), the stoichiometry is not represented here,
adapted from (Runnebaum et al., 2012).
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Guaiacol (C7H8O2), also known as 2-methoxyphenol, is one of the main primary products
produced via pyrolytic conversion of lignin and can be obtained in large quantities
(Nowakowska et al., 2018; Remón et al., 2019). Guaiacol is also considered as a model
lignin-derived compound (Gutierrez et al., 2009). It is made of a benzene ring in which
the H atoms at C1 and C2 positions are replaced by hydroxy(-OH) and methoxy (O–CH3)
functional groups, respectively. This molecular structure, in particular, means that
guaiacol possesses the most typical functionalities found in lignin-derived phenolic
monomers (Remón et al., 2019). However, guaiacol has a low RON, lower than 97, and
ignites fast when compared to other aromatic compounds such as 2,4-xylenol, p-cresol,
o-cresol, m-cresol and 2-ethylphenol (P. Zhang et al., 2018).
In addition to guaiacol, anisole, 4-methylanisole and cyclohexanone are also considered
as primary and representative products of lignin-derived bio-oils. In Figure 2.19, these
four primary and representative products are highlighted in red. Figure 2.19 also shows a
detailed representation of the catalytic reaction network for the conversion of these
compounds to produce several oxygenated and deoxygenated chemicals (as shown in
black), based on experimental data reported by Runnebaum et al., (2012). The
compounds were catalysed by Pt/g-Al2O3 in the presence of H2 at 573 K and 140 kPa via
different chemical reactions such as HDO, hydrogenolysis, hydrogenation (or
dehydrogenation) and transalkylation. It was found that high partial pressures of H2 were
required in order to selectively reach deoxygenated components such as toluene and
xylenes, which are known for higher RON than the primary compounds. Toluene has a
RON of 121 while o-xylene, m-xylene and p-xylene have RON of 120, 145 and 146,
respectively. The same observation of a necessary increase in H2 initial pressure to
improve the conversion and HDO efficiency to reach less oxygenated and high
performance chemicals was also reported by Remón et al., (2019).
Anisole and 4-methylanisole are currently gaining increasing attention as promising fuels
or fuel blending components. In comparison to guaiacol, they have relatively better
physical and chemical properties. For example, the boiling temperatures and densities of
anisole and 4-methylanisole are (154 °C, 0.995 g/mL) and (174 °C, 0.969 g/mL),
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respectively. While guaiacol has a boiling temperature and density of 204 °C and 1.129
g/mL, it was found that guaiacol is difficult to utilise as a pure fuel and its application
was limited as a fuel additive. Anisole is widely adopted as a solvent and appears to be a
suitable fuel for combustion applications (Zare et al., 2019). Also, 4-methylanisole and
anisole were reported to have high blending RON values of 129 and 124, respectively
(Ratcliff et al., 2016), while a further study reported anisole has a blending RON of 120
(Büttgen et al., 2020). However, as pure components, 4-methylanisole and anisole were
found to possess lower RON values than the blending RON values; 104 and 103,
respectively (Tian, McCormick, Ratcliff, et al., 2017).
Baumgardner et al., (2015) investigated the effects of blending seven different
oxygenated bio-oil derived molecules, including guaiacol and 4-methylanisol, on the
combustion characteristics and emissions of a compression-ignition engine. The
molecules were blended into reference diesel fuel at two blending ratios; (2% and 5-6%
V/V). It was found that for the blends of 2% (V/V) there was slightly positive influence
of the molecules tested on the reduction of the in-cylinder temperatures and the emissions
of NOx, while a slight increase in CO emissions was observed. However, by increasing
the blending ratio to 5-6% (V/V), a contrasting effect was seen, increasing the in-cylinder
temperatures and the emission of NOx compared to the reference diesel fuel.
McCormick et al., (2015) carried out an experimental investigation of 21 oxygenated
compounds derived from lignin on the physical properties and performance as gasoline
and diesel additives. The study examined several physical and chemical properties such
as boiling point, heating value, flash point, density, melting point, solubility in water and
toxicity compared to reference gasoline and diesel fuels. Among the investigated
components, guaiacol, anisole, 4-methylanisole and 1,2 dimethoxy-benzene were
examined. It was found that 2% (V/V) of guaiacol increased the RON of the reference
fuel by 0.6 unit while 10% (V/V) of 4-methylanisole had the most significant octane
improvement, increasing the RON of the reference gasoline from 85.8 to 90.7. However,
no results as to the combustion performance of anisole and 1,2 dimethoxybenzene were
reported.
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Ratcliff et al., (2016) studied the anti-knock quality and fine particle emissions of several
biomass-derived oxygenated molecules, including anisole and 4-methylanisole. The
study was conducted on a wall-guided direct-injection spark-ignition engine, which was
operated at engine speed and load of 1500 rpm and 9.25 bar, respectively, while varying
the ignition timing from 10 BTDC to KLSA for each blend. The results showed that the
19.6 %(V/V) anisole blend and 21.4 %(V/V) 4-methylanisole blend increased the RON
from 87.9 to 95 and 96.7, respectively. However, it was found that the blends of anisole
and 4-methylansiole emitted levels of PM higher than the reference gasoline fuel by
factors between 2 and 5.
The performance of anisole, 4-methyl anisole, guaiacol, 4-ethyl guaiacol and veratrole as
octane boosters to gasoline of RON 95 was investigated by Tian, McCormick, Ratcliff,
et al., (2017). Each molecule was blended into the reference gasoline fuel at 10%, by
volume, and tested in a modern Volvo T5 spark ignition engine so as to evaluate the effect
of each on the knock limited spark advance (KLSA). The engine tests were carried out at
full load and engine speed of 1500 rpm. Autoignition experiments in a constant volume
device, at conditions of 10 bar and 720–950 K, were also performed for better
understanding of the effects of molecules on ignition delay. The results showed that 10%
of anisole, which had the best performance, increased the RON of the reference gasoline
fuel from 95 to 97.4, while the same volumetric addition of guaiacol the reference
gasoline fuel had no effect. As for 4-methyl anisole, 4-ethyl guaiacol and veratrole, it was
seen that they improved the anti-knock quality of the reference gasoline fuel to a lesser
extent than that of anisole, however, no RON values of the final blends were reported.
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(b)

(a)

Figure 2.20: (a) Laminar flame speeds of anisole, 4-methylanisole and ethylvalerate at T = 423
K, P = 0.1 MPa and u = 0.6–1.3, (b) Laminar flame speed of the mixtures of SA0 with 10%,
20%, 30%, 50%, 75% and 100% anisole. T = 423 K, P = 0. 1 MPa and φ = 0.6–1.3, adapted
from (Wu et al., 2017).

Wu et al., (2017) investigated the laminar flame speeds of lignocellulosic biomassderived oxygenates; anisole, 4-methylanisole and ethyl valerate, in pure form and as
blending components with a five component surrogate gasoline fuel that reproduced the
laminar flame speed of commercial gasoline. The investigation was conducted in an
elevated pressure combustion vessel at conditions T = 423 K, P = 0.1 MPa and φ = 0.6–
1.3. Figure 2.20 (a) shows that 4-methylanisole and ethyl valerate had similar laminar
speeds over the investigated range of φ while anisole showed higher speeds. As a fuel
additive, anisole was blended into the reference surrogate gasoline fuel at various ratios,
by weight, between 10% and 75%. The results obtained are shown in Figure 2.20 (b). It
was found that the laminar speed increased with increasing the concentration of anisole
to greater than 10% (wt.) into the mixtures. However, it was observed that the changes in
laminar speeds were negligible for the blend of 10% anisole. A similar observation
indicating that anisole has a faster laminar burning speed than gasoline fuel was also
made by Wagnon et al., (2018), who investigated the fuels in a heat flux burner at
atmospheric pressure and an unburnt temperature of 358 K, while varying the equivalence
ratio between 0.6 and 1.2. Zare et al., (2019) also confirmed that anisole has a relatively
high laminar burning speed, with a maximum at φ = 1.1, after conducting an experimental
investigation to measure several combustion characteristics, burning speed (LBS), flame
structure, and flame stability, of an anisole-air mixture in a constant volume combustion

78

2.3 Biofuels from lignocellulosic biomass

chamber at a wide range of temperatures (T=460–550 K), pressures (p=0.5–5.5 atm), and
equivalence ratios (ϕ=0.8–1.4).
The utilisation of anisole as fuel additive was investigated by Londhe et al., (2019), by
blending at 10% (V/V) into reference diesel and biodiesel fuels, respectively. All blends
and the base fuels were investigated in a diesel engine operated at 2400 rpm and loads of
0 bar, 1.26 bar, 2.52 bar, and 3.78 bar. The engine performance and emissions data
showed that the anisole/diesel blend performed similar to the diesel fuel but with a slight
increase in fuel consumption rates. The emissions of HC and CO were lower for the
anisole/diesel blend than that of diesel fuel, however, an increase in NOx and soot
emissions was noticed. In comparison to biodiesel, the anisole/biodiesel blend showed
better engine performance, lower HC and CO emissions but higher NOx and soot.
In another study, Rajesh et al., (2020) investigated the effect of anisole addition to waste
cooking oil methyl ester on the combustion characteristic, performance and emission of
a DI diesel engine. Anisole was blended into the waste-cooking-oil in various ratios by
volume (10%, 20% and 30%), and then compared to the results of reference diesel and
biodiesel fuels while operating the engine at brake mean effective pressure (BMEP) of
1.55, 3.10, 4.65, and 6.2 bar respectively. It was found that increasing the blending
concentration of anisole in the waste-cooking-oil increased the ignition delay, in-cylinder
pressure and heat release rate of the final mixtures compared to the reference fuels.
However, it was noticed that the blend of 10% anisole had the best performance,
achieving higher BTE by 1.6% than the reference biodiesel. As for the exhaust emissions,
it was found that the addition of 10% anisole, at peak load engine operation, decreased
the NOx emission by 17% and 11% in comparison to diesel and biodiesel, respectively.
Also, significant reductions in smoke opacity, 45% of HC and 65% of CO emissions were
observed for the 10% anisole blend relative to the reference fuels.
Büttgen et al., (2020) studied the ignition delay time (IDT) of anisole, for the first time
in a rapid compression machine (RCM), under compressed pressures of (1, 2 and 4 MPa)
while varying the equivalence ratio from stoichiometric (φ=1.0) to lean (φ= 0.5) and rich
(φ= 2.0). In addition, so as to extend the range of temperatures investigated, further
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experiments were also conducted in a shock tube under the same operating conditions of
compressed pressure and fuel-air ratios. It was found that anisole had lower reactivity
than ethanol when compared at the same operating conditions, which agrees with its
higher blending RON (120) than that of ethanol (108).
The potential of producing ketone compounds from lignin, as shown in Figure 2.19, has
led to an intense research interest in utilising such molecules as biofuel candidates
(Minwegen, Burke and Heufer, 2017). It has been found that ketones have the advantages
of high energy content and high knock resistance compared to, for example, alcohols
(Westbrook and Curran, 2019). Ketones also have the benefit of reducing soot emissions
when used as fuel blending components compared to other oxygenated molecules such
as ethers (Zheng et al., 2016). Several studies have been carried out in order to understand
the fundamental combustion chemistry and the autoignition behaviour of potential
candidates of alkane ketone fuels. For example, Minwegen, Burke and Heufer, (2017)
measured the ignition delay time behind reflected shock waves of three ketone fuels;
acetone, 2-pentanone and 3-pentanone and compared the results to the available literature
of butanone. It was found that the activation energy required for acetone and 3-pentanone
was about 41 kcal/mol, and decreased to 32 kcal/mol for 2-pentanone and butanone.
However, little is known about the combustion behaviour of cyclic ketone compounds
which are considered in particular as promising lignocellulosic biomass-derived
molecules (Liu, Giri and Farooq, 2019).
The first theoretical kinetic study that investigated the unimolecular decomposition
pathways of a cyclic ketone molecule, cyclohexanone was carried out by Zaras, Dagaut
and Serinyel, (2015). The study identified six possible and different pathways of
cyclohexanone decomposition in the temperature range of 800−2000 K. It was suggested
that the most favourable pathway could be the one that produces 1,3-butadien-2-ol, which
can be easily isomerized to methyl vinyl ketone via a small energy barrier. The
autoignition behaviour of cyclohexanone/O2/Ar mixtures behind reflected shock waves
at three different equivalence ratios of 0.5, 1.0 and 2.0 over a temperature range between
1255 and 1646 K was investigated by He et al., (2018). It was found that the ignition
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delay time of the mixture decreased significantly with the increase of pressure and
temperature, or if the equivalence or dilution ratios were increased.
To study the effect of the presence of the ketone functional group in comparison to other
oxygenated functional groups, such as alcohols and ethers, Zheng et al., (2016)
investigated the impact of these groups on the combustion and emissions of a diesel
engine when attached to six-carbon of chain or ring molecules. It was found that the cyclic
structure within oxygenated fuel molecules had more of an impact on combustion
characteristics, increasing ignition delay and decreasing soot emissions, relative to
straight chains. The study also included a comparison between the molecules,
cyclohexanone and cyclohexanol, to compare in particular the differences between the
two functional groups, ketone and alcohol, of the same base molecule. It was found that
cyclohexanone had a shorter ignition delay than cyclohexanol while operating the engine
at higher EGR rates (%).
In another study, Tian, McCormick, Luecke, et al., (2017) investigated the influence of
the ketone functional group on the resistance to knock compared to fuels which have
other functional groups such as esters and cyclic ethers. It was found that both ketone and
ester functional groups can decrease the overall reaction rate by producing stable
intermediates during the auto-ignition process. In order to provide an experimental
investigation for the reaction kinetics of OH radicals of cyclic ketone molecules, Liu, Giri
and Farooq, (2019) reported for the first time a study of the chemical kinetic behaviour
of cyclopentanone and cyclohexanone in a shock tube under engine relevant conditions.
It was observed that the abstraction of hydrogen by OH radicals at the α- sites of cyclic
ketones is slower than that at β-sites, while the opposite trend was seen for hydrogen
abstraction by HO2, CH3, H, and O radicals.

2.4 Conclusions
The following points can be made to conclude the description of abnormal combustion
in spark-ignition engines, the effects of knock on spark-ignition engines and the methods
utilised to detect and measure knock in spark-ignition engines:
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•

Abnormal combustion in spark-ignition engines can be caused by two
phenomena; surface ignition and knock. Surface ignition is a name given to
undesired ignition of air-fuel mixture caused by a hot spot on the combustion
chamber walls, such as an overheated valve or spark plug, or glowing combustion
chamber deposit. Knock is an auto-ignition of a portion of the unburned air-fuel
mixture of the end-gas, ahead of the advancing flame front, which occurs when
the temperature and pressure exceed the self-ignition conditions.

•

Knock in spark-ignition engines is a major obstacle for further improvements,
limiting the possibility of operating engines at higher thermal efficiency by
extending the operating compression ratio or applying turbocharging and
downsizing strategies which enhance power density and reduce fuel consumption.
This is because, such strategies lead to an increase in pressure and temperature in
the unburned mixture ahead of the flame front, which accelerates the auto-ignition
process in the end-gas, causing knock. Additionally, operating an engine under
knocking conditions causes severe mechanical damage to the engine components
and reduces its life and efficiency.

•

Knock detection can be achieved indirectly through the measurements of engine
vibration, exhaust gas temperature, and heat release to the walls of the engine.
However, the direct method, measurements of in-cylinder pressure, is the most
widely applied knock detection method in research. It provides the real-time
impact of knocking combustion on the pressure history of gases inside the
combustion chamber.

•

The band-pass filter technique is the most widely employed method to detect
knock from in-cylinder pressure measurements. It filters the in-cylinder pressure
signal utilising two cut-off frequencies, low and high, in order to isolate pressure
oscillations caused by knock.

•

Among various knock determination indices calculated from filtered in-cylinder
pressure data to find the knock intensity of knocking cycles, the maximum
amplitude of pressure oscillation (MAPO) is the most commonly used metric to
evaluate knock intensity. In this method, a maximum peak of pressure changes

82

2.4 Conclusions

caused by knocking is found and then compared to an arbitrary pre-determined
threshold. After that, a combustion cycle is considered to be a knocking cycle if
the amplitude of a filtered pressure signal exceeds the pre-determined threshold.
•

The anti-knock quality of liquid fuels for spark-ignition engines is measured by
utilising a standardised equipment, a cooperative fuel research (CFR) engine, and
following two different sets of standardised operating conditions; Research
Octane Number (RON) and Motor Octane Number (MON). Overall, practical
fuels rated during MON tests always have lower octane number values than RON.
The difference between RON and MON, for a given fuel, represents fuel
sensitivity (S).

•

While RON and MON are very established methods for determining the knock
resistance of fuel, it is found that RON can be a more representative determiner
for modern engine combustion characteristics. Alternative knock determiners,
such as octane index and autoignition delay, have been suggested. However, it
would not be easy to implement them as the entire refinery operations are still
calibrated against RON and MON parameters.

Considering the potential production of renewable biofuels suitable for the application of
spark-ignition engines from lignocellulosic biomass, the following conclusions can be
drawn:
•

Lignocellulosic biomass is considered an abundant and sustainable source to
produce high value-added chemicals in the range of spark-ignition fuels and fuel
blending components. However, the complex physical and chemical properties of
the lignocellulosic biomass require intensive and expensive treatment processes
that contribute to the high cost of the production of such chemicals. Therefore,
current research interest focuses on reducing the operation cost and improving the
production efficiency of the entire process by applying flexible production
strategies that could produce various high performance chemical products at
lower processing levels.

•

Due to the different structure and properties of lignocellulosic biomass material,
the upgrading processes to produce high value-added chemicals in the range of
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spark-ignition fuels and fuel blending components are varied. Therefore, a wide
range of final chemical products with significant variation in physicochemical
properties and composition; e.g. the presence of oxygen and the molecular
structure, can be obtained.
With regards to the previous studies that have considered the utilisation of lignocellulosic
biomass-derived molecules as fuels or fuel blending components, the following
conclusions can be made:
•

While some molecules derived from hemicellulosic-biomass, for example;
furfuryl alcohol (FOL), gamma- valerolactone (GVL) and methyl valerate (MV),
have been considered in numerical studies, to date, there have been no systematic
testing of these molecules relative to one another in practical combustion systems
in order to find their knock limit.

•

In the case of lignin-derived molecules, a few studies have shown that guaiacol,
4-ethyl guaiacol, veratrole, anisole and 4-methyl anisole can be utilised in
compression- and spark-ignition engines. Although anisole and 4-methyl anisole
have shown great knock resistance, the utilisation of these lignin-derived species
has been limited to a low volumetric blending ratio into conventional hydrocarbon
fuels (less than or equal to 10%).

2.4.1 Gap analysis
Lignocellulosic biomass-derived molecules are produced at different levels of processing
and operational cost, with a substantial variation in the composition and properties which
significantly affects their utilisation as fuels, or fuel blending components, compared to
conventional hydrocarbon fuels. The literature has indicated that the utilisation of
lignocellulosic biomass-derived molecules as biofuels or blending components can
contribute to operating conventional IC engines at a higher allowable knock limit.
However, most of the research has been conducted by blending such molecules at lower
blending ratios into different grades and type of reference fuels and tested in different
combustion systems. In the case of spark-ignition engines, the blends were mostly tested
at a fixed air-fuel ratio, stoichiometric condition, while varying spark ignition-timing.
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Therefore, practically, little is known about the specific combustion characteristics and
auto-ignition behaviour of such biomass-derived molecules.
2.4.2 Research objectives
This research project aims to significantly expand the existing knowledge about the
utilisation of lignocellulosic biomass-derived molecules as biofuels or fuel blending
components in spark-ignition engine application. The main objectives of this research
were:
•

to provide a systematic study that explores several biomass-derived molecules, of
some have not been explored yet, which can be produced while upgrading
hemicellulosic and lignin primary products to high value-added chemicals.

•

to study the effect of the physicochemical properties and composition of the test
molecules on their autoignition and combustion characteristics, fuel consumption
rates and cooling effects.

•

to investigate the effects of degree of ring saturation and position of a methyl
branch on autoignition and combustion characteristics of unsaturated and
saturated oxygenated cyclic molecules (anisole- and cyclohexanone-derivatives).
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Chapter 3 Experimental setup and methodology
The present chapter describes the experimental setup, the measurement systems and the
experimental methodology that were developed and utilised to carry out the experimental
investigations presented in this thesis. All the engine experiments were conducted in
room B09.1, (Experiment room 3), in the Thermodynamics Laboratory within the
Department of Mechanical Engineering at University College London. The test engine
itself had been installed and used in other research studies. However, at the
commencement of the project, it was realised that the engine test rig hardware and
software required an intensive upgrade to meet the project requirements. A general layout
of the developed experimental systems is shown in the schematic diagram, Figure (3.1),
while a detailed description is presented in the following sections.

Figure 3.1: Schematic diagram of the engine test rig and measurement systems.

3.1 Engine test rig
A Ricardo E6 variable compression engine, (serial number of 98/67), was selected for the
study, due to the ability to vary its compression ratio which makes it suitable for
investigating the effects of fuel properties on the combustion process. The engine was
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highly instrumented and operated in a spark-ignition mode to perform all the
experimental work described. The engine is of a single cylinder, poppet valve, fourstroke, natural aspirated, water-cooled and carburetted type. The engine cylinder is made
of cast-iron with the dimensions of (76.2 mm) and (111.125 mm) for the bore and the
stroke, respectively. The combustion chamber of the engine is cylindrical in shape
whereas the engine piston and head are flat surfaces. The geometry of the combustion
chamber remains cylindrical even though the engine compression ratio is varied. Hence,
the shape of the chamber is not affected while the compression ratio is adjusted. The
engine has two poppet valves; one inlet and one exhaust, which are driven by an overhead
camshaft. The engine geometry specifications and valves timings are summarised in
Table 3.1 while Figures 3.2 (a) and (b) show photographs of the engine test rig front-view
and back-view, respectively.
Table 3.1: Geometry specifications of the Ricardo E6 engine.
Number of cylinders
Single cylinder
Compression ratio

Variable

Cylinder Bore

76.2 mm

Cylinder Stroke

111.13 mm

Swept Volume

506.8 cm3

Number of Valves

1 inlet, 1 exhaust

Inlet Valve timing

IVO: 9 CAD BTDC

Exhaust Valve timing

EVO: 42 CAD BBDC EVC: 8 CAD ATDC

Cooling system

Water-cooled

Aspiration system

Natural

IVC: 35 CAD ABDC

The fuel-air mixture was prepared via the engine carburettor (Solex 35 F.A.1) and then
ignited by a 14 mm spark plug with 0.7mm gap (NGK BPR6HS), which is situated at the
side of the combustion chamber between the valves. The spark energy was provided by
a coil on plug (VW 036905715) connected to an external battery and controlled by the
engine operating software.
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Figure 3.2: Photographs of the engine test rig (a) front view and (b) back view.

As the engine is water-cooled, an external water pump that circulates the coolant water
through a closed circuit between a heat exchanger and the engine block and head was
utilised. A mixture of distilled water and antifreeze coolant was blended to fill the coolant
circuit and the backup tank to the recommended level. The engine lubrication is delivered
by an internal oil pump that is mounted in the front cover of the engine and driven by the
engine crankshaft. Oil (Triple QX 20W-50) was warmed up to the required test
temperature by utilising the internal electrical oil heater of 0.5 kW fitted inside the
crankcase and provided with the test engine. The test engine is coupled to an electric
dynamometer of swinging field direct current type utilised as a motor to start the engine
and then to absorb the generated power during the experimental work.
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3.1.1 Engine compression ratio adjustments

Control
handle

(a)

(b)

Cylinder
height
micrometer
scale

control
handle
(c)

Figure 3.3: (a) A cross-section view of the E6 Ricardo engine which shows the control handle
that varies the engine CR, (b) the engine compression ratio chart (see Appendix A) and (c) a
photograph of the engine control handle with the micrometre scale.

The engine cylinder is fitted with a cast-iron liner. The outside surface of the cylinder
slides in a cast-iron guide while the lower portion of the cylinder is screwed to
accommodate a nut with worm teeth on its outer edge. By rotating a control handle,
Figure (3.4 a), that is connected to the cylinder nut, the relative position of the engine
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head to the crankshaft can be manually increased (anti-clockwise) or decreased
(clockwise). Thus, the engine compression ratio can be varied while the engine is running,
with the cylinder locked by a clamp bolt that closes the cylinder guide and so grips the
cylinder uniformly around the whole outer circumference. As shown in Figure 3.3 (c),
the movement of the engine head is measured by a micrometre scale attached to the
cylinder guide and provides the reading of the movement in the range between 0 and 1
inch, equivalent to a compression ratio of 4.5:1 and 20:1, respectively. The compression
ratio corresponding to a given micrometre reading can be obtained from the compression
ratio chart that supplied with the engine, Figure 3.3 (b). Prior to the start of experiments,
the engine compression ratio was checked and calibrated following the manufacturer’s
instructions, with a gauge of thickness (0.375 in) inserted in the gap between the bottom
face of the cylinder flange and the top face of the column. At that position, when the
cylinder is lowered until the gauge is nipped, the micrometre scale should read (0.845 in),
which corresponds to a compression ratio of 12.40:1.

3.2 Instrumentation and measurements
Several measuring transducers and sensors were installed for acquisition pressure and
temperature readings during tests and to allow for further thermodynamic analyses during
and after the test period. In addition, flow rate measuring systems for air and fuel were
designed and constructed for precise control of air and fuel ratio during experiments. A
more detailed description of these systems is provided in the following sections.
3.2.1 Pressure
Pressure measurements of air were taken at four different points, using Druck and RS
PRO piezo-resistive pressure transducers. The first measurement was placed after the air
filter, (Section 3.2.4), to provide ambient room pressure, while the second and the third
measurements were to record air pressure in the intake manifold prior to the gas meters
(Section 3.2.4), and after the carburettor, just before entry to the engine cylinder,
respectively. The last pressure transducer was installed at the exhaust manifold
approximately 250 mm downstream of the exhaust valve.
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Measurements of in-cylinder pressure were taken by a water-cooled piezo-electric
pressure transducer (Kistler 6041B) used in conjunction with a Kistler 5007 charge
amplifier and referenced to the intake manifold pressure; recorded by the third pressure
transducer as mentioned above and shown in Figure 3.6, at a time when the piston at
engine BDC and the inlet valve was open. Electrically insulated wires were used in the
connections between the transducer, the amplifier, and the data acquisition system to
ensure that the measurement signals were not affected by any possible background
electrical noise.
3.2.2 Temperature

Figure 3.4: Thermocouple amplifiers utilised for temperature measurements.

Temperature measurements were made by K-type thermocouples placed at different
positions for air temperature of the room, air temperature at the entry of the intake
manifold, the heated air temperature at the exit of the air heater and before the carburettor,
and the temperature of exhaust gases of the engine, in addition to coolant temperature on
entry and exit from the engine. Oil temperature measurements were taken at a middle
point of the oil supply line, between the exit of the oil sump and before oil supply to the
engine block. Finally, a thermocouple was fitted after the carburettor for monitoring the
temperature of the air-fuel mixture just before delivery to the engine. Thermocouple
amplifiers of type Adafruit MAX31855 were boxed, as shown in Figure 3.4, with shielded
thermocouple wire and BNC cables used between the thermocouple sensors and the data
acquisition system in order to provide high-quality measurements of temperature.
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According to the test set operating conditions, the air temperature before the carburettor,
and the coolant and oil inlet temperatures, required precise control so as to minimise the
effect of temperature variations on test results. Originally, the test engine was delivered
with three sperate heating elements for air, coolant and oil; 1 kW, 3 kW and 0.5kW,
respectively. However, all heaters were equipped with simple On/Off control systems,
and only the oil heater was found to maintain the required test temperature can be
achieved without any further modification. The air heater was capable of increasing the
intake air temperature by 80 ⁰C above the room temperature when the engine was
operated fully open throttle at a speed of 2500 rpm, while the coolant temperature was
originally controlled using a heat exchanger, flow through which was controlled by a wax
valve. Both original systems required continuous adjustment and was to be difficult to
control during experiments, with significant variability and impact on test results.
Therefore, a substantial modification to the temperature control system was undertaken.
Two systems using proportional–integral–derivative (PID) temperature controllers, type
RKC RF100, were assembled and utilised to maintain the intake air and coolant
temperatures at any required level. Each boxed temperature control system used one PID
temperature controller, three electrical sockets, one thermocouple socket and a solid-state
AC to DC relay. If the temperature read by the PID controller via the connected
thermocouple sensor is below the set value, the PID controller triggers the relay to pass
the current to the heater until the required temperature is achieved.

Figure 3.5: A photograph of the boxed PID system used for the intake air temperature control.
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(a)

(b)

K-type
thermocouple

The
carburettor
Intake manifold
pressure transducer
(c)

Figure 3.6: (a) and (b) K-type thermocouple for intake air measurements and control at the entry
of the engine carburettor, and (c) the PID controller boxes used in this project for temperature
control.

Figure 3.5 shows a photograph of the PID box for the intake air temperature that was
made with an extra safety feature in order to avoid air overheating inside the air heater if
the test engine stopped rotating. In this system, the top relay only allowed power to the
PID circuit when the engine speed exceeded 500 rpm via a TTL signal sent from the
engine operating software (the developed LabVIEW code). In Figure 3.6, the K-type
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thermocouple that was installed to measure and control the intake air temperature using
the PID controller, and the other set of PID boxes, are shown.
3.2.3 Humidity
The relative humidity of the ambient air was measured using a capacitive humidity sensor
type HPP805A031, shown in Figure 3.7. The sensor provides reliable measurements of
accuracy of ±5% RH within the temperature operating range of -40 ⁰C and 60 ⁰C. The
sensor produces a linear voltage output that is read by the data acquisition system (Section
3.4) and then processed to show the room humidity.
3.2.4 Air flow rate

Figure 3.7: Schematic diagram of air flow rate measurements system.

The air flow rate measurement system, as shown in schematic form Figure 3.7, was
designed and constructed in house. It consists of a high-performance air filter, intake air
manifold, two volumetric diaphragm gas meters, flow control valves, temperature and
pressure measuring sensors. The intake air pathway commences with the air filter,
through which fresh air is inducted, and then delivered by an airtight intake manifold
consisting of silicon hoses and aluminium joints to the gas meters, in which volumetric
flow measurements take place. The intake air then passes through an electric air heater,
where it is heated to a precisely controlled temperature in accordance with the required
operating conditions, before finally reaching the carburettor.
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In order to determine the air mass flow rate, each gas meter was equipped with a pulse
transmitter (reed switch), from which a low voltage pulse was sent when a specific
volume of air passes through the meter. An external digital input interface circuit board
was made to transfer this signal from gas meter to the data acquisition system, so that the
time of each pulse can be logged. A LabVIEW code was developed to calculate the time
interval between two consecutive transmitted pulses so that the volumetric air flow rate
was obtained. A dynamic average of five consecutive volumetric air flow rate readings
was obtained. By applying the ideal gas law, Equation 3.1, the volumetric flow rate was
then converted to a mass basis, using pressure and temperature readings obtained by
sensors that were installed in the flow path upstream of the gas meters. A photograph of
the air flow rate measurements system is shown in Figure 3.8.
𝑃𝑉 = 𝑚𝑅𝑇
where

Equation 3.1

P: Pressure measurement (Pa),
V: Volumetric flow rate measurement (m3),
T: Temperature readings by temperature sensor (K),
R: The molar mass of air (287.058 J/kg. K),
m: Mass of air (kg).

Intake air pressure
and temperature
measurements

Humidity
sensor

Gas meter 2
Gas meter 1
Figure 3.8: A photograph of the air flow rate measurements system.
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3.2.5 Fuel Flow rate

Gasoline
tank

Biofuels
tank
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tank

Fuel
pressure
transducer

(a)

Solenoid
valve
to
engine

Fuel
filter

(b)

Figure 3.9: (a) A photograph of the fuel system, and (b) a schematic diagram of the system.

The engine fuel system, as shown in Figure 3.9, was composed of three fuel tanks,
delivery pipes, flow control valves, a fuel filter, solenoid valves, a measuring tube, a
pressure transducer and a drainage point. Three fuel tanks were installed to contain the
experimental fuels; the first tank was used mainly for gasoline reference fuel, while the
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second and the third tanks were used for Primary Reference Fuels (PRFs) and biofuel test
blends, respectively.
Fuel was delivered from the tanks via 10 mm stainless steel pipe, with tube compression
fittings, connectors, adapters, elbows, and union and cross tees supplied by Swagelok. In
addition, five ½ inch stainless steel two-way ball valves (RS Components Ltd) were used
to control and switch flows between test fuels during the experimental work. A stainlesssteel Parker fuel filter model (M8A-F6L-100-SS) of 100-micron rating was installed
inline at the bottom of the fuel tanks and was regularly cleaned before conducting a new
test. Two Burkert-Brand solenoid valves were fitted in the system. The first valve was
installed after the fuel filter, and before the measuring tube, so as to isolate fuel contained
in the measuring tube from fuel in the storage tanks. The second was installed before the
engine carburettor and connected to the safety and emergency button that stops delivery
of fuel to the engine in emergency circumstances. The stainless steel measuring tube had
an inner diameter and height of 16.05 mm and 1000 mm, respectively.
Fuel flow rate measurements were taken by a bespoke pressure transducer (OMEGA
MMG001V5H3MC6T1A2CE) designed to match the experimental measurement
requirements. It was a micro-machined piezoresistive pressure transducer with high
linearity up to ±0.03% and fast response time, (1 ms), customised to measure in a range
between 0 and 70 mbar. The measurements were conducted as follows; initially, the
vertical measuring tube was refilled by the test fuel utilising the first solenoid valve,
which was controlled On/Off by the developed LabVIEW code (Section 3.4). Then,
during combustion tests, the fuel contained in the measuring tube was consumed by the
engine so that the height of the fuel level in the tube decreased and, therefore, the fuel
mass and measured pressure at the base of the tube decreased correspondingly. A timed
for loop code, within the developed LabVIEW operating software, (Section 3.4), was
written so as to calculate the changes in the fuel pressure with time, of a dynamic average
of ten consecutive readings, and convert this to a mass rate (g/sec) using Equation 3.2.

𝛥𝑚° =

𝛥𝑝⋅𝜋 ⅆ 2
4𝑔
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where

∆P = the changing rate in pressure (Pa),
d= the inner diameter of the stainless-steel tube (m2),
g= the gravity constant (m/s2),
m = the change rate in fuel mass (g)

After installation of the fuel pressure transducer and development of the LabVIEW code
(Section 3.4), the measurements of the fuel mass flow rate determined by the pressure
transducer were validated against a weight measurement made by a mass balance over a
different range of time durations. The measuring tube was refilled by gasoline fuel and
then drained to an empty glass bottle. The difference in weight of the glass bottle with
and without the fuel was calculated and then divided by the duration of the tests so that
the mass flow rate was obtained. Figure 3.10 shows the relationship between the two
measurements; it can be seen that the pressure transducer provided an accurate fuel flow
measurement, with R2 value of 0.9991 found.

Figure 3.10: A validation of the fuel flow rate measurements showing fuel mass flow rate
determined by both the installed pressure transducer and mass balance.
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3.2.6 Lambda measurement and control
(a)

(b)

Fuel
needle
valve

Figure 3.11: (a) The fuel needle valve, and (b) exhaust λ control unit (ECM AFRecorder 1200).

An O2/lambda sensor (ECM AFRecorder 1200), fitted in an M18 hole approximately 120
mm downstream of the engine exhaust valve, was employed to determine the fuel-air
ratio of the in-cylinder mixture. The O2 sensor was first calibrated by loading the five
calibration numbers provided by the manufacturer, and was further calibrated using the
Hydrogen-to-Carbon (H/C) and Oxygen-to-Carbon (O/C) mass ratios of the fuel. As the
engine was operated at wide-open throttle, the stoichiometry of the fuel-air mixture was
varied and controlled during experiments using the engine carburettor needle valve,
Figure 3.11.

3.3 Knock detection technique
In this work, knocking combustion cycles were detected based on the direct method using
measurements of in-cylinder pressure. As shown in previous studies (Section 2.2.1), it
can provide a clear indication of knock intensity and time of occurrence. A band-pass
filter technique was employed to filter in-cylinder pressure signals according to the filter
settings summarised in Table 3.2. In general, spark-ignition engines have typical values
of in-cylinder pressure oscillations due to knocking combusting in the frequency range
between 5 and 7 kHz while some studies extended the upper limit to 20 kHz, with
frequencies decreasing with an increase in cylinder bore diameter and decrease in in-
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cylinder temperature (Lasocki, 2016). However, a general estimation of the natural knock
frequency of a given engine based on its bore diameter can be found from Draper’s
formula (He et al., 2015), and was found to be 7.62 kHz for the test engine utilised in this
work. Therefore, the frequency range for the bandpass filter was set from 3.6 to 18 kHz
to cover the estimated values specific to the experimental approach and also the range
utilised in previous studies (Lasocki, 2016).
In order to distinguish between knocking and non-knocking cycles, the in-cylinder
pressure signal was filtered by a bandpass filter. The knock index MAPO, as described
in (Section 2.2.1), was then obtained and compared to a pre-determined threshold of (0.5
bar), a value used in a previous study by Kalghatgi (2018b). Therefore, the examined
cycle is considered to be a knocking cycle if it crossed the threshold line at least twice
within the filter window (10 CAD BTDC to 90 CAD ATDC). This was to ensure the
detected pressure oscillations are caused by knocking combustion rather than electrical
noise from the spark signal or background environment or cycle to cycle variations of the
test engine. The analysis was applied for 50 consecutive combustion cycles. The
percentage ratio between knocking cycles to the total number of measured cycles was
calculated to find a term referred to by knock frequency factor (KFRQ), see Section
(4.1.3), which was used as a threshold in order to find the critical compression ratio of
each test fuel.
Table 3.2: A summary of the bandpass filter settings for knock detection.
Filter type
Band-pass
Detection window
10 CAD BTDC – 90 CAD ATDC
Low Cut off frequency (Hz)
3600
High Cut off frequency (Hz)
18000
Sampling frequency (Hz)
36000
Threshold for knocking cycle detection (bar) 0.5
0.50

3.4 Data acquisition systems
In this work, all signals from the measuring instruments were acquired as analogue inputs
by two separate PCs equipped by National Instruments multifunction I/O data acquisition
cards with a high-speed sampling rate of 1.25 MS/s; NI PCIe-6353 and NI PCIe-6351,
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respectively. The first PC was utilised to log the experimental data on a time basis (per
second) such as temperature measurements, fuel and air flow rates, humidity and AFR
ratio. The second PC was allocated for pressure measurements; in-cylinder and manifold
pressures with respect to engine crank angle at a resolution of 0.1 CAD. However, for
those experiments presented in Chapter 7 and PRF85, in Chapter 6, an encoder of 0.4
CAD resolution was used before the replacement by the 0.1 CAD shaft encoder for the
rest of the experimental work.
The LabVIEW operating software was already installed on the PC units prior to the start
of this work. However, following the significant upgrade to the test rig’s hardware by the
author, an equivalent development to the operating software was essential, in particular
the improvement of the codes; for temperature and pressure measurements, detection of
knock and the addition of air and fuel flow rates measurements, the room humidity, the
stoichiometry of combustion, communication with Bronkhorst mass flow controllers, the
PID boxes and solenoid valves, and also the calculation of fuel parameters such as H/C
and O/C ratios required to set up the Lambda measurement and control unit. Therefore,
the measurements of experimental data, throughout this work, were logged based on
updated versions of the data acquisition and control software written in the LabVIEW
software environment. Figure 3.12 to 3.16 below show screenshots of the operating
LabVIEW software for different applications.
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coolant temperatures
Oil temperature
Temperature after carburettor

Figure 3.12: Temperature measurements at steady-state conditions during a motoring test.

Figure 3.12 shows the measurements of temperatures at steady-state operating conditions
during motoring of the engine. It can be seen all temperatures were stable over the
duration of the test. However, during combustion tests, the coolant temperatures (the blue
lines) are affected by the heat generated by combustion, while a reduction in the
temperature measured after the carburettor (the dark green line) caused by the fuel
evaporation can be observed in Figure 3.13.
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Variations in coolant temperatures

Temperature after carburettor

Figure 3.13: Temperature measurements during a combustion test.

Air flow rate

Fuel flow rate
Figure 3.14: Measurements of Air and Fuel flow rates during a combustion test.

Typical air and fuel flow rate measurements are shown in Figure 3.14. Apparent,
especially for the fuel flow rate measurements, is the response of the measuring
instrument while changing the position of the fuel needle valve from lean to rich flow
rate.
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In-cylinder
pressure

Intake and exhaust
Manifold pressures

Figure 3.15: Measurements of in-cylinder pressure and manifold pressures.

KFRQ

in-cylinder
pressure

Knock threshold
Bandpass filtered incylinder pressure

Figure 3.16: Knock detection window during non-knocking combustion test.
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KFRQ

Figure 3.17: Knock detection window during knocking combustion test with KFRQ of 20%.

Figure 3.15 shows the in-cylinder and manifold pressure measurements during a
combustion test with Gasoline 91.3 RON fuel. Further details such as engine IMEP
calculated from in-cylinder pressure measurements can be seen. The window of the knock
detection and analysis is shown in Figure 3.16. The left-hand plot within the window was
used to observe the live filtered in-cylinder pressure signals by the bandpass filtration
method. For the condition shown in Figure 3.16, the engine was running smoothly on
non-knocking conditions, and as can be seen the KFRQ equals to 0 while, in Figure 3.17,
when the engine went through knocking combustion operation, a value of 20% KFRQ
can be observed.

3.5 Experimental methodology
The experimental methodology is divided into three main tasks. The first task was to
prepare the test fuel as a single fuel, or as a blend of different components, and required
a careful handle and accurate measurements in order to avoid chemical hazards and
blending errors. Therefore, this task was always undertaken the day before conducting
the experimental work. The second and third tasks were performed on the test day so as
to prepare the engine test rig for the experimental work and then collect the experimental
data for the test fuel.
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3.5.1 Preparation of test fuels

Figure 3.18: Samples of two molecules Acetic acid and Hydroxyacetone prepared as blends in
Gasoline G91.3 fuel at two concentrations 20 and 50 %(V/V).

In this work, 29 different blends of primary reference fuels (PRFs) iso-octane and
n-heptane, gasoline and ethanol, and biomass-derived fuel molecules blended in gasoline
were utilised for the experimental investigations. In the beginning, a small volume (10
ml) of each test blend at the required volumetric concentration was prepared in advance
so as to check the solubility and stability of the blend. As shown in Figure 3.18, by way
of an example of this process, two molecules Acetic acid (C2H4O2) and Hydroxyacetone
(C3H6O2) were used to prepare blends of 20 and 50 %(V/V) of each in gasoline G91.3
fuel. It can be seen the first molecule (Acetic acid) was miscible with hydrocarbons at the
two concentrations, while the second molecule (Hydroxyacetone) was not miscible at
even the lower concentration of 20%. Hydroxyacetone was among other two molecules,
(Propylene glycol and Acetoin), that were selected for experimental investigations, but
not eventually tested in the engine as it was found that they do not dissolve in
hydrocarbons.
The required test blend quantity, usually 1 litre, with the necessary concentrations of the
blend components was then prepared on the day before the test day and stored in a lab
graduated round glass bottle made of heavy-duty borosilicate glass in a cool and dark
place. Glass graduated cylinders designed for laboratory works with wide rim and a
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tapered pour spout for easy filling and pouring were utilised in measuring and preparing
the test blends at the departmental engine fuel supply room, room (G.05), which had
proper ventilation and adequate space. Figures 3.19 shows, for example, a photo of the
graduated glass bottle used in fuel preparation.

Figure 3.19: A photo shows 1-litre blend of Anisole (C7H8O) in Gasoline 91.3 fuel at a
concentration of 20 %(V/V) filled in a graduated bottle and ready for the experiment.

In order to calculate the test blend parameters such as H/C and O/C, as shown in (section
4.3), calculations of the density of each test blend components were taken. These were
made by calculating the difference between the weight of an empty glass vail and when
filled with a specific volume of the test blend component determined by a pipette. The
measurements were repeated three times at the room temperature utilised on the day of
preparation, and the average value taken. The method showed comparable results with
the data provided by chemical suppliers at similar conditions.
3.5.2 Motoring test
On the test day, several steps need to be carefully completed prior to conducting the
experiment. Initially, the engine oil heater was turned on to warm up the engine oil, and
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would take about two hours to reach the test requirement temperature (55 °C). During
this time, the gas meters for air flow rate measurements were calibrated, in addition to
cleaning all fuel tanks and delivery system from the previous test fuel. The coolant heater
was then turned on, taking a shorter time than the oil system to reach the required
temperature (70 °C), usually in 20 minutes with a gradual increase in the heater set
temperature. The test engine was then motored at engine speed of 600 rpm and fully open
throttle, while keeping the engine compression ratio (CR) fixed at 7.82. Enough time was
given for this step, approximately an hour, so that the engine could reach a steady-state
operating condition with stabilised measurements, as shown in Figure 3.12. At this
condition, measurements from all instruments were logged and examined to validate the
engine status, mainly the in-cylinder conditions, see (Section 5.2). Finally, the engine
compression ratio CR was lowered to 6.91 in order to introduce the fuel to the engine and
start the combustion test. This particular value of the engine CR was chosen to avoid
initial knocking combustion of a test fuel, as it was anticipated that a wide range of the
test fuels would require engine CR higher than 6.91 to knock.
Table 3.3 summaries the operating conditions utilised in this work. In general, all
experimental work was conducted at similar conditions as those set by the International
Standard Test Method for Research Octane Number (RON) of Spark-Ignition Engine
Fuel (ASTM, 2019), excluding the coolant temperature, as it was recommended by the
engine manufacturer to use 70 ⁰C as the most suitable condition for engine operation.
Table 3.3: Test operating conditions.
Operating condition
Value
Inlet pressure

Atmospheric

Inlet air temperature

Based on the atmospheric pressure of the test day

Coolant in temperature

70 ⁰C ± 1.5

Oil Temperature

55 ⁰C ± 2

Engine speed and Load

600 rpm and Wide open throttle

Spark timing

13 CAD BTDC

Fuel/Air ratio

Varied between 1.00 and 0.82

Compression ratio

Variable
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3.5.3 Combustion test
According to Table 3.3, the engine was always operated at wide open throttle, and fixed
engine speed and ignition timing of 600 rpm and 13 CAD BTDC, respectively. The
combustion test always started at engine an CR of 6.91, with the updated settings of
Lambda control unit corresponding to the values of the test fuel, the test fuel was
introduced to the engine by opening the fuel needle valve gradually, Figure 3.11. The
amount of fuel was adjusted manually until the Lambda control unit read 1.00, indicating
a stoichiometric air-fuel ratio. The engine was then left running at these conditions for
about 15 minutes before logging data so that all live-collected measurements reflect the
performance of the test fuel, and not residual of previously tested fuels. After that, the
engine CR was increased gradually in order to find the CR operating limit, at λ=1, that
resulted in engine knocking at 10% KFRQ. Next, lambda sweeps in the range from 0.98
to 0.84 with an increment of 0.025 were examined and the operating limit of the engine
CR at each point was determined at a higher KFRQ of 30%. The different values of
KFRQs at λ=1 and richer degrees of the mixture, 10% and 30% respectively, were
selected as it was anticipated that a higher engine CR would be required to instigate knock
at stoichiometric conditions (and as was observed and shown subsequently in the result
chapters).
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Chapter 4 Analytical methods
The present chapter describes the analysis and calculations applied in order to identify
several combustion characteristics based on in-cylinder pressure data and different
temperature measurements. In addition, methods for the calculation of tested fuels
parameters, such as atomic hydrogen to carbon and oxygen to carbon ratios and the
stoichiometric amount of air required for a complete combustion, are also described.

4.1 Analysis of in-cylinder pressure data
In-cylinder pressure measurements, as described previously in section 3.2.1, were logged
as discrete values at increments of CAD equivalent to the resolution of the utilised shaft
encoder over the entire duration of the four-stroke combustion cycles (720 CAD). As
described in Section 3.3, each test log contained raw data for 50 consecutive combustion
cycles. Initially, in-cylinder pressure data due to knocking combustion cycles was
separated from the total raw data so as to be post-processed individually for further
detailed analysis; e.g. knock behaviour of the tested fuels while the rest of the data treated
as non-knocking combustion cycles and then averaged for non-knocking analyses.
Thereafter, several combustion, such as: engine indicated mean effective pressure
(IMEP), maximum pressure rises rate (MPRR) and its time (tMPRR), frequency and
intensity of knock, apparent net heat release rate (ANHRR), Cumulative heat release rate
(CHRR) and indicated thermal efficiency (ηith), were found and assessed as follows:
4.1.1 Indicated mean effective pressure (IMEP)
The indicated mean effective pressure (IMEP), as calculated from Equation 4.1, is a
measure of the indicated work output per unit swept volume (Richard Stone, 2012). It
can be found by knowing the engine indicator diagram (p-V diagram), as shown in Figure
4.1, which is derived from the measurement of in-cylinder pressure variation
corresponding to the change in cylinder volume due to the movement of the piston. The
enclosed area on the diagram represents the indicated work done by the gas on the piston
while the swept volume is calculated from the engine geometry based on Equation 4.2;
(506.8 cm3 is the swept volume of the test engine).
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Figure 4.1: p-V indicator diagram for four stoke spark-ignition engine (Richard Stone, 2012).
𝑁

𝐼𝑀𝐸𝑃 (𝑚2) =

𝐼𝑛ⅆ𝑖𝑐𝑎𝑡𝑒ⅆ 𝑤𝑜𝑟𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 (𝑁 𝑚) 𝑝𝑒𝑟 𝑐𝑦𝑙𝑖𝑛ⅆ𝑒𝑟 𝑝𝑒𝑟 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑐𝑦𝑐𝑙𝑒
𝑠𝑤𝑒𝑝𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑐𝑦𝑙𝑖𝑛ⅆ𝑒𝑟 (𝑚3 )

Equation 4.1

The IMEP can be then converted to a bar by multiplying it by 10−5

𝑆𝑤𝑒𝑝𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3 ) =

𝜋
4

(𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝐵𝑜𝑟𝑒)2 (𝑆𝑡𝑟𝑜𝑘𝑒)

Equation 4.2

In order to calculate the enclosed area of the indicator diagram, the instantaneous incylinder volume at any engine crank angle (CAD) must be known. It can be calculated
according to:
𝑉(𝑚3 ) = 𝑉𝑐 + 𝐴 [𝑟(1 − 𝑐𝑜𝑠𝜃) + {𝑙 − √(𝑙 2 − 𝑟 2 𝑠𝑖𝑛2 𝜃)}]

Equation 4.3

Equation 4.3 provides the total cylinder volume where Vc (𝑚3 ) is the clearance volume
at TDC, A is the piston area (𝑚2 ), θ is the crank angle measured from TDC, l (𝑚) is the
connecting-rod length and r (𝑚) is the crank throw (stroke/2) (Richard Stone, 2012).
However, the difference between the cylinder total volume and the clearance volume, the
swept volume, is only required for IMEP calculation. Throughout the work, the net IMEP,
which is the positive indicated work of the compression and expansion strokes only after
subtracting the negative work occurring during the induction and exhaust strokes, is
calculated for all the test fuels.
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4.1.2 Maximum pressure rises rate (MPRR) and its time of occurrence (tMPRR)
For the averaged non-knocking combustion cycles or individual knocking combustion
cycles, the maximum pressure rises rate (MPRR) was found from the first derivative of
ⅆ𝑝

raw in-cylinder pressure data with respect to the engine crank angles (ⅆ𝜃), Equation 4.4,
whereas the time of MPRR, as illustrated in Equation 4.5, is the engine crank angle degree
(CAD) that MPRR occurs at.
ⅆ𝑝

𝑀𝑃𝑅𝑅(𝑏𝑎𝑟) = max ( )

Equation 4.4

ⅆ𝜃

ⅆ𝑝

𝑡𝑀𝑃𝑅𝑅(𝐶𝐴𝐷) = t (max (ⅆ𝜃) )

Equation 4.5

4.1.3 Analysis of knocking combustion cycles
For a given test, the frequency of knock is obtained by dividing the number of the
knocking combustion cycles by the total number of the logged cycles (50 cycles).

KFRQ (%) =

number of Knocking cycles
total number of measured cycles

𝑥 100

Equation 4.6

Figure 4.2: In-cylinder pressure for a typical knocking test of Gasoline 91.3 tested at
stoichiometric λ, and engine CR and speed of 7.38 and 600 rpm, respectively.
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The severity of knock varies from cycle to cycle. Figure 4.2 shows an example of a
knocking test conducted during the experimental work. The test fuel was a reference
gasoline fuel with RON of 91.3. The engine was operated at the steady-state conditions
of 600 rpm, WOT and stoichiometric air-fuel ratio. Then, the engine compression ratio
was increased gradually from 6.91 to find the knock limit of the fuel. As can be seen in
Figure 4.2, the engine started to knock as the engine CR increased to 7.38. According to
the knock determination methodology (Section 3.3), the target value, at λ=1, is to
determine the engine CR that provides maximum a 10% knocking frequency (KFRQ). It
can be seen in Figure 4.2, there are four knocking cycles, which gives a KFRQ of 8%.
First, all non-knocking cycles were isolated, grouped, averaged and plotted in blue colour
while the four knocking cycles were plotted individually and examined for knock
evaluation. The knocking cycles show a different knocking behaviour of pressure
oscillations, peaks and time of occurrence relative to one another. Therefore, to find a
representative knocking cycle for the test fuel that could be used to describe a fuel’s
knocking parameters such as the amplitude of in-cylinder pressure at knock-point and
knock-point timing, the median cycle of the knocking cycles was selected as follows:
1- Each test operating condition of engine CR and exhaust lambda λ, (at this
example, they are equal to 7.38 and 1, respectively), has several knockingcombustion cycles, as shown in Figure 4.2. Firstly, the bandpass filtered incylinder pressure data, for each knocking cycle, was acquired, as it is shown in
Figure 4.3.
2- Then, the knock point; the value of the bandpass filtered in-cylinder pressure data
that first crossed the knock threshold line and its engine crank angle was found
and stored, see Table 4.1.
3- After that, the median value of all obtained knock points, of all knocking cycles,
was found and stored as the representative knocking values for the test fuel at that
test operating condition of engine CR and exhaust lambda. The representative
knocking values of in-cylinder pressure and engine crank angle were called the
amplitude of bandpass filtered in-cylinder pressure at first knock-point and time
of first knock-point, respectively.
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Note: in the case that the total number of knocking cycles is even, the selected
representative cycle is the cycle that has the knock point, calculated in step (2),
immediately after the median, see Table 4.1.

Figure 4.3: Bandpass filtered in-cylinder pressure data of Gasoline 91.3 tested at stoichiometric
λ, and engine CR and speed of 7.38 and 600 rpm, respectively.
Table 4.1: A summary of knocking combustion cycles analysis of Gasoline 91.3 tested at
stoichiometric λ, and engine CR and speed of 7.38 and 600 rpm, respectively.

Knocking combustion
cycles number

#7

#19

#41

#48

Median

Selected
cycle

Amplitude of in-cylinder
pressure at first knockpoint (bar)

0.545

0.556

0.524

0.56

0.551

0.556

Time of first knock-point
(CAD)

385.5

386.2

385.5

383.7

385.5

386.2

4.1.4 Apparent net heat release rate (ANHRR)
The calculation of heat release analysis provides an indication of how much heat it is
necessary to add to the in-cylinder contents in order to produce the observed pressure
variations during combustion (Richard Stone, 2012). It can be found from further analysis
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of in-cylinder pressure data based on the first law of thermodynamics, assuming that the
combustion chamber of the engine is a single zone that forms a control volume where
there is no mass transfer across the system boundary, while the products and reactants are
fully mixed at a uniform instantaneous temperature. According to Richard Stone (2012),
the heat released by combustion (𝛿𝑄ℎ𝑟 ) is given by:
𝛿𝑄ℎ𝑟 = 𝑑𝑈 + 𝛿𝑊 + 𝛿𝑄ℎ𝑡

Equation 4.7

where 𝛿𝑄ℎ𝑡 = the heat transfer with the chamber walls. With the assumptions of,
no differences in the properties of the reactants and products, and that there is a uniform
temperature, the terms of the above equation can be evaluated as follows:
𝑑𝑈 = 𝑚𝐶𝑣 𝑑𝑇

Equation 4.8

Utilising the equation of state (𝑝𝑉 = 𝑚𝑅𝑇)
1

𝑚𝑑𝑇 = 𝑅 (𝑝𝑑𝑉 + 𝑉𝑑𝑝)

Equation 4.9

by substituting Equation (4.9) into Equation (4.8), it becomes
𝑑𝑈 =

𝐶𝑣
𝑅

(𝑝𝑑𝑉 + 𝑉𝑑𝑝)

Equation 4.10

Considering 𝛿𝑊 = 𝑝𝑑𝑉; which is the work done by the piston during the cycle
on an incremental angle basis, Equation (4.7) as a variation with crank angle can be
written as:
ⅆ𝑄ℎ𝑟
ⅆ𝜃

=

𝐶𝑣
𝑅

ⅆ𝑉

ⅆ𝑝

ⅆ𝑉

(𝑝 ⅆ𝜃 + 𝑉 ⅆ𝜃) + 𝑝 ⅆ𝜃 +

ⅆ𝑄ℎ𝑡
ⅆ𝜃

Equation 4.11

Noting that 𝐶𝑣 and 𝑅 are functions of temperature. By assuming the gas behaviour
𝐶𝑝

is ideal, thus (𝐶 = 𝛾) and (𝑅 = 𝐶𝑝 − 𝐶𝑣 ) can be taken. Therefore, Equation (4.11) can
𝑣

be written as:
ⅆ𝑄ℎ𝑟
ⅆ𝜃
ⅆ𝑄𝑛
ⅆ𝜃

−

ⅆ𝑄ℎ𝑡

𝛾

ⅆ𝑉

1

ⅆ𝑝

ⅆ𝜃

= 𝛾−1 𝑝 ⅆ𝜃 + 𝛾−1 𝑉 ⅆ𝜃

𝛾

ⅆ𝑉

1

ⅆ𝑝

= 𝛾−1 𝑝 ⅆ𝜃 + 𝛾−1 𝑉 ⅆ𝜃
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where

ⅆ𝑄𝑛
ⅆ𝜃

is the net heat release (J/CAD),

ⅆ𝑝
ⅆ𝜃

and

ⅆ𝑉
ⅆ𝜃

are the difference of in-

cylinder pressure (p) and cylinder volume (V), respectively, between the current and
preceding increment of the crank angle at which net heat release is calculated.
Calculations of the ratio of the specific heats 𝛾 in Equation 4.12 can be obtained from
several methods, depending on the required degree of accurate determination. Gatowski
et al. (1984) proposed a formula in order to calculate the value of 𝛾 as a function of the
in-cylinder temperature. In that work, the simplicity of the calculations was maintained
by describing the in-cylinder contents as a single zone and considering that the unburned
mixture decreases almost linearly with increasing temperature, while the burned mixture
behaves similarly at the appropriate pressure. However, it was found it is not a sufficiently
accurate assumption (Chun and Heywood, 1987). The authors found that a more
advanced thermodynamic analysis model that deals with in-cylinder contents as two
zones for the unburned and burned gas mixtures, respectively, are needed for more
accurate assumptions of 𝛾 values. However, this leads to a more complex calculation and
requires additional geometric assumptions concerning the flame location in comparison
to the single-zone model. They concluded that 𝛾 values can be assumed constant during
combustion, while treating it as a function of temperature during the compression and
post-combustion expansion processes. With such approximation and appropriate values
of 𝛾, the single zone model still can be used.
Further work associated with the determination of accurate assumptions of 𝛾 were
provided by (Egnell, 1998; Brunt et al., 1998), in which other formulas of calculating 𝛾
as a function of in-cylinder temperature and mixture strength were developed. Egnell
pointed out the need for an accurate finding of 𝛾 at a temperature above 800 K, as this
temperature usually occurs at the end of the compression stroke. He thought that concerns
related to using the average cylinder temperature in 𝛾 calculations arise when the average
temperature increases during the combustion process reach about half of the maximum
value observed during combustion. After examining different finding methods, it was
concluded that a constant value of 𝛾, corresponding to the conditions of in-cylinder
temperatures and gas composition, would suffice if were carefully selected. In the study

116

4.1 Analysis of in-cylinder pressure data

of Brunt et al. (1998), it was found that the error in heat release calculations caused by
using incorrect values of 𝛾 does not exceed ±2%. More recent studies conducted by
Ebrahimi (2011) and Szwaja (2011), compared the assumption of different constant
values of 𝛾 such as (1.35, 1.30 and 1.25) to other complicated model outputs. The
conclusions emphasised that inaccurate values of 𝛾 do not change the shape of the HRR
profile. However, it affects the magnitude, assuming higher values of 𝛾 decreases the
HRR values while lower values increase them.
In this work, based on the outcomes of the previously presented review and following
suggestions from the literature (Heywood, 2018; Huang et al., 2007; Hellier, 2013;
Vuilleumier et al., 2018) the values of the ratio of specific heats 𝛾, used in Equation 4.12,
were assumed constant and equals to 1.35 and 1.28 during the compression and expansion
strokes, respectively.
4.1.5 Cumulative heat release rate (CHRR)
In order to express different stages of the test engine combustion process as a function of
crank angle, the cumulative heat release rate profile was used. It can be obtained by
integrating the net heat release rate data (NHRR), obtained in Equation 4.12, over the
duration of the combustion process starting from 𝜃𝑜 , which is the crank angle when the
spark energy is released (347 CAD) to 𝜃𝑛 , which is the crank angle when the energy
released due to combustion is ended. 𝜃𝑛 varies depending on the fuel and the test
operating conditions of engine CR and mixture strength λ and usually taken as the crank
angle when 90% energy-release fraction occurs.
𝜃

𝐶𝐻𝑅𝑅 = ∫𝜃 𝑛 𝑁𝐻𝑅𝑅 𝑑𝜃
𝑜

Equation 4.13

By normalising Equation (4.13), several combustion characteristics used to
express different stages of the test engine combustion process can be obtained as follows
(Heywood, 2018):
•

CA5 duration which is the crank angle duration between the spark ignition
timing and 5% of in-cylinder cumulative heat release.

•

CA10 duration which is the crank angle duration between the spark ignition
timing and 10% of in-cylinder cumulative heat release.
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•

CA10-90 duration which is the crank angle duration between 10% of in-cylinder
cumulative heat release and 90% of the same variable.

•

CA90 duration which is the sum of CA10 and CA10-90 durations.

•

CA50 timing is the crank angle at which 50% of in-cylinder cumulative heat has
released. It is used to describing the mid-point of the combustion process.

4.1.6 Indicated thermal efficiency (ηith)
The indicated thermal efficiency of the engine (ηith) is calculated as the ratio of indicated
work per cycle (used in Equation 4.1) to the chemical energy of a test fuel consumed per
cycle.
𝑊𝑖

ηith = 𝐸°

Equation 4.14

°
°
𝐸𝑓𝑢𝑒𝑙
= 𝑄𝐿𝐻𝑉 𝑚𝑓𝑢𝑒𝑙

Equation 4.15

𝑓𝑢𝑒𝑙

where;

°
𝑄𝐿𝐻𝑉 is lower heating value of the test fuel and 𝑚𝑓𝑢𝑒𝑙
the fuel mass flow rate.

4.2 Temperatures drop across the carburettor
Heat of vaporisation (HoV) represents the amount of thermal energy required to vaporise
fuel (Fatouraie et al., 2018). Under the RON operating conditions, it is expected that
different fuels with different HoV properties will have different thermal effects on the
temperature of the air-fuel mixed charge prior to entering the cylinder (Sluder et al.,
2016). Therefore, the difference between the temperatures upstream and downstream the
carburettor respectively, as described in Section 3.2.2 and Figure 3.7, is calculated to
quantify this effect. According to Fatouraie et al., (2018), fuels with higher heat of
vaporisation have poor evaporation, leading to a higher probability of diffusion flames
on the engine surfaces.

4.3 Fuel parameters
4.3.1 H/C, O/C and stoichiometric air-fuel ratios
Operating the Lambda measurement and control unit at the correct setting requires the
input of H/C and O/C ratios of the tested fuel. As the experimental work included testing
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of a single component fuel and a blend of two or three components, these values were
initially determined, on a molar basis, for each component then the final parameters of
the final blend were obtained, utilising the blending ratio of each component as described
in the following example.
In the case of a reference gasoline fuel, H/C and O/C parameters can be calculated by
utilising the given information about the mass content of carbon, hydrogen and oxygen
in the fuel according to the certificate of analysis provided by the supplier. Below is an
example of the calculation for the reference fuel (Gasoline 91.3) which has, according to
the certificate of analysis shown in Appendix B2, carbon, hydrogen and oxygen contents
of 86.74, 13.26 and 0.25 %(m/m), respectively.
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
13.26
𝐻
𝑀𝑊 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛
( ) =
= 1.008 = 1.822
86.74
𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
𝐶 𝑅𝐹
12.011
𝑀𝑊 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛
Similarly, for the O/C ratio:
𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
0.25
𝑂
𝑀𝑊 𝑜𝑓 𝑜𝑥𝑦𝑒𝑔𝑛
( ) =
= 15.99 = 0.002
86.74
𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
𝐶 𝑅𝐹
12.011
𝑀𝑊 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛
As for a biomass-derived molecule, the H/C and O/C ratios can be found from the atomic
ratio between the elements according to the chemical formula of the molecule. Anisole,
which has a chemical formula of C7H8O, is taken as an example:
𝐻
8
( )
= = 1.14
𝐶 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 7

𝑎𝑛𝑑

𝑂
1
( )
= = 0.14
𝐶 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 7

Therefore, for a blend of (80% (V/V) reference fuel + 20% (V/V) Biomass molecule),
the final parameters of H/C and O/C for the final blend can be obtained following
Equation 4.16 and 4.17, respectively.
𝐻

𝐻

(𝐶 )

𝐵𝑙𝑒𝑛ⅆ

𝑂

(𝐶 )

= %𝑚𝑅𝐹 ∗ ( 𝐶 )

𝐻

𝑅𝐹

+ %𝑚𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∗ ( 𝐶 )

𝑅𝐹

+ %𝑚𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∗ (𝐶 )

𝑂

𝐵𝑙𝑒𝑛ⅆ

= %𝑚𝑅𝐹 ∗ (𝐶 )

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝑂

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
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Equation 4.16
Equation 4.17

4.3 Fuel parameters
where 𝑚𝑅𝐹 and 𝑚𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 are the mass ratios of the reference fuel and the
biomass-derived molecule in the final blend that can be obtained by multiplying the
volumetric blending ratio of each component to its density. As for the example of
blending 80% (V/V) reference fuel into 20% (V/V) of anisole, the 𝑚𝑅𝐹 and 𝑚𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
are:

%𝑚𝑅𝐹

𝑔
800 (𝑚𝑙) ∗ 0.731( )
𝑚𝑅𝐹
𝑚𝑙
=
=
𝑔
𝑔 = 0.746
𝑚𝑏𝑙𝑒𝑛ⅆ
800 (𝑚𝑙) ∗ 0.731( ) + 200 (𝑚𝑙) ∗ 0.995( )
𝑚𝑙
𝑚𝑙

%𝑚𝐴𝑛𝑖𝑠𝑜𝑙𝑒

𝑔
200 (𝑚𝑙) ∗ 0.995( )
𝑚𝐴𝑛𝑖𝑠𝑜𝑙𝑒
𝑚𝑙
=
=
𝑔
𝑔 = 0.254
𝑚𝑏𝑙𝑒𝑛ⅆ
800 (𝑚𝑙) ∗ 0.731( ) + 200 (𝑚𝑙) ∗ 0.995( )
𝑚𝑙
𝑚𝑙
𝐻

𝐻

Therefore, ( 𝐶 )

𝐵𝑙𝑒𝑛ⅆ

and ( 𝐶 )

𝐵𝑙𝑒𝑛ⅆ

are equal to 1.649 and 0.038, respectively.

With regards to the calculation of stoichiometric air-fuel ratio, the ratio was calculated in
order to see the effect of the addition of the tested biomass-derived molecules on the
stoichiometric air-fuel ratio of the reference fuel. The calculation was performed
following the overall chemical equation for the complete combustion of one mole of an
oxygenated fuel with the composition 𝐶𝑥 𝐻𝑦 𝑆𝑞 𝑂𝑧 as described by Spicher (2015) and
shown in Equation 4.18
𝐶𝑥 𝐻𝑦 𝑆𝑞 𝑂𝑧 + (𝑥 +

𝑦
4

𝑧

+ 𝑞 − 2) 𝑂2 = 𝑥 𝐶𝑂2 +

𝑦
4

𝐻2 𝑂 + 𝑞 𝑆𝑂2

Equation 4.18

the evaluation of the equation is based on the conservation of mass; the mass of
the products should be equal to the mass of the reactants in which x, y, q and z are equal
to:
𝑥=

𝑀𝐾
𝑀𝐶

∗𝑐

𝑦=

𝑀𝐾
𝑀𝐻

∗ℎ

𝑞=

𝑀𝐾
𝑀𝑆

∗𝑠

𝑧=

𝑀𝐾
𝑀𝑂

∗𝑜

Equation 4.19

where
c, h, s, o

the mass fraction of the elements: Carbon (C), Hydrogen
(H), Sulphur (S) and Oxygen (O) contained in the fuel
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MC, MH, MS, MO

the molar mass of the elements in the fuel

MK

the molar mass of the fuel

The amount of air required for complete combustion (𝐿𝑆𝑡 ∗ ) can be obtained from:
𝐿𝑆𝑡 ∗ = 𝜉

1
𝑂2 ,𝐿

(

𝑀𝑂2
𝑀𝐶

1 𝑀𝑂2
𝑀𝐻

∗𝑐+4

∗ℎ+

𝑀𝑂2
𝑀𝑆

∗ 𝑠 − 𝑜)

Equation 4.20

By taking the molar mass of Oxygen in dry air equals to 23.14 wt.%, and solving for
molar mass ratios of O/C, O/H, O/S, Equation 4.20 becomes as:
1

𝐿𝑆𝑡 ∗ = 0.2314 (2.664 ∗ 𝑐 + 7.937 ∗ ℎ + 0.998 ∗ 𝑠 − 𝑜)

Equation 4.21

Note: Throughout this work, the term 𝐿𝑆𝑡 ∗ is called stoichiometric Air-to-Fuel ratio
AFRs.
In the case of a reference gasoline fuel, the provided values of carbon, hydrogen and
oxygen contents can be substituted directly in Equation 4.21 for the values of c, h and o
while neglecting s as Gasoline 91.3 has a sulphur content of 4.1 mg/kg. Thus, the fuel has
a stoichiometric air-fuel ratio of 14.52.
As for a biomass-derived molecule, the c, h and o values can be found from Equation
4.19 utilising the molar mass and number of atoms of each element and then substituting
them in Equation 4.21 similar to the application of the reference gasoline fuel. Thereby,
anisole has a stoichiometric air-fuel ratio of 10.87.
With regards to the stoichiometric air-fuel ratio of the final blend, similar to the equations
utilised for calculating the H/C and O/C ratios of the blends based on the mass ratio of
each component, it can be found following the equation:
(AFR 𝑠 )𝐵𝑙𝑒𝑛ⅆ = %𝑚𝑅𝐹 ∗ (AFR 𝑠 )𝑅𝐹 + %𝑚𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∗ (AFR 𝑠 )𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 Equation 4.22
Hence, the final blend has a stoichiometric air-fuel ratio of 13.596.
Table 4.2 shows the obtained results for the solved example that discussed above for the
blend of 80% (V/V) reference fuel into 20% (V/V) of anisole.
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Table 4.2: H/C, O/C and AFRs of Gasoline 91.3, anisole
and a blend of 80% (V/V) Gasoline 91.3 and 20% (V/V) of anisole.

4.3.2 Indicated specific fuel consumption rate (isfc)
Following the measurement of fuel consumption rates of the fuels investigated in grams
per second (Section 3.2.5), the indicated specific fuel consumption rate (isfc) of the fuels
investigated, at a given λ, was calculated according to Equation 4.23 in order to compare
the fuel flow rates of the fuels investigated per unit power (indicated power).
𝑔

𝑚°

𝑓𝑢𝑒𝑙 (

𝑔

)

𝑠𝑒𝑐
𝑖𝑠𝑓𝑐 (𝑘𝑊ℎ) = indicated power
(kW)
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Where indicated power was calculated according to the following equation (Equation
4.24):
𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊) =

𝑉𝑑 ∗𝐼𝑀𝐸𝑃∗𝑁
𝑛𝑅

Equation 4.24

𝑉ⅆ = Swept volume of the engine in cubic centimetre
IMEP = Indicated mean effective pressure of the engine in mega pascal
N = engine speed in revolution per second
𝑛𝑅 = equals 2 for a 4-stroke engine
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Chapter 5 Experimental repeatability and error analysis
The present chapter includes analysis and results that show the degree of repeatability of
the test engine. Initially, it describes the quality of control achieved in controlling the
inlet temperatures of coolant water, oil and air in order to meet the test operating
conditions and reduce any resultant variability. This is followed by an evaluation of the
effects of day-to-day changes in ambient conditions, such as atmospheric pressure, engine
room temperature and humidity on the engine in-cylinder conditions. Finally,
a comprehensive discussion of main measurements and findings from several repeated
tests of the test engine during combustion mode is presented so as to highlight the overall
levels of error and uncertainty presented.

5.1 Performance of controlled inlet temperatures
Knock measurement requires precise control of the measured inlet temperatures for the
engine coolant water and oil, and the air temperature measured before carburettor entry,
(Section 3.2.2). However, during several preliminary experiments undertaken over
several days, it was observed that changes in ambient conditions, such as atmospheric
pressure, room temperature and humidity, due to day-to-day weather changes also
influenced the test engine in-cylinder conditions. The changes were seen when comparing
in-cylinder pressure traces of different days for motoring test of the engine at a fixed
compression ratio, engine speed and steady-state operating conditions. Therefore, as to
capture a range of representative variation in ambient conditions, experiments on
different 13 days of different ambient conditions were selected, which covers the range
experienced during the experimental work, including the maximum, and the minimum
values. The analysis of the influence of day-to-day changes in ambient conditions on the
test engine in-cylinder conditions will be discussed in (Section 5.2) after presenting first
the performance of controlled inlet temperatures achieved in order to reach steady-state
engine operation.
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Figure 5.1: Variation in the temperature measurements of coolant water and oil at engine CR
and speed of 7.82 and 600 rpm, respectively.

Figure 5.1 shows the variation in the inlet temperature measurements of the engine
coolant water and oil, while the air temperature measured before carburettor entry is
shown in Figure 5.2, as measured on the representative test days. The aim was to maintain
each temperate close to the required test condition; 66 °C, 70 °C and 55°C for coolant in
and oil temperatures during motoring and combustion, respectively, while the air
temperature required depends on the atmospheric pressure of the test day. It can be seen
that the oil temperature was maintained at the targeted value ±2 °C. It can also be seen
that the management of the coolant temperature during motoring tests was more
achievable. However, despite an increase by 2.5 °C on average above the pre-set
temperature, variation around this value, due to the heat generated by the engine during
combustion tests, did not exceed ±2.5 °C, only slightly greater than the variability of
requirements ±1.5 °C as stated in (ASTM Int., 2019). A summary of the statistical
analysis output, for those 13 day, is provided in Table 5.1 while the measurements of air
temperatures are discussed below.
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Table 5.1: Maximum, minimum, mean and standard deviation of the temperature measurements
during motoring and combustion tests.

max
min
mean
Standard deviation

Temperature of
coolant in during
motoring [°C]

Temperature of
coolant in during
combustion [°C]

Temperature of
oil [°C]

67
65
66
±1

75
70
72.5
±2.5

57
53
55
±2

Figure 5.2: Measurements of air temperature before carburettor on different test days of
atmospheric pressure at engine CR and speed of 7.82 and 600 rpm, respectively.

Figure 5.2 shows that the setting of the heated air, the temperature of air before
carburettor, was controlled in accordance with changes of atmospheric pressure.
Following the RON test standardised method (ASTM Int., 2019), this value was tuned on
each test day so that it remained equal to a value of 52 ±1 °C at a standard barometric
pressure of 101.0 kPa (29.92 in. Hg), and it decreased with the decrease in the
atmospheric pressure. A relationship between these two parameters can be found from
Table A4.4 of (ASTM Int., 2019) and shown in Figure 5.2 as the target temperature,
which was used then in tuning the control settings during the experimental work.
Therefore, it can be seen that the heated air temperature before carburettor entry was
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varied from day-to-day to compensate for changes in atmospheric pressure values, with
only slightly greater than the variability of requirements (±1 °C) by ±0.5 °C on the days
of 1.000 and 1.005 (bar) atmospheric pressure. For all measured inlet temperatures, the
variability of the measurements is shown in Figures 5.1 and 5.2 as an error bar calculated
from the standard deviation of 3 repeat measurements of each day. It can be seen that the
setting of the measurements was precisely controlled.

5.2 Influence of day-to-day changes in ambient conditions

Figure 5.3: In-cylinder pressure during motoring of the test engine at engine CR and speed of
7.82 and 600 rpm, respectively.

Figure 5.3 shows the in-cylinder pressure traces, as recorded on the representative test
days, while motoring the test engine at a constant cylinder height of 0.600 µm, a
compression ratio of 7.82, and a fixed engine speed of 600 rpm and steady-state operating
conditions, as shown in Figures 5.1 and 5.2. It can be seen that the peak values of the incylinder pressures are affected, however, the time at which these peaks occur was not
affected and can be seen to remain constant at 361 CAD.
In order to investigate the impact of changes in ambient conditions on the engine incylinder conditions, the engine CR was adjusted manually by changing the cylinder
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height, as described in section (3.2.7), to maintain a peak in-cylinder pressure of
13.78±0.05 bar with the new cylinder height was recorded for further analysis.

(a)

(c)

Figure 5.4: Regression analysis output for the effects of day-to-day changes in ambient
conditions on engine CR at engine speed of 600 rpm. Predicted engine CR is obtained via the
multilinear regression model.

A multilinear regression analysis was then undertaken to find the relationships between
changes in the aforementioned ambient parameters and engine in-cylinder conditions.
The analysis output is shown in Figure 5.4 (a, b and C). It can be seen that the increase in
the magnitude of each parameter leads to a decrease in the required value of the engine
CR to maintain the targeted peak value of in-cylinder pressure. However, the influence
of changes in atmospheric pressure is significantly greater than that of air temperature or
humidity.
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Figure 5.5: Adjustment of engine CR to compensate for ambient conditions effects at engine
speed 600 rpm.

As the in-cylinder conditions were mostly affected by changes in atmospheric pressure,
Figure 5.5 shows peak values of in-cylinder pressure while motoring the engine at a fixed
CR of 7.82, and also in-cylinder pressure peaks where engine CR had to be adjusted to
maintain a constant value of 13.78±0.05, as shown by the filled triangle and dotted line,
plotted against atmospheric pressure on the representative test days of the experimental
work, as described previously. It can be seen that, while motoring the engine at constant
CR of 7.82, the peak of in-cylinder pressure, as shown by the filled blue circular markers
and short-dashed line, increased with the increase in atmospheric pressure from 13.56 bar
at Patm of 0.991 bar to 14.03 bar at Patm of 1.021 bar. Therefore, there was a need to
lower the engine CR on the days that have a higher atmospheric pressure to maintain a
constant peak in-cylinder pressure close to the targeted value, as shown by the filled green
diamond-shaped and short-dash-dotted line. In contrast, the engine CR had to be
increased to compensate for low atmospheric pressures (the green dot-dashed line). This
engine CR adjustment helped to reduce the deviation in in-cylinder pressure traces, as
shown in Figure 5.6 compared to Figure 5.3.
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Figure 5.6: In-cylinder pressure during motoring tests at engine speed of 600 rpm and the
adjusted engine CR for peak in-cylinder pressure of 13.78±0.05 bar.

5.2.1 Uncertainty in the measurements of engine CR due to day-to-day changes in
ambient conditions
Table 5.2 provided the maximum, minimum, mean and standard deviation of the ambient
parameters; atmospheric pressure, air temperature and relative humidity, in addition to
the corresponding measured peak values of in-cylinder pressure before and after the
adjustment of the engine CR and the values of the engine CR required to achieve the
targeted peak in-cylinder pressure value; 13.78±0.05 bar. It can be seen that the everyday
adjustment of the engine CR, as described previously in the context of Figure 5.5, was
successfully used to compensate for the changes in engine in-cylinder conditions due to
day-to-day changes in ambient conditions, reducing the variability of peak in-cylinder
pressure by 78%. Therefore, the cylinder heights that were recorded initially at the
targeted peak value were considered as the baseline height from which values were added
or subtracted to find the compensated engine CR in the measurements of the engine CR
of each test day, depending on whether the atmospheric pressure of the test day was low
or high, respectively. The importance of this step is to avoid any overlap in the
measurements of the engine CR operating limit for the test fuels and thus loss of
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resolution in discerning fuel effects caused by the influence of ambient conditions due to
day-to-day weather changes.
Therefore, considering all the changes in ambient conditions during the experimental
work period, the calculation shown in Table 5.2 suggests that the influence of these
changes in a measured engine CR is ±0.1. Therefore, if the difference in the engine CR
obtained, after the adjustment, between two different test fuels is higher than 0.1, it means
the difference is due to a fuel effect on the obtained anti-knock quality. Otherwise, if the
difference in the engine CR obtained is 0.1 or less, both test fuels have the same antiknock quality as a difference of this magnitude only is potentially attributable to changes
in ambient conditions.

Table 5.2: Uncertainty in engine CR due to day-to-day changes in ambient conditions.

max
min
mean
Standard
deviation

Peak of
Peak of
in-cylinder in-cylinder
pressure
pressure
Atmospheric
Air
Relative
before
after
pressure
temperature humidity
adjustment adjustment
[bar]
[°C]
[%]
of engine
of engine
CR
CR
[bar]
[bar]
1.021
24.30
55.64
14.05
13.80
0.992
18.96
28.62
13.56
13.71
1.007
21.63
42.13
13.80
13.76

± 0.015

± 2.67

± 13.51
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± 0.23

± 0.05

Engine
CR

7.903
7.706
7.801

± 0.10

5.3 Experimental repeatability

5.3 Experimental repeatability

Figure 5.7: Variation in combustion stoichiometry λ, atmospheric pressure and knocking
frequency (%) on different test days for Gasoline 91.3 at engine CR and speed of 6.91 and 600
rpm, respectively.

The presentation of the test engine in-cylinder pressure data during motoring tests,
Section 5.2, shows a good level of confidence in the engine operating conditions and
repeatability. However, in order to investigate the experimental repeatability during
combustion, the engine was fuelled by a reference gasoline fuel (Gasoline 91.3 RON)
and operated in combustion mode. 13 repeated tests of this fuel, in combustion mode,
were performed on different days throughout the experimental work period at the same
set of operating conditions, Table 3.3, but at a constant engine CR of 6.91. Figure 5.7
shows the variation in combustion stoichiometry λ, atmospheric pressure and the resulted
knocking frequencies (KFRQ) on these test days. As targeted, the engine was successfully
operated at constant exhaust lambda λ, as shown in the grey boxes above the x-axis in
Figure 5.7, with a minimal variation of ± 0.004 SD. By looking at the KFRQ values, it
can be seen that the engine was in general running steadily with very few knocking cycles
detected. However, it is interesting to note that the propensity for the engine to knock
increased slightly on the days when atmospheric pressure was at the highest recorded,
producing between 4 and 6 (%) of knocking cycles. This effect of atmospheric pressure
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is observed clearly because the selected operating engine CR; 6.91, is close to the
operating knock limit of the fuel (Gasoline 91.3), as will be shown later in Chapter 6.
Hence, at a constant engine CR, the increase in atmospheric pressure increases the incylinder peak pressure and temperature relative to the low atmospheric pressure days,
and thus the likelihood of knock.

Figure 5.8: Variation in net indicated mean effective pressure (IMEPnet) for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

In Figure 5.8, the net indicated mean effective pressure (IMEP) of the repeated tests is
shown. Each bar of the chart represents the averaged value of three consecutive sets of
data, each had a log of 50 cycles, taken on the same test day. The variability of engine
IMEP in a single day is shown by the error bars corresponding to the standard deviation
of the data set collected on a single day. Figure 5.8 shows that the engine IMEP varied
between 7.41 to 7.83 bar from day-to-day, with a single day standard deviation that did
not exceed 0.11 (on day# 10).
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Figure 5.9: Effects of changes in ambient conditions on IMEP for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

As these experiments were conducted at a fixed engine CR of 6.91 without a
compensation for the influence of day-to-day changes in ambient conditions on incylinder conditions, a multilinear regression analysis was made to study the relationship
between day-to-day changes in ambient conditions and engine in-cylinder conditions
during combustion. The analysis output is shown in Figure 5.9 (a, b and c). It can be seen
that the increase in the atmospheric pressure, Figure 5.9 (a), has the most significant effect
on increasing the engine IMEP, followed by a modest influence of room temperature and
negligible impacts of changes in relative humidity. It is interesting to see that the increase
in the magnitude of ambient parameters increased the magnitude of the engine IMEP,
which is contrast to the effect of the increase in these parameters on the engine CR.
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Figure 5.10: Variation in in-cylinder pressure and apparent net heat release rate for Gasoline
91.3 at stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

Furthermore, the in-cylinder pressure and heat release rate traces for the same set of data
are shown in Figure 5.10. displayed that the peaks of in-cylinder pressure and heat release
rate values varied between 25 and 29 bars and from 45 to 56 J/CAD, respectively. This
degree of variability in the two parameters can be attributed to the presence of the
knocking cycles on the date of high atmospheric pressure days, as shown in Figure 5.7;

135

5.3 Experimental repeatability

the engine was most likely to knock on days of highest atmospheric pressure, and is
readily apparent when considering peak heat release rate.

Figure 5.11: Variation in maximum pressure rises rate and time at which these occurred for
Gasoline 91.3 at stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

Figure 5.11 shows the variation in the maximum pressure rises rate (MPRR), per a single
day, and time of occurrence in crank angle degree (CAD). As explained in Section (4.1.2),
this parameter was calculated and averaged for non-knocking cycles after isolating the
knocking cycles. In general, MPRR varied between 0.82 and 1.11 bar, with a mean value
of 0.95 bar ± 0.1 bar. It is interesting to note that, for the highest KFRQ days, the time
of occurrence was retarded slightly by 3 CAD towards the end-gas zone due to the
presence of knock events. This may be attributed to the detection of later and higher
MPPR induced by knock, while earlier MPRR may still occur, and it also agrees with the
finding from Figures 5.7 and 5.10.
The variation in the duration of the combustion characteristics; CA5, CA10, CA10-90
and CA50 are shown in Figures 5.12 and 5.13, respectively. The analysis indicated, on
average, a very good repeatability of the obtained results of ± 1 CAD for CA5 and CA10
durations, ± 2 CAD for the CA10-90 duration. Additionally, the impact of knocking
cycles on the combustion speed rate, mainly apparent in the time that the mid-point of
combustion occurs (CA50), can be observed in Figure 5.13, where the charge burn rate
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became faster and was consumed earlier due to the combustion event initiated by knock
in the end-gas zone.

Figure 5.12: Variation in the duration of CA5, CA10 and CA10-90 for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

Figure 5.13: Variation in the time at which 50% of cumulative heat release rate has occurred
(CA50) for Gasoline 91.3 at stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm,
respectively.
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Figure 5.14: Variation in the measurements of (a) air and (b) fuel flow rates for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

Figures 5.14 (a) and (b) show the variation in the measurement of air and fuel flow rates,
respectively, during the test period. The relatively low flow rates present are due to the
small in-cylinder capacity (506.8 cc), and the operation of the engine at low speed 600
rpm, are indicative of the intensive effort that was made to design and assemble such a
measurement system. The results show that under the operating conditions, the engine
consumed an average of 0.144 (g/sec) ± 0.004 (g/sec) of fuel while the airflow rate was
varied between 2.52 and 2.24 (g/sec), depending on changes in ambient conditions. It is
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also interesting to observe the sensitivity of the air flow rate measurement system in that
a clear increase is apparent on days with the highest recorded atmospheric pressures (test
days# 4, 7 and 8).

Figure 5.15: Variation in the indicated thermal efficacy for Gasoline 91.3 at stoichiometric λ,
and engine CR and speed of 6.91 and 600 rpm, respectively.

Figure 5.15 shows the variation in the obtained indicated thermal efficiency of the
repeated tests. Overall, an average of 30.89% ± 0.5% of the fuel chemical energy
converted to work out (per swept volume unit) with a slight increase and decrease of
about 0.6% and 1.3 on the days 11 and 12, %, respectively, due to changes in the fuel
consumption.
In Figure 5.16, the heated air temperature before the carburettor entry is shown. The same
management as during motoring tests was performed for all combustion experiments,
however, for a given constant atmospheric pressure, it can be seen that the air inlet
temperature varied slightly by about ± 1°C, which is within the range required according
to (ASTM Int., 2019). This is because, in contrast to motoring tests, during combustion
experiments, the engine test cell ambient temperature increase, while relative humidity
decreases, and this requires frequent tuning of the PID set temperature so that better
control was achieved.
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Figure 5.16: Variation in air temperature before carburettor inlet for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

Figure 5.17: Variation in the temperature drop across the carburettor for Gasoline 91.3 at
stoichiometric λ, and engine CR and speed of 6.91 and 600 rpm, respectively.

The variability of the temperature drop across the carburettor over the test period is shown
in Figure 5.17. It can be seen that there was an average drop of 9 °C ± 0.6 °C caused by
the fuel flow and evaporation. However, the value increased slightly by about 1°C on
days 7 and 8. This can be attributed to the better mixing of air and fuel due to the high air
and fuel flow rates, especially on day 8.
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In conclusion, the data and analysis presented provide a clear indication of the
repeatability of the test engine and the quality of the collected data, with evidence that,
from day-to-day changes in ambient conditions, variation in atmospheric pressure is the
major influencer that dominates the test variability. Table 5.3 summaries the values of
the data shown previously.

Table 5.3: A summary of the test repeatably analysis data.
Measurement
Min
Max
69.6
76.0
Coolant in
52.5
57.3
Oil
47.0
48.5
Air before carburettor*
38.4
44.2
Air after carburettor
Temperatures [°C]
8.2
10.2
Drop across the carburettor
445.3
506.4
Exhaust gas
16.9
19.9
Fuel
18.8
22.7
Room
Relative Humidity Relative humidity
24.6
37.2
[%] [bar]
0.993
1.020
Pressure
Atmospheric pressure
Knock Frequency KFRQ
0.0
6.0
[%]
2.2
2.5
Mass flow rate of air
Flow rate [g/sec]
0.1
0.2
Mass flow rate of fuel
0.992
1.002
Stoichiometry
Exhaust lambda λ
7.4
7.8
IMEP [bar]
25.4
28.7
Pmax [bar]
0.8
1.1
MPRR [bar]
45.3
55.9
PHRR [J/CAD]
386.2
390.8
θPmax [CAD]
376.0
383.4
tMPRR [CAD]
380.2
385.2
θPHRR
[CAD]
Combustion
characteristics
363.2
364.8
CA5 timing [CAD]
366.5
368.3
CA10 timing [CAD]
377.9
381.6
CA50 timing [CAD]
386.3
391.9
CA90 timing [CAD]
16.2
17.8
CA5 duration [CAD]
19.5
21.3
CA10 duration [CAD]
19.9
23.6
CA10-90 duration [CAD]
Indicated power
1.9
2.0
IP
[kW] [kW] Efuel
6.0
6.6
Fuel energy
29.5
31.5
Efficiency [%]
ηith
* For 3 days at a constant atmospheric pressure of 0.996 bar.
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Mean
72.7
54.8
47.8
40.4
8.9
477.3
18.8
20.7
30.9
1.001
1.6
2.3
0.1
0.997
7.6
27.1
0.9
50.2
388.9
378.8
383.2
364.0
367.5
379.9
389.3
17.0
20.5
21.9
1.9
6.3
30.9

SD
2.0
1.3
0.8
2.1
0.6
21.4
0.8
1.0
4.7
0.01
-0.1
0.004
0.004
0.1
1.1
0.1
3.2
1.2
2.4
1.5
0.4
0.5
1.1
1.6
0.4
0.5
1.1
0.03
0.2
0.5

6.1 Fuels investigated

Chapter 6 Autoignition and combustion characteristics of
aromatic and paraffinic fuels
The experimental work carried out in this chapter aimed mainly to evaluate the capability
of the experimental systems and methodology utilised to measure the knock tendency of
different fuels, utilising fuels of known RONs, chemical and physical properties. Three
sets of fuels with different chemical composition were selected, comprising of
commercial gasoline fuels which are highly aromatic fuels, Primary Reference fuels
(PRFs) which are highly iso-paraffinic fuels and a gasoline fuel blended with ethanol, a
simple alcohol molecule. The increasing RON and varying chemical composition of fuels
was expected to affect the compression ratio at the engine knock limit. The influence of
varying stoichiometry was also investigated.

6.1 Fuels investigated

Figure 6.1: Composition of test fuels.

As shown in Figure 6.1, the fuels studied in this chapter can be divided into three main
sets. Firstly, a set of commercial gasoline fuels; two grades of gasoline fuels with RONs
of 97 and 91.3, respectively. Both fuels were obtained from Haltermann Carless UK LTD.
Gasoline 97 is a typical market fuel which is designed for public demand in the UK, while
Gasoline 91.3 was made upon request for the need of the project. Secondly, a set of three
Primary Reference fuel blends (PRFs), produced in-house by blending n-Heptane into
iso-Octane which were obtained from MERCK CHEMICALS. The blends were prepared
on a volumetric basis corresponding to the required RON, varying the percentage of
n-Heptane (3%, 10% and 15%) in order to make PRFs of RON 97, 90 and 85,
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respectively. The last set involved an oxygenated gasoline fuel; a gasoline fuel with RON
of 90.9 was blended with 5 %(V/V) of Ethanol (C2H6O). This oxygenated gasoline blend
was prepared and delivered by BP Formulated Products Technology, UK. The certificates
of analysis of the investigated fuels are available in Appendix B1-B6, while a summary
of the physical and chemical properties of the investigated fuels is shown in Table 6.1.
The table also includes properties of the molecules utilised in preparing the blends; for
example, Ethanol, n-Heptane and iso-Octane.
The RON values of the investigated fuels fall in the range of 97 and 85. Two fuels;
Gasoline 97 and PRF 97 possessed the same RON, while the PRF 85 has the lowest RON
value of 85. The other fuels G90.09+5%(V/V) Ethanol, Gasoline 91.3, and PRF90 were
distributed between the upper and lower borders of the RON range with small differences
in their RON values; 93.7, 91.3 and 90, respectively.
Table 6.1: Physical and chemical properties of the investigated fuels.
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Figure 6.2: H/C and O/C ratios of the PRFs and gasoline fuels.

Figures 6.2 and 6.3 show a comparison of the investigated fuels in terms of H/C, O/C and
stoichiometric AFR ratios, while the percentage ratio %(m/m) of carbon and hydrogen
contained in each fuel is noted in Table 6.2. It can be seen that the PRF blends have the
highest values of H/C and zero O/C as they are made only of long-chain alkane
components (straight-chain n-Heptane and branched-chain iso-Octane) that does not
contain oxygen atoms. However, the H/C value increases slightly from 2.251 for PRF97
to 2.255 for PRF85 due to the increase of n-heptane. For the gasoline fuels, the differences
between H/C values are more noticeable; 1.708 for Gasoline 97, 1.822 for Gasoline 91.3
and 1.899 for G90.09+5%(V/V) Ethanol. Gasoline fuels are made of a wide range and
different concentrations of paraffins, isoparaffins, olefins, naphthenes and aromatic
compounds, which decrease its H/C ratio relative to PRFs. Also, as gasoline fuels
produced for practical use, a small volume of oxygenated additives, such as MTBE 5.3
%(V/V) for Gasoline 97, MTBE and Ethanol less than 0.2% (V/V) of each for Gasoline
91.3, were added to improve the anti-knock quality. Hence, these fuels further reflect on
increasing the O/C ratio in comparison to PRFs. In case of the fuel G90.09+5%(V/V)
Ethanol, the addition of the oxygenated molecule (Ethanol) increased the O/C of the base
fuel from 0 to 0.015, meaning the blend possessed the highest O/C ratio among all fuels
investigated. The H/C and O/C have a direct effect on the physical and chemical
properties of hydrocarbon fuels, such as density and calorific value. It was found that
fuels with higher H/C and lower molecular weight had a lower density while the calorific
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value of the fuel increases as H/C increases (Yue et al., 2016). These relationships are
apparent for the investigated fuels from the data shown in Table 6.1.

Figure 6.3: Stochiometric AFR of the PRFs and gasoline fuels.

Figure 6.3 shows the stochiometric AFR of the investigated fuels. According to equation
4.19, the amount of air required for complete combustion of a fuel increases as the fuel
has more mass of carbon and hydrogen, and less oxygen content. Therefore, more air is
required for the PRFs relative to the gasoline fuels, especially Gasoline 97 and
G90.9+5Eth which have considerably higher oxygen contents than the other fuels and
lower H/C ratios.
Table 6.2: Investigated fuels carbon, hydrogen and oxygen content.

Carbon %(m/m)
Hydrogen %(m/m)
Oxygen %(m/m)

n-Heptane

iso-Octane

84.12
15.88
0

83.9
16.1
0
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Gasoline
90.9
86.47
13.53
0

Gasoline
91.3
86.74
13.26
0.25

Gasoline
97
86.63
12.42
0.95

6.2 Objectives of investigation

6.2 Objectives of investigation
This chapter aims to confirm the reliability of the utilised experimental systems and
methodology to measure the knock tendency of the investigated fuels, through the
investigation of fuels with known RONs and physical properties. Hence, the
investigations aim to clarify the following points:
1- In theory, variation of the air-fuel ratio has a characteristic effect of maximising
or minimising the knock intensity of the test fuel when operating the test engine
at a cylinder height that causes knock (ASTM, 2019). In this study, as mentioned
previously in Chapter 3, lambda λ sweeps between 1.00 and 0.80 will be carried
out in order to see the effect of changing mixture conditions on knock tendency.
Therefore, it is expected that the results will show a measurable change in the
operating limit of engine CR while varying λ.
2- In practical tests for fuels anti-knock determination, the cylinder height (the
operating limit of engine CR) for fuels with equivalent RONs and tested at the
mixture condition λ that produces the maximum knock intensity should be
matched (ASTM, 2019). Therefore, a comparison between the results of the fuels
Gasoline 97 and PRF97 should indicate how close is the current experimental
approach to the practical knock evaluation test.
3- For non-equivalent RON fuels, and in contrast to objective 2, the results of fuels
PRF90, Gasoline 91.3 and G90.09+5%(V/V) Ethanol, should clearly indicate the
effect of varying fuel RONs on the operating limit of the engine (CRs), despite
only small differences in RON between the fuels.
4- From the results of objectives 2 and 3, it is expected that a correlation between
the operating limit of engine CR and RON of fuels in the range from 97 to 85 will
be obtained. This finding will be used as a reference in the subsequent result
chapters so as to estimate the RON of an investigated fuel.
5- As the investigated fuels vary significantly chemical compositions, it is
anticipated that the results will highlight the effect of fuel composition on knock
tendency. For example, in understanding the knock characteristics of highly
iso-paraffinic fuels (PRFs) in comparison to highly aromatic gasoline fuels
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6.3 Results and discussion
In the following subsections, the experimental findings will be shown as follows; firstly,
the operating limit of the engine compression ratio (CR) found during lambda λ sweeps
with each fuel. Secondly, at each test point of (engine CR and λ) of each investigated
fuel, the non-knocking combustion cycles are to examine the combustion characteristics
of the investigated fuels. Thirdly, a representative knocking cycle is shown as to provide
a detailed analysis of auto-ignition characteristics at the end-gas zone of each fuel.
Finally, fuel consumption rate and cooling effect as heat absorption across the carburettor
caused by fuels will be presented.
6.3.1 Anti-knock quality

Figure 6.4: Operating limit of engine CR of the PRFs and gasoline fuels at varying λ between
1.00 and 0.8.

Figure 6.4 shows the operating limit of the engine compression ratio (CR) for the
investigated fuels at different mixture strength λ. According to Section 3.5.3, the
operating limit of the engine CR at λ =1 was found at KFRQ of 10%, while it was
determined at KFRQ of 30% at richer λ. It can be seen that the engine CR operating limit
increases as the RON of fuels increases. Hence, fuels with high RON such as Gasoline
RON97 (G97) and PRF97, which are higher knock resistance, were able to be tested at a
higher engine CR so as to initiate the same frequency of knock compared to other
investigated fuels. This correlation between the ability of fuels to resist knock (the octane

147

6.3 Results and discussion

number) and the operating limit of engine CR was expected and agrees with the concept
of the standard test method for research octane number of spark-ignition engine fuels
(ASTM Int., 2019).
It can also be seen, in Figure 6.4, that the operating limit of engine CR was affected by
changing the air-fuel mixture strength λ. In general, for all fuels, engine CR decreases as
the mixture becomes richer to a certain limit and then increases in order to maintain the
same level of knocking frequency at each λ (Brock and Stanley, 2012). A similar
observation was seen in a CFR engine by other researchers (Wang et al., 2017; Gómez
Montoya, Amador Diaz and Amell Arrieta, 2018; Hoth et al 2020). It has been suggested
that the influence of varying mixture strength on the engine CR can be explained as
follows: initially, increasing fuel supply to the engine results in a richer mixture, which
increases the burning rate and promotes knock (Yu Chen 2015). Furthermore, as a
mixture becomes richer at a constant throttle position, it means there is more fuel
available to be burned and release energy, leading to an increase in combustion
temperatures and subsequently the in-cylinder wall temperatures. This effect on the
in-cylinder charge temperature persists from cycle to cycle; as the in-cylinder wall
temperature increases, more heat is transferred to the in-cylinder charge during intake
and compression strokes. Therefore, reaction rates during the end-gas autoignition
process are increased through elevated temperatures, decreasing the ignition delay time
(Gauthier, Davidson and Hanson, 2004). Hence, autoignition in the end-gas occurs more
easily (Bolt and Henein, 1969; Dec and Sjöberg, 2004). As a result, the operating limit
of engine CR needs to be lowered so as to offset the additional in-cylinder temperature
gained by mixture enrichment, in order to reduce the severity of the resultant knock.
However, beyond a certain level of mixture richness, depending mainly on the burn rate
of fuel, a further increase in fuel mass increases engine CR. This can be attributed to
insufficient oxygen availability to fully oxidise the fuel, and combustion becomes oxygen
limited, leading to a decrease in the temperature after compression as well as the burning
rate, consequently increasing the ignition delay (Machrafi et al., 2007; Zheng et al.,
2019). Accordingly, an increase in engine CR operating limit is required so that the same
knocking frequency is maintained.
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From Figure 6.4, it can be seen that the effect of mixture strength λ on the operating limit
of engine CR for PRFs is different compared to gasoline fuels. Overall, it appears that the
PRFs are more sensitive to changes in the mixture strength, especially in the range
between λ=1 and λ = 0.90. This observation is even more pronounced when comparing
two fuels of equivalent octane rating, for example, PRF97 and Gasoline 97. At λ = 1, the
PRF97 displayed a significantly lower knock propensity as it was able to resist knock
until a higher compression ratio than gasoline 97 by 0.5 unit. However, this divergence
in engine CR operating limit between the two fuels decreases as the mixture becomes
richer, until both fuels show a similar engine CR operating limit at around λ = 0.9. Similar
observations can be made for the other PRFs (90 and 85). At λ=1, the PRF90 showed a
higher knock limit than the fuels Gasoline 91.3 and G90.09+5%(V/V) Ethanol, which
have higher RON by 1.3 and 3.7 units, respectively. Similarly, the PRF85, at λ=1, was
able to show a knock resistance similar to Gasoline 91.3, which has 6.3 units of RON
higher than it. Therefore, the results suggest that at stoichiometric and slightly rich
conditions, PRFs show higher knock resistance than expected compared to gasoline fuels
with comparable or higher RON.
The dissimilar effect of mixture strength on the knock tendency of the gasoline fuels and
the PRFs is a point of interest and can be discussed by referring to the effect of the fuel
composition. The investigated PRFs are considered to be highly iso-paraffinic fuels as
they are made of high concentrations of iso-octane blended with n-heptane. However,
gasoline fuels contain about 30 %(m/m) aromatic compounds along with varying
proportions of paraffins, isoparaffins, olefins, naphthenes molecules, giving gasoline
fuels an octane sensitivity, as described previously in (Section 2.2.2), of about 10 in
comparison to 0 for PRFs (Sluder et al., 2016). A similar experimental observation of the
dissimilar knock tendency behaviour between iso-paraffinic and aromatic fuels was
reported by Hoth et al., (2019). The study investigated the effects of changing lambda on
the knocking characteristics and RON rating of a range of fuels all with a RON of 98, but
with varying composition achieved through different proportions of iso-paraffinic and
aromatic species and also ethanol. It was found that the knock tendency of PRFs reduced
significantly as the mixture moved towards stoichiometric, giving greater knock
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resistance in comparison to aromatic and ethanol blends of the same RON values,
suggesting that PRFs are more sensitive to changes in mixture strength λ. According to
Iqbal et al., (2011), the presence of olefins and aromatics in fuels such as gasoline changes
significantly the chemical kinetics of the fuel oxidation process compared to paraffinic
fuels such as PRFs; olefins and aromatics fuels do not exhibit NTC like PRFs. Hence, it
was observed experimentally that PRFs experience an increase in cool flame activity
during first stage ignition as the mixture becomes richer due to an increase in energy
release, leading to initiation of a second stage ignition. Therefore, the overall ignition
delay was decreased much more compared to olefins and aromatics fuels (Iqbal et al.,
2011). A similar observation was reported by Dec and Sjöberg (2004) suggesting that
fuels with cool-flame chemistry such as PRFs require immediate compensation in engine
operating conditions, such as lowering the engine wall temperature, as the mixture
becomes richer; otherwise, the control of combustion will be difficult. These previous
observations explain the necessarily sharp decrease in the operating limit of engine CR
for PRFs as lambda becomes increasingly rich.

Figure 6.5: A comparison of the operating limit of engine CR of the PRFs and gasoline fuels
tested at operating limit of engine CR and λ=1.

Figure 6.5 shows a comparison of the operating limit of the engine CR obtained for the
known-RON PRF and gasoline fuels at stoichiometric λ. It is known, by definition, the
operating limit of engine CR increases slightly nonlinear with the increasing RON of a
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given fuel (ASTM Int., 2019). However, it can be seen in Figure 6.5 that, as was discussed
previously in the context of Figure 6.4 due to the effect of the chemical composition of
the fuels investigated, the iso-paraffinic fuels, such as PRF 97 and PRF90, can be
operated at higher compression ratios relative to fuels with similar RON but composed
of aromatic compounds such as Gasoline 97, G90.9+5Eth and Gasoline 91.3. It can be
seen that PRF97 operated at a higher engine CR than Gasoline 97, which has the same
RON value, by 0.49 unit. Also, while the engine CR operating limit decreased with
decreasing the RON from Gasoline 97, to G90.9+5Eth and Gasoline 91.3, PRF90 showed
higher engine CR than the aforementioned fuels which have higher RON than it.

Figure 6.6: Relationship between the operating limit of engine CR of the PRFs and gasoline
fuels at different operating λ conditions and their known RON values.

Figure 6.6 shows a comparison of the relationship between the operating limit of the
engine CR obtained for the known-RON PRF and gasoline fuels at different mixture
strength λ between 1.00 and 0.88. It can be seen that the trend obtained at stoichiometric
λ shows no correlation and does not reflect the theoretical relationship between engine
CR and RON of the fuels. Although the trend becomes more representative as the fuels
were tested at richer mixtures, each fuel has a particular value of λ, as was observed in
Figure 6.4, which causes its minimum operating limit of engine CR (CCR). These values
of λ for all investigated fuels were selected and subsequently referred to as the critical λ
and engine CR (CRR) values.
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Figure 6.7: A comparison of the critical operating limit of engine CR of the PRFs and gasoline
fuels tested at operating limit of engine CR and λ=critical.

Figure 6.7 shows the critical operating limits of engine CR (CCR) of the PRFs and
gasoline fuels while operating the critical λ values. In contrast to Figure 6.5, it can be
seen that the order of the fuels in terms of RON agrees with the determined operating
limit of engine CR (CCR), in spite of the varying fuel composition. For example, the
difference between the engine CR for PRF97 and Gasoline 97, which have the same
RON, is reduced significantly from 0.49 to 0.04 units of CR. In addition, PRF90, which
has a RON of 90, displays as expected a lower engine CCR compared to
G90.09+5%(V/V) Ethanol and Gasoline 91.3. With regards to the effect of mixture
strength λ, it can be seen that most of the investigated fuels have a critical λ at very rich
mixtures in the range between 0.90 and 0.86, excluding gasoline 97 and gasoline blended
with ethanol (G90.09+5%(V/V) Ethanol) which they have a critical λ at less rich mixtures
of 0.93 and 0.94, respectively. These findings agree with the values available in the
literature, suggesting that blends including ethanol have a critical λ around 0.93, while
iso-paraffinic fuels, PRFs, tend to have a higher knock intensity in the range from 0.90 to
0.88 (Kolodziej, 2017; Foong et al., 2017). Hence, based on the relationship between the
RON and the operating limit of the engine CR (CRR) at critical λ, Equation 6.1 was
developed to be used, in the subsequent chapters, to estimate an unknown RON value of
a test fuel or blend, which has an engine CR, at critical λ, in the range of PRF85 and
PRF97.
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𝑅𝑂𝑁 = −4.7307 (𝐶𝐶𝑅)2 + 79.238 (𝐶𝐶𝑅) − 233.4

𝑅 2 = 0.999

Equation 6.1

6.3.2 Combustion characteristics

(a)

(b)

Figure 6.8: (a) In-cylinder pressure and (b) apparent net heat release rate of Gasoline 97
averaged non-knocking combustion cycles tested at operating limit of engine CR and varying λ.

Gasoline 97 was selected to demonstrate the variation of the in-cylinder pressure and
apparent net heat release rate due that arise from testing the fuel under knocking
conditions of λ and varying engine CR. In Figure (6.8 a), in-cylinder pressure for
averaged non-knocking combustion cycles of the fuel are shown. Overall, the results
show that, at a constant engine CR, the increase in the fuel-air ratio, lower λ, increases
the in-cylinder pressure and advances the angle of peak in-cylinder pressure towards the
engine TDC (360 CAD). For example, at CR 7.83, the decrease of λ from 1.00 to 0.93
increases the in-cylinder pressure by approximately 3 bar and advances the peak by 2
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CAD. The same observation can be seen for engine CRs of 7.85 and 7.91. However, with
a further increase in fuel-air ratio, such as the case of λ=0.84, increasing fuel supply
decreases the peak of the in-cylinder pressure even though the engine was operated at the
highest CR compared to other conditions. This indicates that at too rich-fuel operating
condition, there is insufficient oxygen for complete combustion, and is to be expected
that λ <1. Hence, the combustion becomes oxygen limited and progresses more slowly.
Therefore, an increase in the engine CR was required to increase the in-cylinder
temperature and reduce the ignition delay to maintain the same level of knocking
frequency. Figure (6.8 b) shows the apparent net heat release rate (ANHRR) calculated
based on the in-cylinder pressure data discussed previously. Overall, the results illustrate
the same effect of increasing the fuel-air ratio on increasing the peak of ANHRR and
advancing its occurrence. However, at each condition, it is interesting to see that there is
a second peak of energy-release occurring approximately 2 to 3 CAD later. This is caused
by the fluctuations in in-cylinder pressures at the end-gas zone due to auto-ignition
events. However, as these fluctuations did not cross the pre-determined knock threshold
(MAPO=0.5 bar), they were considered to be non-nocking cycles.
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(a)

(b)

Figure 6.9: In-cylinder pressure of averaged non-knocking combustion cycles of the PRFs and
gasoline fuels tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

Figures 6.9 (a) and (b), show the in-cylinder pressure for the investigated fuels tested at
the operating limit of engine CRs at λ=1 and λ=critical, respectively. In general, it can be
seen that the in-cylinder pressures are more noticeable at the critical λ than λ=1. At λ=1,
the iso-paraffinic fuels (PRFs) produced higher in-cylinder pressures than the aromatic
fuels (gasoline fuels) as they were operated at a higher engine CR. For example, the peak
in-cylinder pressure of PRF97 and PRF90 are higher than Gasoline 97 and Gasoline 91.3
by 3 and 2 bars, respectively. Hence, it can be observed the order of magnitude in-cylinder
pressure traces does not follow the order of the investigated fuels in terms of RON.
However, the results at critical λ shows, on contrary, the in-cylinder pressure of the fuels
in agreement with the order of the RON of the fuels, as was also seen in Figure 6.7. It is
interesting to note that the addition of 5% of ethanol to gasoline advanced slightly the

155

6.3 Results and discussion

peak of the in-cylinder pressure compared to Gasoline 91.3 and all other fuels. Also, it
can be observed that the PRFs show later peaks of the in-cylinder pressure at both
lambdas compared to the aromatic fuels.

(a)

(b)

Figure 6.10: Apparent net heat release rate of averaged non-knocking combustion cycles of the
PRFs and gasoline fuels tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

The apparent net heat release rate of the investigated fuels tested at the operating limit of
engine CRs at λ=1 and λ=critical are shown in Figures 6.10 (a) and (b), respectively. As
seen in Figure (6.8 b), the effect of in-cylinder pressure rises that were below the predetermined knock threshold are apparent in Figure 6.10. However, it can be seen that all
PRFs and Gasoline 91.3 experienced second peaks in heat release while Gasoline 97 and
G90.09+5%(V/V) Ethanol had smoother and more stable energy release rates. Moreover,
as seen previously on the in-cylinder pressure traces, fewer variation in the heat energy
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release rates are observed at λ=1 due to changing fuel composition compared to the
critical operating conditions. It is interesting to note that, at the critical λ, the order of the
fuels does not match with either RONs or engine operating CR of the fuels. This is
because of the dominant effect of the heating values of the investigated fuels on the rate
of energy release by combustion.
(a)

(b)

Figure 6.11: (a) Peak and (b) angle of in-cylinder pressure of the averaged non-knocking
combustion cycles of the PRFs and gasoline fuels tested at operating limit of engine CR and
varying λ.

Figure 6.11 (a) and (b) show the variation in peak in-cylinder pressure Pmax and its time
θPmax of the investigated fuels over the operating range of λ. In general, gasoline fuels
produce higher in-cylinder pressure at richer mixture compared to PRFs. This observation
can be attributed to the sharp decrease in the operating limit of engine CR for PRFs at
richer mixtures necessary to maintain the threshold of knocking frequency. Despite the
effect of λ on the variation of Pmax of all fuels, the results show a good agreement between

157

6.3 Results and discussion

the order of fuels and its RONs, meaning that fuels with higher RON such as Gasoline
97 tend to produce higher in-cylinder pressure as operated at higher CR compared to
G90.09+5%(V/V) Ethanol and Gasoline 91.3. The same observation can be seen for the
order of PRFs as well. However, for all fuels, the time when Pmax occurs does not agree
with the order of fuel RONs, Gasoline 97 and G90.09+5%(V/V) Ethanol producing peak
in-cylinder pressures about 2 to 3 CAD earlier than other fuels. This may indicate that
the effect of fuel composition on the combustion characteristics and could be ascribed to
its impact on flame propagation rates as will be discussed later during the discussion of
HRR analysis.

Figure 6.12: Net IMEP of the averaged non-knocking combustion cycles of the PRFs and
gasoline fuels tested at operating limit of engine CR and varying λ.

Figure 6.12 shows the variation of net indicated mean effective pressure IMEPn produced
by the investigated fuels tested at the operating limit of engine CRs and varying λ. It can
be seen that the IMEPn of PRFs, more noticeable in PRF90 and PRF85, increased slightly
with decreasing λ from 1.00 to 0.95, and then reduced gradually. On the other hand,
Gasoline 97 and 91.3 exhibited the opposite trend, increasing by about 2.5% with
increasing fuel supply in the range between 1.00 and 0.88 of λ. In contrast to Figure 6.11,
the order of the fuel when ranked by IMEPn does not match their RON, with the PRFs
showing higher values relative to comparable gasoline fuels, especially in the less rich
range from 1.00 to 0.92 of λ. This may be attributed to the operation of the PRFs at a
higher engine CR limit, especially within the less rich range from 1.00 to 0.93 of λ, had
a positive effect in increasing the IMEPn due to the relatively higher in-cylinder pressure
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and temperature conditions. Also, the PRFs have higher heating values compared to
gasoline fuels, which significantly affected the amount of energy that can be released
during combustion and therefore increases the IMEPn of the engine. However, the sharp
decrease in the engine CR that was necessary to avoid high knocking frequency of PRFs
at richer conditions eventually reduced IMEPn.
With regards to gasoline fuels, the increase in the IMEPn with decreasing λ can be linked
to the flatter critical engine CR response of the gasoline fuels, which means that the
increase in gasoline fuels supply is less offset by decreasing engine CR.
G90.09+5%(V/V) Ethanol presented a similar variation to the other gasoline fuels.
However, a quicker decrease in IMEP at richer conditions can be seen. This is because
of the lower heating value of the blend compared to other gasoline fuels, due to the
addition of ethanol, which is less able to compensate for the reducing combustion
efficiency.
Figure 6.13 (a) and (b) show the variation of the averaged maximum pressure rise rate
(MPRR) of non-knocking combustion cycles and the time at which these occur (θMPRR)
exhibited by the investigated fuels at the operating limit of engine CRs and varying λ.
Overall, it can be seen that MPRR of all fuels increases as the mixtures become slightly
rich and decreases for further enriched mixtures. This observation follows the trend seen
in the variation of peak in-cylinder pressure (Pmax), Figure 6.11. However, it is interesting
to note that the gasoline with ethanol blend has a lower MPRR compared to the other
gasoline fuels, especially Gasoline 91.3, despite operation at a higher engine CR and
producing a higher in-cylinder pressure. Ethanol is well known for its higher knock
resistance compared to gasoline due to the presence of an alcohol functional group. It has
been used widely as a fuel or a fuel additive to boost the octane number of the base fuel
and found to reduce the peak-to-peak pressure rise rates compared to aromatic and
iso-paraffinic fuels (Kolodziej, 2017). Also, it is worth noting that, despite the differences
in chemical composition, PRF97 and Gasoline 97 produced the same level of MPRR
when operated at a comparable engine CR and very rich conditions (the critical operating
conditions of engine CR and λ). However, PRF97 produces higher MPRR at less rich
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mixtures. By looking at the time of MPRR, Figure (6.13 b), it can be seen that this occurs
earliest for the Gasoline with ethanol blend, by about 8 CAD compared to the other fuels,
followed by Gasoline 97, while MPRR in the case of Gasoline 91.3, PRF90 and PRF 97
occurs much later.
(a)

(b)

Figure 6.13: Maximum pressure rise rate (MPRR) and angle of occurrence of the averaged nonknocking combustion cycles of the PRFs and gasoline fuels tested at operating limit of engine
CR and varying λ.

Based on the analysis of the calculated apparent net heat release rate, the CA5 duration
and the duration of CA10, CA10-90, CA90 and CA50 parameters for the averaged nonknocking combustion cycles of the investigated fuels were determined. In Figures 6.14
(a), (b) and (c) the durations of CA5, CA10 and CA90 are shown, respectively. Overall,
a different trend for aromatic fuels in comparison to iso-paraffinic fuels can be seen.
When enriching the mixture of aromatic fuels, a decrease in the duration of both
combustion parameters is observed. Contrarily, PRFs tend to have delayed and slightly
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(a)

(b)

(c)

Figure 6.14: Durations of (a) CA5, (b) CA10 and (c) CA90 of the averaged non-knocking
combustion cycles of the PRFs and gasoline fuels tested at operating limit of engine CR and
varying λ.
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increased in durations of both CA5 and CA10 between (λ=1 and 0.95) and remain mostly
constant afterwards at richer mixtures. However, at λ=1, PRF97 showed a faster burn rate
than Gasoline 97. This may be attributed to the effect of the higher operating engine CR.
With regards to gasoline fuels, the results show that Gasoline 97 has the fastest burn rate.
The CA5 duration of Gasoline 91.3 was slightly higher than G90.09+5%(V/V) Ethanol
by about a CAD over the entire operating range of λ. However, as the combustion
progress furthermore, it can be seen that the addition of ethanol and the higher engine CR
operating limit decrease significantly the burn rates of G90.09+5%(V/V) Ethanol
compared to Gasoline 91.3.

Figure 6.15: Angle of CA50 of the averaged non-knocking combustion cycles of averaged nonknocking combustion cycles of the PRFs and gasoline fuels tested at operating limit of engine
CR and varying λ.

Figure 6.15 shows the duration of CA50 for the PRFs and gasoline fuels tested at the
operating limit of engine CRs and varying λ. From Figures (6.14 c) and 6.15, it can be
seen that the CA90 and CA50 durations decreased with increasing the operating limit of
engine CR and fuel supply of. However, aromatic fuels displayed faster overall
combustion rates, except when all fuels are compared at stoichiometric condition, PRF97
shows the fastest combustion rate as it was operated at a much higher engine CR.
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Figure 6.16: CA10-90 duration of the averaged non-knocking combustion cycles of the PRFs
and gasoline fuels tested at operating limit of engine CR and varying λ.

Figure 6.16 shows the CA10-90 duration of the fuels tested at the operating limit of
engine CRs and varying λ, defined here as the difference between the engine crank angles
when 90% and 10% of the in-cylinder charge is burnt. In general, it can be seen that all
fuels show parabolic curves corresponding to the variation in the mixture strength λ. The
results indicate that the gasoline blend with ethanol has the shortest CA10-90 duration,
which means it is the fuel with the fastest burning speed compared to the others tested,
followed by Gasoline 97, attributable to the fast flame speed characteristic of alcohol
fuels relative to gasoline (Turner et al., 2011; Gravalos et al., 2011). Also, it can be seen
that PRF85 is faster, by about 2 CAD, than other PRFs 97 and 90, likely due to the higher
concentration of n-heptane molecule present, known to have a higher chemical reactivity
under combustion conditions relative to iso-octane (Sileghem et al., 2013).
6.3.3 Autoignition characteristics
Figure 6.17 shows the in-cylinder pressure for the representative knocking combustion
cycles of Gasoline 97 operated at variable λ and engine CR. The selection of the
representative knocking combustion cycles was made according to the procedure
described in section (4.1.3); finding the median cycle of all knocking combustion cycles
detected for a specific fuel and test condition. At all conditions, the results show an
appreciable effect of knock on in-cylinder pressure, causing high-frequency pressure
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fluctuations during the expansion stroke at a time between 378 and 386 CAD, with a
continued and gradual decrease in magnitude afterwards as the piston moves towards the

Figure 6.17: In-cylinder pressure of Gasoline 97 representative knocking
combustion cycles tested at operating limit of engine CR and varying λ.

cylinder BDC. Also, it can be seen that at a comparable engine CR, such as (7.83, 7.85
and 7.91), a lower and delayed in-cylinder pressure peak is produced by less fuel supply
to the engine (higher λ), which is expected as discussed in the context of Figure 6.8 (a).
However, at (λ=0.93), at which the critical engine CR for Gasoline 97 was found, the
fastest increase in in-cylinder pressure after TDC and highest peak value are observed,
although the engine CR was the lowest of the test conditions.

Peak 1

Peak 2
Peak 3

Figure 6.18: Apparent net heat release rate of Gasoline 97 representative knocking
combustion cycles tested at operating limit of engine CR and varying λ.
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Figure 6.18 shows the apparent net heat release rate of the representative knocking
combustion cycles of Gasoline 97 operated at variable λ and engine CR. A clear effect of
λ on the rate of energy release can be seen. For example, at λ=0.93, the first sharp rise in
ANHRR occurred earlier by 3 CAD than λ=1.00, despite both operating at the same
engine CR. Additionally, at λ=0.93 and unlike the other λ tested, three consecutive peaks
in the ANHRR trace can be seen due to the longer duration of pressure fluctuations
relative to the other cycles presented.

(a)

(b)

Figure 6.19: In-cylinder pressure of the representative knocking combustion cycles of the PRFs
and gasoline fuels tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

Figures 6.19 (a) and (b), show the in-cylinder pressure for the representative knocking
combustion cycles of the investigated fuels tested at the operating limit of engine CRs at
λ=1 and λ=critical, respectively. In Figure 6.19 (a), at stoichiometric combustion λ=1,
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although all fuels exhibited the same knocking frequency, it can be seen that the isoparaffinic fuels (PRFs) displayed higher in-cylinder pressure relative to the aromatic fuels
(gasoline fuels). For example, PRF97 reached the knocking frequency threshold at an incylinder pressure higher than Gasoline 97 by about 10%. The results also show that
PRF90 and PRF85 exhibited a peak in-cylinder pressure at the knocking threshold
equivalent to aromatic fuels of octane number higher by about seven units. These
observations were expected as the PRFs, at λ=1, operated at a much higher engine CR in
comparison to gasoline fuels as was discussed in the context of Figure 6.6.
On the contrary, the iso-paraffinic fuels (PRFs) tend to reach the pre-determined
knocking threshold at an in-cylinder pressure much lower than the aromatic fuels where
tested at their critical conditions of mixture strength and engine CR, as shown in Figure
6.19 (b). For example, a comparison between the in-cylinder pressure traces for PRF97
and Gasoline 97, and also PRF90 and Gasoline 91.3 show the opposite to that seen at
λ=1. It is worth noting that, at the critical test conditions, the addition of ethanol to
gasoline fuel causes the knock to occur at lower in-cylinder pressure compared to
Gasoline 91.3, even though it was operated at a higher engine CR. This could be attributed
to the faster burning velocity gained by the addition of ethanol, advancing the peak of incylinder pressure closer to the engine TDC where the combustion occurred at a smaller
volume.
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(a)

(b)

Figure 6.20: Apparent net heat release rate of the representative knocking combustion cycles of
the PRFs and gasoline fuels tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

The apparent net heat release rate of the representative knocking combustion cycles of
the investigated fuels tested at the operating limit of engine CRs at λ=1 and λ=critical are
shown in Figures 6.20 (a) and (b), respectively. At λ=1, in general, all fuels experienced
multiple peaks of heat release due to knocking combustion in the engine between 377 and
386 CAD, with the iso-paraffinic fuels (PRFs) advanced relative to the aromatic fuels.
This is also apparent in the in-cylinder pressure traces, Figures 6.19 (a) and (b), and can
be attributed to testing of the PRFs at a higher engine CR. The results also show that the
PRFs fuels produced higher cumulative energy release rate by about 10% than the
gasoline fuels, due to the higher calorific value of the former. However, at the critical λ
operation, it can be seen that the aromatic fuels tend to knock earlier than the iso-
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paraffinic fuels, as the initial peaks of heat release (present due to knock in end-gas zone)
occur approximately 1.5 CAD, earlier.

(a)

(b)

Figure 6.21: Amplitude of bandpass filtered in-cylinder pressure and angle at first knock-point
of the representative knocking combustion cycles of the PRFs and gasoline fuels tested at
operating limit of engine CR at (a) λ=1 and (b) λ=critical.

Figures 6.21 (a) and (b) show a comparison between the amplitude rise and time of
bandpass filtered in-cylinder pressure at the first knock-point, when MPRR crossed the
knock-detection threshold of 0.5 bar (Section 4.1.3), of the representative knocking
combustion cycles of the PRFs and gasoline fuels tested at the operating limit of engine
CRs at λ=1 and λ=critical, respectively. In general, rises in the amplitude of the in-
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cylinder pressure of the representative knocking cycles are shown to be lower at λ=1 than
at λ=critical, except PRF97 which required the highest engine CR in order to reach the
pre-determined knock threshold. This characteristic is also apparent in Figure (6.19 a),
where high-pressure fluctuations on the pressure trace of PRF97 around its peak can be
observed. However, at λ=1, it can be seen that the amplitude rise for iso-paraffinic fuels
decreases significantly by 26% and 36% as the n-heptane content increases from 3% to
15%, respectively. On the other hand, the results show that Gasoline 97 has a slightly
higher amplitude rise than Gasoline 91.3 while the addition of ethanol reduces it
compared to Gasoline 97 and Gasoline 91.3.
Additionally, the Figures 6.21 (a) and (b) shows that the time of first knock-point is
delayed for most of the fuels at λ=1 compared to λ=critical, except the PRF90 and PRF85.
These observations could be explained, as it was seen previously, by the burning velocity
of the fuels increasing as the fuel-air ratio increases, which then increases the combustion
rate and reduces its duration. As a result, at the critical lambda operating condition, which
is rich for all fuels, the amplitude of in-cylinder pressure shows little variation despite the
differences between the composition of the fuels, (with the exception of the
ethanol/gasoline blend). The addition of ethanol to fuels was found to reduce peak-topeak in-cylinder pressure fluctuations which may be the reason why the amplitude of incylinder pressure is lower than the other fuels. These observations are in agreement with
the literature (Kolodziej, 2017). With regards to the delayed time of the amplitude of incylinder pressure for PRF90 and PRF85, these fuels were seen in (Figure 6.20 b) to reach
a peak in-cylinder pressure later compared to the other fuels investigated as they were
operated at lower engine CR corresponding to their RON values.
Figures 6.22 (a) and (b) show the burn duration of the combustion characteristics CA10,
CA50, CA90, in addition to the interval to the first knock-point relative to the spark
timing for the knock representative cycle of the investigated fuels tested at the operating
limit of engine CRs at λ=1 and λ=critical, respectively. It can be seen that, at λ=1, the
burn duration CA10 increases gradually by less than a CAD as the RON of the aromatic
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fuel decreases. At the same time, a more significant increase, (by about 1.5 CAD), is
apparent for the iso-paraffinic fuels as the RON decreases from 97 to 90 and then to 85,

(a)

(b)

Figure 6.22: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the PRFs and gasoline fuels tested at operating limit of engine CR
at (a) λ=1 and (b) λ=critical.

with PRF85 exhibiting the most delayed CA10 burn duration of 21 CAD. As for the CA50
and CA90 durations, fuels with high RONs such as PRF97, Gasoline 97 and
G90.09+5%(V/V) Ethanol have comparably shorter durations of about 2 CAD less in
comparison to fuels with lower RONs such as Gasoline 91.3, PRF90 and PRF85. At
constant RON, it can be seen that PRF 97 has slightly lower burn durations of CA50 and
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CA90 as it was operated at a higher compression ratio than Gasoline 97. It can be
concluded that, at a constant λ=1, as the RON of the fuels decreases, iso-paraffinic fuels,
especially PRF97 and PRF90, experience more considerable delay in flame initiation,
combustion rate and overall combustion durations than aromatic fuels. However, at a
comparable RON value, iso-paraffinic fuels show a slightly shorter duration as they
require operation at a higher engine CR than aromatic fuels to achieve the same knock
frequency and intensity. The addition of ethanol to gasoline shows a slight decrease in
the CA10 duration, while a significant reduction (by about 1.5 CAD) can be seen in the
combustion phasing CA50 and CA90 compared to non-oxygenated gasoline (Gasoline
91.3). With regards the interval to the first knock-point, it can be observed that isoparaffinic fuels displayed shorter durations relative to the aromatic fuels, in agreement
with Figure 6.20 (a) in which the PRFs were observed to exhibit peaks of ANHRR earlier
than the aromatic fuels.
Figure (6.22 b) shows the same combustion parameters where the fuels were tested at
their critical conditions of engine CR and stoichiometric ratio. Overall, as was seen at the
constant λ=1, an increase in the burn duration CA10 with decreasing fuel RON is
apparent. However, this increase is also visible in the other burn durations, CA50 and
CA90. It is interesting to note that the duration of CA10 of the iso-paraffinic fuels become
slightly longer than that found at λ=1, while no significant changes in the durations of
CA50 and CA90 can be seen. However, the aromatic fuels experience a considerable
reduction by about 3 CAD in all durations. Therefore, it can be summarised that isoparaffinic fuels have more prolonged combustion initiation and development durations
than the aromatic fuels under critical knock operating conditions of engine CR and airfuel ratios. This explains the late occurrence of ANHRR peaks, shown in Figure (6.20 b),
compared to the aromatic fuels, which tend to have faster heat release and earlier
knocking peaks. The results of knock-point durations show that iso-paraffinic fuels tend
to knock at an angle closer to CA50. In contrast, the aromatic fuels resist knocking for a
more extended period, with a knock-point much closer to the end of the combustion
phase.
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6.3.4 Fuel consumption rate

Figure 6.23: Fuel consumption rate of the investigated PRFs and gasoline fuels tested at
operating limit of engine CR and varying λ.

Figure 6.23 shows the fuels consumption rates, over the operating range of λ, for the PRFs
and gasoline fuels. Overall, all fuels exhibit comparable consumption rates with a linear
increase of about 25% when increasing the mixture stoichiometry from (λ=1
to λ= 0.82). However, fuels with higher heating values and lower stoichiometric AFR,
such as Gasoline 91.3 and G90.09+5%(V/V) Ethanol, tend to display the slightly lower
fuel consumption rates relative to the other fuels. Of the PRFs, PRF85, which has the
highest content of n-heptane, exhibits a relatively higher fuel flow rate compared to
PRF97 and PRF90. Table 6.3 shows the indicated specific fuel consumption rates of the
fuels investigated at λ=1, which were calculated as described in Section 4.3.2.
Table 6.3: Indicated specific fuel consumption rates of the fuels investigated at λ=1.
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6.3.5 Cooling effect

Figure 6.24: Temperature drop across the carburettor caused by the investigated PRFs and
gasoline fuels tested at operating limit of engine CR and varying λ.

Figure 6.24 shows the temperature drop across the carburettor during supply of the
investigated fuels over the entire operating range of λ. Overall, it can be seen that the
reduction in temperature increases with the increase of fuel supply to the engine, as is
expected given that there is more fuel available to be mixed with the hot air, further
reducing the charge temperature. The heat of vaporisation (HoV) of each fuel plays a
significant role here, therefore, it is expected there is a different reduction in temperature
among the fuels investigated. For PRFs, it is known that, relative to iso-octane, n-heptane
has a slightly higher (HoV) by about 1.4 kJ/mol. As a result, a slight increase in the
temperature drop can be seen as the n-heptane content in the PRFs increases. With regard
the gasoline fuels, it is interesting to see that the addition of 5% (V/V) of ethanol, which
has a high HoV than iso-octane, increased the temperature drop by about 50% compared
to Gasoline 91.3. It can also be seen that Gasoline 97 displayed a significant reduction in
the temperature drop relative to Gasoline 91.3, but of slightly lower magnitude than that
exhibited by G90.09+5%(V/V) Ethanol.
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6.4 Conclusions
In this chapter, the capability of the utilised experimental systems and methodology to
measure the knock tendency of fuels was experimentally investigated. Three sets of fuels
of known RONs, chemical and physical properties, but variable chemical composition
(aromatic and paraffinic), were tested. The results show a high degree of accuracy of the
utilised experimental systems and the applied methodology to measure the operating limit
of the engine CR for the fuels investigated over a wide range of λ conditions, despite the
significant effects of varying the mixture strength λ and the chemical composition of
fuels. It also provides confidence when extending the experimental investigations to
cover a broader range of molecules and fuels in subsequent chapters.
It was found that the determination of the operating limit of engine CR, at the targeted
knocking frequency, depended on the condition of mixture strength λ and the chemical
composition of test fuel. By investigating these effects, the following conclusions can be
drawn:
•

A richer mixture exhibited knocking combustion at a lower engine CR than a
leaner mixture, due to the decrease in ignition delay caused by the increase in endgas reaction rates at elevated in-cylinder temperature while enriching the mixture.
However, introducing too much fuel increased the engine CR required to maintain
the same level of knocking frequency, attributable to the increase in the ignition
delay due to the decrease in the in-cylinder temperature and the burning rate as a
result of insufficient oxygen availability to fully oxidise the fuel.

•

Highly aromatic fuels are less sensitive to changes in mixture strength λ than
highly iso-paraffinic fuels and, exhibiting less variation in the operating limit of
engine CR while varying their mixture strength λ. However, at the same operating
condition of mixture strength λ, especially at stoichiometric and slightly rich λ,
iso-paraffinic fuels displayed greater knock resistance than highly aromatic fuels
of the same RON values, operating at a higher engine CR in order to exhibit the
same level of knocking frequency.
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•

The effect of the chemical composition of the test fuels on the determination of
the operating limit of engine CR, at the targeted knocking frequency, indicated
the importance of comparing test fuels with different chemical composition at
their critical mixture strength λ rather than at fixed mixture strength λ. Thus, a
greater degree of correlation between the operating limit of the engine CR and
known RON values of the investigated fuels was obtained despite the difference
between their chemical compositions.

Regarding the effect of chemical composition of the test fuels on combustion and
autoignition characteristics, it was found that:
•

For all fuels, the in-cylinder pressure fluctuations at the critical λ were stronger
than at other λ values, attributed to the effect of multiple auto-ignition occurrence
that increased the in-cylinder pressure fluctuations. At these conditions, the isoparaffinic fuels produce higher peak-to-peak in-cylinder pressure fluctuations and
peak of heat release rates with longer combustion initiation and development
durations, and a propensity to knock at an angle much closer to the mid-point of
combustion (CA50) earlier compared to the aromatic fuels.

•

Due to the presence of an alcohol functional group, the addition of ethanol to
gasoline increased the speed of the combustion rate of the blend and decreased
peak-to-peak in-cylinder variation compared to PRFs and other gasoline fuels.

The effect of chemical composition of the test fuels on the fuel consumption rate and
cooling effect, as a temperature drop across the carburettor, while varying the mixture
strength λ, can be summarised as follows:
•

In general, all fuels have a comparable level of fuel consumption rates. However,
a more significant reduction in temperatures across the carburettor with the PRFs
and (G90.09+5%(V/V) Ethanol) fuel, due to their high heat of vaporisation
(HoV). It is interesting to note that the addition of 5% (V/V) ethanol to gasoline
90.9 reduced the charge temperature by 50% compared to Gasoline 91.3.
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Chapter 7 Autoignition and combustion characteristics of
biomass-derived fuel molecules producible from furfural
As highlighted in the review of upgrading and utilisation of biofuels from hemicellulosic
lignocellulose presented in Section (2.3.3), furfural is a promising renewable chemical
platform that can be utilised to produce a wide range of high value-added products for
different applications, such as the pharmaceutical and food industries. In the context of
biofuels, furfural is immiscible in hydrocarbons and so cannot be readily blended with
existing fuels. Hence, interest in furfural has focused on exploring its derivatives as
potential fuels or fuel blending components. While this approach has shown promising
outcomes; for example, the performance of 2,5-dimethylfuran (DMF) and 2-Methylfuran
(MF) in comparison to conventional bioethanol and gasoline fuel as investigated by
(Wang et al., 2016) and reviewed in Chapter 1, finding potential chemical compounds
that are compatible with fuel specification requirements and can be cost-competitive is
most beneficial to the biorefinery industry.
This chapter reports an experimental investigation undertaken to study the autoignition
and combustion characteristics of three potential intermediate platform molecules;
gamma- valerolactone (GVL), methyl valerate (MV) and 2-methyltetrahydrofuran
(2-MTHF), in addition to furfural (Fur) and furfuryl alcohol (FOL), as blends with a
reference gasoline fuel, relative to the reference gasoline fuel. The molecules selected
also provided insight as to the effect of differing molecular structures and oxygenated
functional groups on anti-knock properties. The varying physical and chemical properties
were also reflected in the performance of the molecules when blended into gasoline.
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Figure 7.1: A summary of the production pathways from furfural of the molecules investigated
(Lange et al., 2010; Hengst et al., 2015; Yan et al., 2015; Mariscal et al., 2016;
Sun et al., 2020; Huang et al., 2020).

Furfural (Fur), Furfuryl alcohol (FOL), gamma- valerolactone (GVL), methyl valerate
(MV) and 2-methyltetrahydrofuran (2-MTHF) were selected for the experimental
investigation. The production pathways of the investigated molecules from furfural was
reviewed in Chapter 2, and is summarised in Figure 7.1. It can be seen in Figure 7.1 that
the selected molecules, highlighted in green, can be produced via different levels of
processing when upgrading furfural. Table 7.1 provides a summary of the physical and
chemical properties of the molecules investigated. All molecules were obtained from
Sigma-Aldrich with specifications according to the certificates of analysis available in
the Appendixes B6 to B10.
From Figure 7.1 and Table 7.1, it can be seen that the molecules investigated possess
different molecular structures, oxygenated functional groups and physicochemical
properties, such as molar mass, boiling point and density. In general, increasing the
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number of processing steps to which furfural is subjected increases the carbon number
and reduces the degree of unsaturation of the resultant molecule relative to furfural.
Hence, in Table 7.1, it can be seen that molecular mass, H/C, O/C, stoichiometric AFR
and energy content of all molecules, excluding 2-MTHF, increase relative to furfural.
2-MTHF has the lowest molecular weight among the molecules investigated, despite
potential production through multiple processing steps, attributable to a simple molecular
structure and higher degree of saturation. However, 2-MTHF exhibits a significantly
higher calorific value due to a lower oxygen content and high H/C ratio. It also can be
observed that further processing of furfural decreases the density of the resultant
molecule. With regards the octane number of the molecules investigated, as found from
the literature, GVL and MV have very high octane numbers; 130 and 115, respectively,
while 2-MTHF has a lower RON value. However, no information for the RON values of
furfural and furfuryl alcohol was found.
Table 7.1: Physical and chemical properties of the molecules investigated.

Due to the poor solubility of the molecules, Fur, FOL and GVL in hydrocarbons, 5%
(V/V) of ethanol was added to the reference gasoline fuel to improve component
miscibility. The ethanol/gasoline blend was prepared and delivered by BP Formulated
Products Technology in the UK, see Appendix B3 for the certificate of analysis. The base
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gasoline fuel possessed a RON of 90.9, which was increased to 93.7 with the addition of
5% (V/V) of ethanol.
In preliminary experiments, while 2-MTHF and MV were blended at 20% (V/V) with
80% gasoline without issue, Fur, FOL and GVL were blended with the reference fuel,
(5%(V/V) ethanol + 95% (V/V) base gasoline fuel), at a range of concentrations; 5%,
10%, 15% and 20% (V/V), in order to determine the maximum stable blend ratio. It was
found that GVL could be blended at 20% (V/V) in 80% (V/V) of the reference fuel.
However, phase separation was observed at room temperature in the case of either Fur or
FOL at blend levels higher than 5% (V/V). Hence, the solubility of Fur and FOL was
limited to 5% (V/V) into 95% (V/V) of the reference fuel, and those molecules were
investigated at that blending ratio only. To produce crossover between molecules tested
as 5% (V/V) blends and 20% (V/V) blend, a further blend of GVL was prepared at 5%
(V/V) concentration. Table 7.2 shows the measurements of density and the calculated
parameters H/C, O/C and stoichiometric AFR for all of the blends investigated, including
the reference fuel (RF). It can be seen that the density of the reference fuel (RF) increased
when blended with the molecules investigated due to their higher densities. The effect of
the addition of each molecule to the reference fuel (RF) on H/C, O/C and stoichiometric
AFR will be discussed subsequently.
Table 7.2: The density and fuel parameters of the reference fuel and the blends investigated.
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(a)

(b)

Figure 7.2: A comparison between the reference fuel and the blends investigated in terms of (a)
H/C and O/C ratios, and (b) stoichiometric AFR ratios.

Figures 7.2 (a) and (b) show the H/C, O/C and stoichiometric AFR ratios, respectively,
for the reference fuel (RF) and the blends investigated. In terms of H/C (Figure 7.2 a), it
can be seen that, for both blending ratios, the addition of the biomass-derived molecules
decreases the H/C relative to the RF when the blended molecules are produced through
few processing steps, such as Fur, FOL and GVL, as these molecules tend to be less
saturated. However, it can be observed, for the molecules that are produced further
downstream the potential production pathway, as shown in Figure 7.1, such as 2-MTHF
and MV, an increase in the H/C of their blends compared to the RF was observed. This
can be attributed to the increase in the H/C ratios of these molecules following successive
stages of hydrogenation.
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In contrast, the O/C of all blends increases with the addition of the biomass-derived
molecules to the RF. This increase is smallest for molecules produced through the most
number of processing steps (Figure 7.1), such as 2-MTHF and MV. This is because these
molecules have been subjected to chemical processes such as the hydrodeoxygenation of
2-MTHF that reduce the oxygen content and the esterification of the valeric acid to
produce MV that increase the carbon content. The GVL blend of 20% blending ratio
shows the highest O/C of all the blends investigated.
With regards the stoichiometric AFR, it can be seen that, in general, the blends of the
biomass-derived molecules require less air due to the presence of oxygen within the
molecules. However, as might be expected, the level of that decrease becomes smaller at
lower blending ratios due to the decreased volume of the RF replaced. Furthermore, the
higher (H/C) and the reduction in the oxygen content of the furfural derivatives that are
produced through a higher level of processing, such as 2-MTHF and MV, necessitate a
slightly higher amount of air for complete combustion compared to GVL when blended
at the same volumetric concentration of 20%. This trend is also apparent when comparing
the calculated stoichiometric AFR for Fur, FOL, GVL when blended at the same
volumetric level of 5%, as all have a constant O/C of 0.4.

181

7.2 Results and discussion

7.2 Results and discussion
7.2.1 Anti-knock quality
(a)

(b)

Figure 7.3: Operating limit of engine CR of the reference fuel and the blends investigated at
varying λ, (a) blends of (20%biomass+80%RF), (b) blends of (5%biomass+95%RF).

Figures 7.3 (a) and (b) show the operating limit of the engine compression ratio (CR),
when the required knocking frequency (KFRQ) was achieved, at varying λ for the
reference

fuel

and

the

blends

investigated

of

(20%biomass+80%RF)

and

(5%biomass+95%RF), respectively. Overall, for all blends and the reference fuel, except
the blends of (20%GVL+80%RF) and (5%FOL+95%RF), the operating limit of the
engine CR first decreased as the mixtures became richer to a certain limit and then
subsequently increased as the mixture became richer still. This effect of varying the
mixture strength on the operating limit of the engine CR was expected, and it is similar
to that seen and discussed in Figures 6.4. Unlike the other blends, it can be seen, in
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(Figures 7.3 a and b, respectively), that as the mixture of the (20%GVL+80%RF) and
(5%FOL+95%RF) blends is made increasingly rich, the operating limit of engine CRs
decreased between λ=0.97 and λ=0.95 and then increased linearly. This is in contrast to
all other blends and may be attributed to the effect of high boiling temperature on knock
tendency, requiring higher engine CRs with decreasing (λ) as to increase the in-cylinder
temperature to reach the targeted level of knocking frequency. It is worth noting that, as
shown in Figure 7.3 (a), the MV blend was able to be combusted in a stable manner but
in a much narrower range relative to all other fuel tested, operating between λ=0.98 and
λ=0.86, while the Fur blend displayed a lot of variation in λ over the tested range,
especially in the range of (1.00 to 0.95), potentially due to combustion instability
observed during the experiment as a result of its high density and poor mixture
preparation and delivery via carburettor (Figure 7.3 b).
With regards the anti-knock quality, Figure 7.3 (a) shows the effect of replacing 20%
(V/V) of the reference fuel by the biomass-derived molecules; GVL, MV and 2-MTHF,
respectively, on the anti-knock quality of the final blends, compared to the reference fuel.
It can be seen that GVL and MV blends displayed greater knock resistance than the
reference fuel. However, the addition of 2-MTHF increased knocking tendency so that
the engine CR at which the knock threshold was reached decreased. As for the effect of
replacing 5% (V/V) of the reference fuel by the biomass-derived molecules; Fur, FOL
and GVL, respectively, Figure 7.3 (b) shows that blending Fur with the reference fuel
increased the knocking tendency of the final blend, while FOL significantly reduced it,
allowing the engine to be operated at a higher compression ratio. For GVL, a noticeable
improvement in knock resistance is observed similar to that displayed by FOL at λ = 1.
The 5%GVL blend also shows a greater knock resistance than the reference fuel in the λ
range of 1.00 to 0.90, as shown in Figure 7.3 (b). However, as λ further decreases beyond
0.90, the 5%GVL blend knock resistance similar to the RF.
The contrasting effects on knock resistance of blending the molecules investigated into
the reference fuel can be explained as follows. The structure of the molecules varies in
the degree of saturation and functional groups present, as shown in Figure 7.1 and Table
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7.1. Fur and FOL share the same unsaturated furanic ring but attached to different
oxygenated functional groups; an aldehyde and alcohol, respectively. On the other hand,
the rings of GVL and 2-MTHF are fully saturated but differ in that GVL has an additional
carbonyl group (C═O) at the C5 site. Therefore, GVL is considered to be ester molecule,
while 2-MTHF is an ether. MV has an acyclic carbon chain incorporating an ester
functional group, making the molecule a short-chained ester.
The influence of fuels and fuel blending components molecular structure and oxygenated
functional groups on autoignition behaviour has been the subject of many studies. (Boot
et al., 2017) stated some generic design rules that help to conceptualise the effect of fuel
molecular structure on knock resistance. For achieving increased knock resistance during
combustion in spark-ignition engines, it was reported that the addition of oxygenated
functional groups such as aldehydes and ethers should be avoided. The presence of these
oxygenated functional groups weakens adjacent C─H bonds and increases the reactivity
of a molecule. This observation was confirmed by Tian et al., (2017). Conversely, it was
found that the presence of an alcohol or ester group increases knock resistance. Ester;
includes a carbonyl group (C═O) that results in the production of readily stable
intermediates during auto-ignition, reducing the overall reaction rates (Tian et al., 2017).
The addition of an alcohol group to the side chain of a ring has been found to have
different effects, dependent on whether the ring is saturated or not (Sudholt et al., 2015),
and a significant increase in knock resistance can be obtained in the former case.
Following the above discussion, Figure 7.3 (b) shows that for a molecule such as Fur, the
replacement of the aldehyde oxygenated functional group by an alcohol, as in FOL, is
necessary to obtain a fuel additive suitable for spark-ignition engine applications. A
similar observation can be made when GVL is compared to 2-MTHF, as both molecules
contain a saturated ring. In Figure 7.3 (a), it can be seen that while 2-MTHF decreases
knock resistance, the addition of the carbonyl group (C═O) to form GVL increases knock
resistance. As for MV, the presence of the ester functional group significantly improves
the anti-knock quality of the final blend, as shown in Figure 7.3 (a). On the basis of carbon
number, MV can be compared to n-hexane (C6H14), however, it has a much lower octane
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number (24.8) than MV (115), (Knocking Characteristics of Pure Hydrocarbons, 1958).
To see the effect of the degree of ring saturation on the octane number, 2-MTHF can be
compared to the unsaturated 2-methylfuran using data available in literature (as shown in
Figure 7.1, both molecules share the same methyl side chain and ether functional group).
The unsaturated ring of 2-methylfuran results in an octane number increase by 13.7 units,
compared to the saturated ring of 2-MTHF (Thewes et al., 2011).

(a)

(b)

Figure 7.4: A comparison between the reference fuel and the blends investigated at
(a) the operating limit of engine CR at λ=1 and the estimated RON of the blends,
(b) the critical operating conditions of the engine CR and λ.

Using Equation 6.1, the RON of the investigated blends was estimated. Figures 7.4 (a)
and (b) show a comparison between the reference fuel and the investigated blends in
terms of the operating limit of engine CR at λ=1, the estimated RON of the blends and
the values engine CR and λ at the critical operating conditions. As was discussed
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previously in Figures 6.5, 6.6 and 6.7, comparing fuels at λ=1 does not provide an
appropriate correlation between the relationship of the operating limit of the engine CR
and the fuel RON. As an example, a comparison between the reference fuel (RF) and the
blend of 80%RF+20% 2-MTHF shows that the addition of 2-MTHF decreased the RON
of the RF by 2 units (Figure 7.4 a). However, both blends show a similar operating limit
of engine CR when compared at the stoichiometric conditions (Figure 7.4 a). While both
fuels exhibited the same critical λ of 0.94, the difference becomes 0.18 units of CR when
compared at these conditions (Figure 7.4 b). Another example is the blend of
80%RF+20% MV in comparison to that of 95%RF+5 FOL%. Figure 7.4 (a) shows that
both blends exhibited similar knock resistance despite the lower concentration of FOL
that was added to the RF. Hence, the RON was estimated for these two blends to be 96.3
and 96.4, respectively. However, the difference in engine CR operating limits, at
stoichiometric λ=1, is 0.15 compared to 0.02 at the critical λ conditions (Figures 7.4 a
and b). Lastly, Figures 7.4 (a) and (b) show that the 5%GVL operated at a higher engine
CR than the 5%FOL blend by 0.11 units. In contrast, at their critical operating conditions
of λ and engine CR, Figure 7.4 (b) shows that the blend of 5%FOL was more resistant
than the blend of 5%GVL as it had an engine CR higher by 0.22 units, with an estimated
RON of 96.4 compared to 94.9 for the blend of 5%GVL. These three examples highlight
yet again the importance of evaluating the anti-knock quality of the investigated blends
at their critical conditions of λ rather than at stoichiometry.
From Figure 7.4 (b), it can be seen that, at the blending ratio of (20%biomass+80%RF),
the most significant increase in the RON of the RF, 4.3 units, was achieved by the
molecule GVL which requires the lowest level of processing. The blend of MV resulted
in the second largest impact on knock resistance as it boosts the RON of the RF by 2.6
units. On the other hand, the addition of 2-MTHF decreased the RON of the RF by 2
units. These results demonstrate that cyclic and chained molecules can potentially be
octane booster candidates for spark-ignition engine fuels if they contain an oxygenated
functional group such as ester. However, of esters tested, it can be seen, in Figure 7.4 (b),
that the cyclic molecular structure of GVL results in a larger increase in knock resistance
than that straight and chained MV.
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In Figure 7.4 (b), at (5%biomass+95%RF) blend ratio, it can be seen that the FOL at 5%
(V/V) increased the RON of the RF by 2.7 units, an increase similar to that with 20% of
MV and lower than that of 20% GVL by 1.6 RON units. On the other hand, the reduction
in RON caused by adding 5%(V/V) of Fur to the RF (- 1.1 RON) was much lower than
that caused by the addition of 20% of 2-MTHF (- 2 RON). It is also interesting to observe
the effect of varying the blend concentration of GVL from 5% (V/V) to 20% (V/V) in the
reference fuel. Figure 7.4 (b) shows a slight increase, of 0.15 engine CR, was achieved
by utilising the 20% (V/V) of GVL relative to the 5%GVL blend at the stoichiometric λ.
However, when comparing the GVL blends at the critical λ, it can be seen that the
addition of 20% of GVL improved the anti-knock quality of the reference fuel by 3.1
RON units higher than the 5% (V/V) GVL blend.
7.2.2 Combustion characteristics
Figures 7.5 (a) and (b) shows the in-cylinder pressure of the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated at volumetric
blending ratio of (80%RF+20%biomass) tested at operating limit of engine CRs at λ=1
and λ=critical, respectively. At λ=1 (Figure 7.5 a), it can be seen that the
2-MTHF blend exhibited similar in-cylinder pressure characteristics as the reference fuel
(RF); as this is not unexpected, both fuels operated at a similar engine CR of 7.43 and
7.49, respectively. The same observation can be made if comparing the blend of GVL to
the blend MV which were operated at similar engine CR; 7.97 and 7.86 respectively
(Figure 7.5 a). As might be expected, the blends of GVL and MV produced higher incylinder pressure than the RF and the blend of 2-MTHF due to the higher engine CR at
these conditions (Figure 7.5 a). In Figure (7.5 b), where the fuels were tested at critical
conditions, it can be seen that there is a greater influence of the blended molecules
attributable to operation at different engine CRs. It can be seen that the blend of GVL
produced a higher in-cylinder pressure than that with MV, the RF and the blend with 2MTHF by 2 bar, 3 bar and 4 bar, respectively.
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(a)

(b)

Figure 7.5: In-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (80%RF+20%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

In Figures 7.6 (a) and (b), the in-cylinder pressure of the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated at the volumetric
blending ratio of (95%RF+5%biomass), tested at the operating limit of engine CRs at
λ=1 and λ=critical, are shown respectively. A similar observations relative to those at the
higher blend level of 20% (V/V) (Figure 7.5 a) when comparing the RF to the blend with
2-MTHF, and also the RF and the blend with Fur, as these were operated at a similar
engine CR (Figure 7.4 a). Figure 7.4 (a) shows that, at λ=1, the blend of GVL exhibited
a higher in-cylinder pressure by about 2 bars than the RF and the blend with Fur.
Interestingly, Figure 7.6 (a) shows that peak in-cylinder pressure was higher and occurred
earlier in the case of the FOL blend relative to the GVL blend even though the former
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(a)

(b)

Figure 7.6: In-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (95%RF+5%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

was operated at lower engine CR by 0.11 units. By comparing the results at the critical
operation conditions, as shown in Figure 7.6 (b), it can be seen the replacement of 5%
(V/V) of the RF by Fur decreased the in-cylinder pressure by about 2 bars, due to
operating at lower engine CR. However, the blend of FOL increased the in-cylinder
pressure in comparison to the RF by approximately 2 bars. In addition, and similar to the
observation made at λ=1, the FOL blend displayed a slightly advanced in-cylinder
pressure development and peak compared to all other blends and the RF. Finally, no
significant changes to the in-cylinder pressure characteristics of the RF were seen with
the utilisation of GVL at the lower concentration of 5% (V/V) despite operation of the
GVL blend at a higher engine CR than the RF as seen in Figure 7.4 (b).
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The apparent net heat release rate (ANHRR) of the averaged non-knocking combustion
cycles of the reference fuel and the blends investigated (80%RF+20%biomass), tested at
the operating limit of engine CRs at λ=1 and λ=critical, are shown in Figures 7.7 (a) and
(b), respectively. At λ=1, it can be seen that there was a slight variation with fuel
composition in the pattern of heat release, with fuels such as the blends of GVL and MV
which were operated at a higher engine CR, exhibiting slightly higher heat release rates.
Figure 7.7 (a) also shows that the blends of MV and 2-MTHF experienced a slightly sharp
increase in heat release rate between 378 CAD and 384 CAD, attributable to the effect of
incipient knock in the end-gas composition on the in-cylinder conditions, which produced
in-cylinder pressure fluctuations below the detection threshold, MAPO= 0.5 bar.

(a)

(b)

Figure 7.7: Apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (80%RF+20%biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.
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Figure 7.7 (b), show that, at the critical operation conditions, all the blends, except MV
and the RF, experienced the effect of incipient knock in the end-gas composition. Figure
7.7 (b) also shows that the blend of GVL displayed the most advanced heat release,
followed by the blend of MV, while the blend of 2-MTHF showed a pattern of heat release
rate similar to that exhibited by the RF. It is interesting to note that, despite the differences
between the heating values of the blends compared to the RF, all fuels produced, at λ=1,
comparable values of peak heat release (Figure 7.7 a). This suggests that operating the
blends of GVL and MV, which have lower heating values than the blend of 2-MTHF and
the RF, at a higher engine CR could compensate for the reduction in the heating value of
the RF with the addition of the oxygenated molecules.

(a)

(b)

Figure 7.8: Apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (95%RF+5%biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.
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Figures 7.8 (a) and (b) show the apparent net heat release rate (ANHRR) of the averaged
non-knocking combustion cycles of the reference fuel and the blends investigated
(95%RF+5%biomass), tested at the operating limit of engine CRs at λ=1 and λ=critical,
respectively. Overall, when operated at stoichiometry and before exhibiting incipient
knock, the blends of Fur and FOL showed similar peak heat release rate to that exhibited
by the RF, 52 (J/CAD), while the blend of GVL had slightly a lower peak value by (3
J/CAD). However, it can be noticed that the GVL blend exhibits a sharp increase in
ANHRR, due to the effect of incipient knock in the end-gas composition, as seen
previously in Figures 7.7 (a) and (b), which increased its peak by 7 (J/CAD). At the
critical operating conditions of λ and engine CR, as shown in Figure 7.8 (b), it can be
seen that the blend of FOL exhibited slightly advanced flame propagation and
development relative to the RF. With regards to the blends of Fur and GVL, both blends
showed a similar rate of flame propagation and development as the RF, however, both
displayed lower peaks of ANHRR by (3 J/CAD), respectively.
Figures 7.9 (a) and (b) show the peak in-cylinder pressure (Pmax) of the averaged nonknocking combustion cycles of the reference fuel and the blends investigated of
(80%RF+20%biomass) and (95%RF+5%biomass), tested at the operating limit of engine
CRs and varying λ, respectively. Overall, blends produced higher in-cylinder pressures
as the operating limit of the engine CR increased over the entire operating range of λ. For
example, the blend of 20%GVL produced a peak pressure higher than the blend of
20%MV, RF, and the blend of 20%2-MTHF, respectively (Figure 7.9 a). The same
observation can be seen, as shown in Figure 7.9 (b), for the blends at the lower
concentration; the blend of FOL produced a peak pressure higher than the blend of GVL,
RF and then the blend of FUR, respectively.
As for the blends of 80%RF+20%biomass, it can be seen, in Figure 7.9 (a), that the
reduction in the peak in-cylinder pressure caused by the replacement of 20% (V/V) of the
reference fuel by 2-MTHF is about 1 bar at all λ tested. On the other hand, an increase of
around 1 bar was obtained by the blend of MV relative to RF, while the 20%GVL blend
resulted in an increase in peak pressure greater than 2 bars, especially at richer mixtures.
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(a)

(b)

Figure 7.9: Peak in-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (a) (80%RF+20%biomass) and (b)
(95%RF+5%biomass) tested at operating limit of engine CR and varying λ.

With regards to the 5% (V/V) blends (Figure 7.9 b), it can be seen that the addition of
5%FOL increased the in-cylinder pressure of the RF by approximately 1 bar, similar to
the seen with the blend of 20%MV (Figure 7.9 a). The addition of 5%GVL to the RF
produced a linear increase in the in-cylinder pressure with decreasing λ and increasing
fuel flow rate (Figure 7.9 b). However, the increase in the in-cylinder pressure was less
than what obtained by the addition of 20%GVL (Figure 7.9 a). The results of the Fur
blend showed significant variation in the in-cylinder pressure from λ between 1.00 to
0.95, demonstrating the combustion instability of this blend. For example, at λ=1, the 5%
Fur blend displayed CoV= 0.38 compared to 0.21 for the reference fuel at the same
operating condition of λ.
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(a)

(b)

Figure 7.10: Angle of peak in-cylinder pressure of the averaged non knocking combustion
cycles of the reference fuel and the blends investigated (a) (80%RF+20%biomass) and (b)
(95%RF+5%biomass) tested at operating limit of engine CR and varying λ.

In Figures 7.10 (a) and (b) the time of the peak of the in-cylinder pressure (θPmax) for the
averaged non-knocking combustion cycles of the reference fuel and the blends
investigated (80%RF+20%biomass) and (95%RF+5%biomass) , tested at the operating
limit of engine CRs and varying λ are shown, respectively. Over the entire operating
range of λ, a general trend of higher engine CR resulting in an advanced time of (θPmax).
For example, the 20%blend of GVL showed a θPmax earlier than the RF by 1 CAD at
stoichiometry and 2 CAD at richer mixtures (Figure 7.10 a). However, at the lower
blending ratio 5% (V/V), Figure 7.10 (b), it can be seen that it showed a delayed peak of
the in-cylinder pressure relative to the RF even despite operating at a higher engine CR.
It is interesting to note that the addition of 5%FOL to the RF showed (θPmax) angles, over
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the operated range of λ as shown in Figure 7.10 (b), earlier than the blend of 20%MV and
comparable to the blend of 20% (V/V) GVL (Figure 7.10 a). With regards the blend of
Fur, it produced peak in-cylinder pressure, during the lambda between 1.00 and 0.95,
slightly later than the RF and similar to the that of the 5%GVL blend (Figure 7.10 b). The
time of (θPmax) exhibited by Fur then became more advanced as the mixture enriched.
However, it can be seen that the Fur blend displayed significant variation in (θP max), of
between 385 and 386 CAD, between λ 1.00 and 0.95 that shows it was less sensitive to
the change in the mixture strength. This may be attributed to its combustion instability
during these conditions and the difficulty found in maintaining a continuous combustion
process, as discussed in the context of Figure 7.9 (b).
The net IMEP of the averaged non-knocking combustion cycles of the reference fuel and
the blends investigated of (80%RF+20%biomass) and (95%RF+5%biomass), tested at
the operating limit of engine CRs and varying λ, are shown in Figures 7.11 (a) and (b),
respectively. Firstly, Figure 7.11 (a) shows that the (80%RF+20%biomass) blends
operated at a higher engine CR than the RF produced higher net IMEP. The blends of
GVL and MV produced comparable IMEPn, but higher than the RF by about 2.5%,
especially at stoichiometry and slightly rich mixtures. Conversely, the replacement of
20% (V/V) of the RF by 2-MTHF, which displayed lower knock resistance and required
lower engine CR (Figure 7.3 a), did not reduce the IMEPn obtained by the RF. Secondly,
the results of the 95%RF+5%biomass blends in comparison to the RF show that the
addition of 5%FOL to the RF increased the IMEPn from 7.63 bar to 7.91 bar at the
stoichiometric condition. However, that increase became smaller as the engine operated
at a richer mixture (Figure 7.11 b). It is interesting to notice the most significant increase
in the IMEPn of the RF was caused by the addition of 5%GVL, with an approximately
5% increase over the entire operating range of λ. Also, the increase displayed by the
5%GVL is higher than from the FOL blend by 1.5%, even though the former operated at
a lower engine CR (Figure 7.3 b). It is also interesting to note that GVL when blended at
a lower concentration, 5% (V/V), produced a higher IMEPn, by about 0.2 bar, than the
20% (V/V) blend, especially at stoichiometric and slightly rich mixtures.
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(a)

(b)

Figure 7.11: Net IMEP of the averaged non-knocking combustion cycles of the reference fuel
and the blends investigated (a) (80%RF+20%biomass) and (b) (95%RF+5%biomass) tested at
operating limit of engine CR and varying λ.

Figures 7.12 (a) and (b) show the MPRR, which was found from the first derivative of
in-cylinder pressure data with respect to the engine crank angles of the averaged nonknocking combustion cycles (Section 4.1.2), for the RF in comparison to the blends of
(80%RF+20%biomass) and the blends of (95%RF+5%biomass) tested at the operating
limit of engine CRs and varying λ, respectively. Overall, all (80%RF+20%biomass)
blends and the RF showed an increase in MPRR as the mixtures become richer. However,
at the blending ratio 95%RF+5%biomass (Figure 7.12 b), this was only seen clearly in
the case of the FOL blend; the blend of Fur showed a sharper increase with decreasing λ
while the blend of 5%GVL did not show a clear response with changes in λ.
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(a)

(b)

Figure 7.12: Maximum pressure rise (MPRR) rate of the averaged non-knocking combustion
cycles of the reference fuel and the blends investigated (a) (80%RF+20%biomass) and (b)
(95%RF+5%biomass) tested at operating limit of engine CR and varying λ.

As for the (80%RF+20%biomass) blends, Figure 7.12 (a), it can be seen that all blends
and the RF exhibited a similar MPRR of 1.13 bar/CAD. However, as the mixture becomes
richer, all the blends tend to experience higher pressure rise rate per engine CAD than the
RF. Among all blends, GVL showed the highest MPRR, especially at richer mixtures >
0.95, potentially attributable to operation at a higher engine CR (Figure 7.3 a). On the
other hand, the blends of MV and 2-MTHF displayed similar MPRR, over the entire
operating range of λ, despite the significant difference in engine CR (7.71 and 7.19,
respectively). This may suggest that the addition of 2-MTHF increases the in-cylinder
pressure fluctuations much more than the other molecules. With regards to the blends of
(95%RF+5%biomass), the blend of GVL showed a significantly higher MPRR than the
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other blends and the RF (1.25 bar/CAD compared to 1.10 bar/CAD for the RF). However,
as the mixture became slightly richer, > 0.97, it produced an MPRR lower than the other
blends and RF as well. As for the blend of FOL, a slight increase in MPRR compared to
the RF can be seen in Figure 7.12 (b), due to its operation at a higher engine CR. The Fur
blend exhibited a significant linear effect of decreasing λ Figure 7.12 (b), potentially
attributable to the high degree of variability displayed by the blend due to instability of
combustion and incipient knock, as discussed previously in the context of Figure 7.9 (b).

(a)

(b)

Figure 7.13: Time of occurance of MPRR of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (a) (80%RF+20%biomass) and (b)
(95%RF+5%biomass) tested at operating limit of engine CR and varying λ.

Figures 7.13 (a) and (b) show the time of occurrence of the averaged MPRR of the
averaged non-knocking combustion cycles for the RF compared to the blends of
(80%RF+20%biomass) and the blends of (95%RF+5%biomass), tested at the operating
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limit of engine CRs and varying λ. In Figure 7.13 (a), it can be seen that all of 20% (V/V)
blends exhibited peak MPRR at a similar angle (376 CAD), earlier than the blend of 2MTHF by about 5 CAD. With increasing fuel mass flow rate to the engine, the blends of
GVL and MV experienced MPRR earlier than the RF, while the blend of
2-MTHF became comparable to the RF (Figure 7.13 a). This apparent fuel effect on time
of MPRR may be a result of the variation in the engine CR at the defined knock threshold;
for example, the 20%GVL blend displayed an earlier time of MPRR than the other fuels
and was also tested at a higher engine CR (Figure 7.3 a). In Figure 7.13 (b), it can be seen
that, at λ=1, the 5%blend of GVL had the most delayed time of MPRR, while the blends
of Fur and FOL displayed a slightly advanced time relative to RF. With decreasing λ, the
time of MPRR for the blend of GVL decreased sharply from 380 CAD at λ=1 to 376
CAD at λ=0.90. However, the blends of Fur and FOL appeared less sensitive to the
changes in λ Figure 7.13 (b).
Figures 7.14 (a) and (b) show the duration of CA10 of the averaged non-knocking
combustion cycles for the RF in comparison to the blends of (80%RF+20%biomass) and
the blends of (95%RF+5%biomass) tested at the operating limit of engine CRs and
varying λ, respectively. Apparent, for all blends and the RF is a decrease in the CA10
durations with decreasing λ (Figure 7.14 a). For the 20%blends, it can be seen that at λ=1
the blend of GVL exhibited a slightly shorter CA10 duration than the RF and the blend
of 2-MTHF, respectively. Subsequently, as the air fuel mixture became richer, the blend
of GVL continued to show the shortest CA10 duration followed by the blend of MV, the
RF and finally the 2-MTHF blend (Figure 7.14 a).
Regarding the 5%blends, it can be seen that the blend of GVL showed, in general, a
similar trend the duration of CA10 as the RF over the entire range of λ investigated, with
very slight reduction at very rich mixtures (λ < 0.9). It can also be seen that decreasing
the concentration of GVL in the RF increased the CA10 durations by about 1 to 1.5 CAD
at any given λ (Figure 7.14 a and b). In contrast, a significant reduction in the duration of
CA10 of the RF can be noticed with the addition of 5% (V/V) FOL. This reduction is
even shorter than that observed for the blends of 20% MV and 20% GVL which operated
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at a higher engine CR, attributable to the additional presence of an alcohol functional
group in FOL to that in ethanol blended into the RF, as was seen in Chapter 6, in Figures
6-14 to 6-16 with the addition of ethanol to the reference gasoline.

(a)

(b)

Figure 7.14: CA10 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80%RF+20%biomass) and (b) (95%RF+5%biomass) tested
at operating limit of engine CR and varying λ.

The CA50 and CA90 durations for the RF and blends are shown in Figures 7.15 (a) and
(b), and Figures 7.16 (a) and (b), respectively. It is clear, for both combustion
characteristics that they decrease with increasing the engine operating limit of the blends
investigated and the fuel supply. It can be seen that, in Figure 7.15 (a), that the addition
of 20% (V/V) GVL to the RF decreased its CA50 angle by 1 CAD at stoichiometry and
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(a)

(b)

Figure 7.15: Angle of CA50 of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80%RF+20%biomass) and (b) (95%RF+5%biomass) tested
at operating limit of engine CR and varying λ.

2.5 CAD at richer mixtures, making this the fastest blend among all 20%blends. Also,
the 20%GVL blend exhibited shorter CA90 duration by 1 CAD and 2 CAD relative to
the RF at λ=1 and richer mixture. However, decreasing the GVL concentration from 20%
to 5% (V/V), which was operated at lower engine CR than the 20%GVL by 0.15 at λ=1,
increased the burn durations so that combustion proceeded slightly more slowly than the
RF and similar to the blend of 2-MTHF. From Figures (7.15 a and b) and (7.16 a and b),
it interesting to see that, over that tested range of λ, the 5%FOL blend displayed shorter
CA50 angle and CA90 duration than the blend of 5%GVL, despite operation at lower
engine CR. For example, at λ=1, the 5%FOL blend exhibited shorter CA50 and CA90
duration by approximately 2 CAD, attributable to the effect of the presence of an alcohol
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functional group on the speed of burn rate as discussed previously in the context of Figure
7.14 (b).

(a)

(b)

Figure 7.16: CA90 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80%RF+20%biomass) and (b) (95%RF+5%biomass) tested
at operating limit of engine CR and varying λ.

Figures 7.17 (a) and (b) show the CA10-90 duration, which is the crank angle duration
between 10% of in-cylinder cumulative heat release and 90% of the same variable
(Section 4.1.5),

of the averaged non-knocking combustion cycles for the RF in

comparison

the

to

blends

of

(80%RF+20%biomass)

and

the

blends

(95%RF+5%biomass) tested at the operating limit of engine CRs and varying λ,
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(a)

(b)

Figure 7.17: CA10-90 duration of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (a) (80%RF+20%biomass) and (b)
(95%RF+5%biomass) tested at operating limit of engine CR and varying λ.

respectively. Overall, in Figure 7.17 (b) at λ=1, all the blends at the lower blending ratio,
(95%RF+5%biomass), displayed similar CA10-90 durations as the RF, except the blend
of FOL which had the shortest CA10-90 duration even compared to all 20% (V/V) blends
(Figure 7.17 a). This can likely be attributed to the presence of an alcohol functional
group as discussed previously in the context of Figure 7.14. With decreasing λ, it is worth
noting that the duration of the CA10-90 in the case of the 5%GVL blend decreased
linearly, in contrast to the other blends and the RF, where the burn duration increased at
mixtures richer than λ = 0.95. Also, with decreasing λ, the blend of FOL continued to
show shorter CA10-90 durations than the RF, while the blend of Fur exhibited slightly
longer durations than the RF (Figure 7.17 b). Where the biomass molecules were blended
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at 20% (V/V) (Figure 7.17 a), it can be seen at stoichiometric conditions that all blends
displayed a slightly shorter CA10-90 durations than the RF. However, with increasing
fuel mass flow rate, the blend of GVL showed a similar burn rate as the RF, despite
operation at a higher engine CR. The blend of 2-MTHF displayed shorter rapid burn
duration than the blend of GVL and the RF, respectively.
7.2.3 Autoignition characteristics
(a)

(b)

Figure 7.18: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends investigated (80%RF+20%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

Figures 7.18 (a) and (b) show the in-cylinder pressure of the representative knocking
combustion cycles for the RF and the blends of (80%RF+20%biomass), tested at the
operating limit of engine CRs at λ=1 and λ=critical, respectively. Immediately apparent
in Figure 7.18 (a) that the replacement of 20% (V/V) of the RF with GVL and MV
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elevated the in-cylinder pressure at which a similar frequency of knock to the RF was
obtained. However, as the utilisation of 2-MTHF decreased the knock resistance of the
RF, a reduction in the in-cylinder pressure can be noticed. This order of in-cylinder
pressure agrees with the findings, discussed previously in the context of (Figures 7.1 and
7.4), of the anti-knock quality and the estimated RON of the final blends.
Figure 7.18 (a) shows at λ=1 the blends of GVL and MV experienced knocking
combustion at comparable in-cylinder pressure levels, as they were operated at
comparable engine CRs of 7.97 and 7.86, respectively. It can be observed that the MV
blend showed a slightly advanced in-cylinder pressure rise relative to the GVL blend.
This is because of the slightly richer operating λ (0.986) in the case of the MV blend
compared to the GVL blend (0.997). However, MV reached a peak of 35 bars, slightly
lower than reached by the GVL blend (35.6 bars). From Figure 7.18 (b), showing incylinder pressure at the critical operating conditions of λ and engine CR, the in-cylinder
pressure was also dominated by engine CR at these conditions. It is worth noting that
both the blends of GVL and MV showed similar in-cylinder pressure characteristics
despite the difference between their engine CR and critical λ values (Figure 7.18 b). Also,
it can be clearly seen that the blend of 2-MTHF underwent knocking combustion at an
in-cylinder pressure lower than the RF by about 2 bars (Figure 7.18 b).
The representative knocking combustion cycles of the blends of the lower concentration
(95%RF+5%biomass), tested at the operating limit of engine CRs at λ=1 and λ=critical,
are shown in Figures 7.19 (a) and (b), respectively. In Figure 7.19 (a) at λ=1, it can be
seen that the blend of GVL displayed the highest in-cylinder pressures of all the fuels. It
was found that, in Figure 7.4 (b), the replacement of 5% (V/V) of the RF by the GVL
increased the operating limit of the engine CR from 7.49 to 7.82, an increase higher than
the FOL blend by 0.11 units. The blend of Fur showed a comparable, but slightly
advanced in-cylinder pressure trace relative to the RF. The trends in Figure 7.19 (b) at
the critical operating conditions of λ and engine CR matches the obtained order;
FOL>GVL>RF, with the exception of the Fur blend. As shown in Figure 7.19 (b), it can
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be seen that the blend of Fur exhibited an in-cylinder pressure trace greater than that of
the RF, despite a lower estimated RON.

(a)

(b)

Figure 7.19: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends investigated (95%RF+5%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

The apparent net heat release rate (ANHRR) of the representative knocking combustion
cycles of the RF and blends investigated (80%RF+20%biomass), tested at the operating
limit of engine CRs at λ=1 and λ=critical, are shown in Figures 7.20 (a) and (b),
respectively. Overall, at both operating conditions of λ (Figure 7.20 a and b), all the
blends investigated, and the RF initially displayed stable combustion development and
heat energy release during normal combustion period from the spark timing (347 CAD)
to approximately 375 CAD. After that, with the onset of knocking combustion, sudden
rapid changes in the heat release rates of all fuels can be seen in Figures 7.20 (a) and (b),
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(a)

(b)

Figure 7.20: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends investigated (80%RF+20%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

due to in-cylinder pressure fluctuations caused by auto-ignition reactions of the end-gas,
before a rapid fall in ANHRR at the end of combustion. Also, at both operating conditions
of λ, Figures 7.20 (a) and (b) show that the blends and the reference fuel displayed slight
variations in flame propagation and development due to the operation varying engine CR.
Thus, earlier increase in heat release rate can be observed for the blends which operated
at a higher engine CR, such as the GVL and the MV blends relative to the RF and the
blend of 2-MTHF.
At λ=1, the most significant increase in ANHRR with knocking combustion was seen for
the 2-MTHF blend, followed by the RF, reaching peak values of 74 (J/CAD) and 69
(J/CAD), respectively (Figure 7.20 a). Although both the blends of GVL and MV
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exhibited a similar peak of energy release during knocking combustion 66 and 65 J/CAD,
respectively, in the case of the MV blend the peak occurred earlier by 4 CAD. In
comparison to the peaks of ANHRR displayed during non-knocking combustion (Figure
7.7 a), the reference fuel and the blends of GVL, MV and 2-MTHF under knocking
combustions released peaks of ANHRR higher by 23%, 19.50%, 17% and 28%,
respectively. However, at the critical operating conditions of engine CR and λ, it can be
seen that the RF, as well as the blend of 2-MTHF, had lower peaks ANHRR than the
blend of GVL. This may because these two fuels exhibited smaller and later secondary
peaks in HRR occurring at approximately 385 CAD, as seen in Figure 7.20 (b), which
reduced the sharp increase of their initial peaks.
In Figures 7.21 (a) and (b) the apparent net heat release rate of the representative knocking
combustion cycles of the RF and blends investigated (95%RF+5%biomass), tested at the
operating limit of engine CRs at λ=1 and λ=critical, are shown, respectively. It can be
seen that, before the occurrence of knocking combustion, the blends of FOL and Fur
experienced faster, more advanced and higher ANHRR relative to other fuels, while the
GVL blend showed the slowest and lowest heat release. These observations can be related
to the results discussed in Figures 7.14 to 7.17, showing that the utilisation of FOL and
Fur enhanced the combustion rate of the RF, while the presence of GVL, at the lower
concentration of 5% (V/V), slowed down the combustion process. However, during
knocking combustion, the energy release of the blend of GVL can be seen to exhibit the
highest sharp increase, producing 20 J/CAD higher heat release than the RF and the blend
of Fur, and 23 J/CAD than the blend of FOL. Also, apparent in Figure 7.21 a, is the earlier
occurrence of auto-ignition seen for the FOL blend relative to the RF and blends by about
2.5 CAD.
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(a)

(b)

Figure 7.21: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends investigated (95%RF+5%biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

At the critical operating conditions of engine CR and λ, Figure 7.21 (b) shows that, during
the period of normal combustion within 360 and 375 CAD, the replacement of 5% (V/V)
of the RF by FOL advanced and increased the level of ANHRR by 3 CAD and 3 J/CAD,
respectively. While the utilisation of Fur did not affect the ANHRR of the RF during this
early period, the blend of GVL displayed a lower ANHRR peak than the RF by 8 J/CAD.
However, during knocking combustion, Figure 7.21 (b) shows that, in general, the
replacement of 5% (V/V) of the RF by the investigated molecules (FOL, Fur and GVL)
increased the level of ANHRR by (5, 6 and 4 J/CAD), respectively. As for the time of
peak heat release resulting from end-gas auto-ignition, similar observations to those seen
at λ=1 can be made; the blend of FOL had the earliest peak, followed by the blend of Fur
and lastly the blend of GVL which had a more delayed peak than the RF (Figure 7.21 b).
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(a)

(b)

Figure 7.22: Amplitude of bandpass filtered in-cylinder pressure and angle at first knock-point
of the representative knocking combustion cycles of the reference fuel and the blends
investigated (80%RF+20%biomass) tested at operating limit of engine CR at (a) λ=1 and (b)
λ=critical.

Figures 7.22 (a) and (b) show a comparison between the amplitude rise and time of
bandpass filtered in-cylinder pressure at the first knock-point, when MPRR crossed the
knock-detection threshold of 0.5 bar (Section 4.1.3), of the representative knocking
combustion cycles of the RF and the investigated blend (80%RF+20%biomass), tested at
the operating limit of engine CRs at λ=1 and λ=critical, respectively. In Figure 7.22 (a),
at stoichiometry, it can be seen that the blend of GVL had a higher amplitude rise than
the RF by 4.7% and earlier knock-point timing by 2 CADs. This may be attributed to the
operation of the GVL blend at a higher engine CR and its faster combustion process. On
the other hand, the replacement of 20% (V/V) of the RF by either MV or 2-MTHF
decreased the amplitude rises of in-cylinder pressure by about 5%. While the blend of
MV exhibited a slightly earlier knock-point timing than the blend of GVL, by 0.7 CAD,
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the blend of 2-MTHF had the most delayed knock-point at engine crank angle of (384
CAD). At the critical λ, in Figure 7.22 (b), it can be seen that the amplitude of the blends
investigated, and the RF increased while the knock-point timings were slightly advanced
relative to operation at λ=1. The GVL blend displayed slightly higher in-cylinder pressure
amplitude rise than the RF, by 2.4%, while the blend of 2-MTHF had a comparable
magnitude to the RF. However, the blend of MV observed the highest amplitude rise of
in-cylinder pressure, higher than the RF by 4.8%. As for the knock-point timings, it can
be noticed that all angles became advanced slightly in comparison to those seen at λ=1,
due to the increase in combustion speeds while decreasing λ. However, the same order of
knock-point timings obtained at λ=1 was found; the blends of GVL and MV showed more
advanced angles than the RF, while the blend of 2-MTHF had the most delayed knockpoint timing.
(a)

(b)

Figure 7.23: Amplitude of bandpass filtered in-cylinder pressure and angle at first knock-point
of the representative knocking combustion cycles of the reference fuel and the blends
investigated (95%RF+5%biomass) tested at operating limit of engine CR at (a) λ=1 and (b)
λ=critical.
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Figures 7.23 (a) and (b) show a comparison between the amplitude rise and time of incylinder pressure at the first knock-point of the representative knocking combustion
cycles of the RF and the investigated blend (95%RF+5%biomass), tested at the operating
limit of engine CRs at λ=1 and λ=critical, respectively. Figure 7.23 (a) shows that, at λ=1,
while the blend of FOL displayed similar level of amplitude rise with the occurrence of
knock to the RF, it can be seen that the blends of Fur and GVL were both lower the level
by 8%. As for knock-point timings of the first, in Figure 7.23 (a), it can be noticed that,
in comparison to the RF, the blend of GVL displayed a similar timing, occurring at engine
crank angle of (383.4 CAD). However, more advanced angles, by 1.9 and 1.4 CAD, than
the RF can be observed for the blends of Fur and FOL, respectively. At λ=critical, in
Figure 7.23 (b), it can be seen that the blends of Fur and GVL showed a similar amplitude
of in-cylinder pressure rise as the RF, of 0.62 bar. However, the blend of FOL displayed
a significantly increased pressure rise by 0.12 bar. With regards the timing of first knockpoint, the blend of Fur showed a similar timing as the RF (383.3 CAD) while a slight
delay (by 1 CAD) can be seen for the blend of GVL (Figure 7.23 b). In contrast, the blend
of FOL showed a significantly advanced timing, earlier than the RF and the blend of Fur
by 3 CAD, and 4 CAD earlier than the blend of GVL.
Figures 7.24 (a) and (b) show the burn durations of the combustion characteristics CA10,
CA50, CA90 in addition to the interval to the first knock-point relative to the spark timing
for the knock representative cycle of the RF and the investigated blend
(80%RF+20%biomass), tested at the operating limit of engine CRs at λ=1 and λ=critical,
respectively. Figure 7.24 (a) shows that, at λ=1, the blend of 2-MTHF displayed similar
burn durations of CA10, CA50 and CA90 as the RF. It is worth remembering that the
blend of 2-MTHF operated at similar engine CR to the RF at λ=1, as shown in Figure 7.4
(a). The blends of GVL and MV showed slightly decreased burn durations than the RF.
This may be attributed to the operation at a higher engine CR than the RF (Figure 7.4 a).
A comparison between the interval to the first knock-point, it can be seen that the blend
of 2-MTHF displayed slightly delayed knock-point timing, by 0.5 CAD, than the RF
while the interval decreased for the blend of GVL and MV by 1.4 and 2.3 CAD,
respectively.
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(a)

(b)

Figure 7.24: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the reference fuel and the blends investigated (80%RF+20%biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

At the critical λ and engine CR, Figure 7.24 (b), it can be seen that the blend of 2-MTHF
showed slightly longer burn durations by 0.5 CAD than the RF. On the other hand, the
blend of MV showed slightly advanced burn durations of CA10 and CA50 than the RF
by about 0.7 CAD, while displaying similar CA90 of 36.4 CAD. However, the blend of
GVL showed the most reduced burn durations relative to the RF by 1.2, 1.33 and 1.5
CAD for the durations of CA10, CA50 and CA90, respectively. As for comparing the
interval to the first knock-point of the blends and the RF, it can be seen that the blend of
2-MTHF experienced the first knock-point at a duration slightly longer than the RF by 1
CAD, while the blends of GVL and MV exhibited knock earlier than the RF by 1.34 and
2.15 CAD, respectively.
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(a)

(b)

Figure 7.25: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the reference fuel and the blends investigated (95%RF+5%biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

A comparison between the burn duration of the combustion characteristics CA10, CA50,
CA90 in addition to the interval to the first knock-point relative to the spark timing for
the knock representative cycle of the RF and the investigated blend at the lower blending
ratio (95%RF+5%biomass) tested at the operating limit of engine CRs at λ=1 and
λ=critical, are shown in Figures 7.25 (a) and (b), respectively. In Figure 7.25 (a), it can
be seen that, at λ=1, the replacement of 5% (V/V) of the RF by either Fur or GVL did not
change the combustion duration of CA10 compared to the RF. However, the blend of
FOL showed a slightly shorter duration of CA10 relative to the RF and the blends of Fur
and GVL by about 0.5 CAD. This reduction can be related to the influence of alcohol
content in fuel in enhancing the combustion initiation phase (Turner et al., 2011), as also
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discussed in the context of Figures 6.16, 7.16 and 7.17. This faster combustion rate can
also be seen when comparing the duration of CA50 of all blends and the RF, the blend of
FOL had the shortest duration of 29.4 CAD compared to 30.6, 30.20 and 31.0 for the RF,
the blend of Fur and GVL, respectively. Also, it can be observed at the duration of CA90,
the blend of FOL showed a shorter duration than the RF and the other blends by about
1.6 CAD. On the other hand, Figure 7.25 (a) shows that the utilisation of GVL at a lower
blending concentration tend to reduce the combustion rate of the RF as the combustion
developed after the initiation phase. It can be seen that, while all blends reduced the
duration of CA50 and CA90 of the RF, the blend of GVL increased it by about 0.5 CAD,
even though was operated at a higher engine CR than the RF and the blends as well. The
Fur, FOL and the GVL blends exhibited knock-point durations of 34.5, 34.9 and 36.2,
respectively, compared to 36.5 for the RF.
By comparing the blends and the RF at the critical operating conditions of λ and engine
CR (Figure 7.25 b), it can be seen that the blend of FOL exhibited the fastest combustion,
with burn durations of 17.80, 28.20 and 35 CAD for the CA10, CA50 and CA90,
compared to 19, 29.40 and 36.5 CAD for the RF, respectively. While the blend of GVL
showed similar CA10 of the RF, the blend of Fur displayed a slightly longer CA10
duration by 0.5 CAD. No significant changes in the burn duration of CA50 between these
two blends and RF can be noticed in Figure 7.25 (b). However, an increase in the burn
duration of CA90 was observed; the Fur blend had a longer CA90 than the RF by 2.6
CAD, and that of GVL 1 CAD longer. In terms of the interval to the knock-point timing,
the same interval was noticed for the RF and the blend of Fur (35.24 CAD), while that
for the GVL blend was longer by 1.6 CAD. However, the blend of FOL showed the
shortest duration of knock-point interval among all blends and it was 1.8 CAD shorter
than that of the RF.
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7.2.4 Fuel consumption rate
(a)

(b)

Figure 7.26: Fuel consumption rate of the reference fuel and the blends investigated (a)
(80%RF+20%biomass) and (b) (95%RF+5%biomass) blends tested at operating limit of engine
CR and varying λ.

Figures 7.26 (a) and (b) show the fuel consumption rates of the of the RF in comparison
to the blends of (80%RF+20%biomass) and (95%RF+5%biomass) tested at the operating
limit of engine CRs and varying λ, respectively. Overall, the fuel flow rates increased
with decreasing λ, as would be expected where no change were made to the engine
throttle position. Also, the fuel flow rates of the blends investigated increased compared
to the RF, especially at the higher blending ratio (80%RF+20%biomass) where 20%
(V/V) of the RF was replaced by oxygenated molecules of lower energy contents (Table
7.1). By looking at the blends of (80%RF+20%biomass), it can be seen that, for any given
λ, the blend of GVL had the highest flow rate, then followed by the blends of MV and 2-
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MTHF, respectively. At stoichiometry, the blend of GVL has a higher fuel flow rate than
the RF by 17%. However, that increase is reduced to be 11.2% and 9% for the blends of
MV and 2-MTHF, respectively. These increases reflect the effect of the energy content
of the utilised molecule on the fuel consumption of the final blend. As shown in Table
7.1, GVL has the lowest energy content (24.53 MJ/kg), MV has energy content of (27.82
MJ/kg) while 2-MTHF has the highest (33.68 MJ/kg).
Regarding the blends of the lower concentration (95%RF+5%biomass), Figure 7.26 (b)
shows that smaller increases in the fuel flow rate of the blends than that seen at the higher
blending ratio (80%RF+20%biomass). At λ=1, the blend of FOL showed the smallest
increase in the fuel flow rate, among the other blends, which was 3.35% higher than that
of the RF while the blends of Fur and GVL had a comparable level of 6% and 6.7%,
respectively, higher than the RF. It is interesting to see that reducing the blending ratio
of GVL from 20% to 5% reduced the increase in the fuel consumption of the final blends
from 17% to 6.7%, respectively, compared to the RF. Also, it is worth noting that, during
experiments, the flow rate of the Fur blend experienced a significant disturbance during
flow to the carburettor, indication of its poor mixture preparation and delivery via
carburettor. The indicated specific fuel consumption rates of the reference fuel and blends
investigated at λ=1 are shown in Table 7.3.
Table 7.3: Indicated specific fuel consumption rates of the reference fuel and blends
investigated at λ=1

7.2.5 Cooling effect
In Figures 7.27 (a) and (b), the temperature drop across the carburettor caused by the RF
and the blends of (80%RF+20%biomass) and (95%RF+5%biomass) tested at the
operating limit of engine CRs and varying λ, are shown respectively. Overall, for the RF
and the blends, the temperature drop increases with increasing fuel supply to the engine
as λ decreases. Looking at the blends of (80%RF+20%biomass) as shown in Figure 7.27
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(a), it can be seen that the blend of 2-MTHF caused the highest temperature drop while
the blend of GVL the smallest drop, even smaller that the RF, at all λ tested. The blend
of MV showed a similar temperature reduction as the RF. At λ=1, the drop caused by the
blend of 2-MTHF was 20 °C compared to 19 °C and 17.60 °C for the RF and the blend
of GVL, respectively. However, as the mixture became richer, a significant reduction
caused by the 2-MTHF compared to the RF and the blends of MV and GVL is apparent.
For example, at (λ=0.95), the temperature drop by the blend 2-MTHF is 3 °C greater than
the RF and the blend of MV. The blend of GVL displayed a reduction lower by 3 °C than
that of the RF and the blend of MV, and also 6 °C lower than the blend of 2-MTHF.

(a)

(b)

Figure 7.27: Temparture drop across the carburettor caused by the reference fuel and the blends
investigated (a) (80%RF+20%biomass) and (b) (95%RF+5%biomass) blends tested at operating
limit of engine CR and varying λ.
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As for the blends of (95%RF+5%biomass), it can be seen, in Figure 7.27 (b), that the
blend of FOL showed a temperature drop across the carburettor greater than the RF. For
example, at λ=1, the blend of FOL resulted in a larger temperature drop than the RF by
2 °C. On the other hand, the replacement of 5% (V/V) of the RF by GVL decreased the
extent by which the intake charge temperature to the engine was reduced. However, the
reduction is slightly lower than that of the blend of GVL with 20% (V/V) concentration
(Figures 7.27 a and b). Also, it can be noticed, in Figure 7.27 (b), that as the fuel flow
increases, the blend of 5% GVL showed a similar reduction of the RF.
The different levels of cooling effect caused by the various blends can be attributed to the
effects of the enthalpy of vaporisation (HoV) and boiling temperature of the utilised
molecules. As shown in Table 7.1, the investigated molecules, except the 2-MTHF, have
HoV in the range of 35.40 to 44.30 kJ/mol, and boiling temperatures from 126 °C to
205 °C. Molecules of low boiling temperatures and high HoV can be expected to have a
greater cooling effect on the charge temperature, due to better evaporation (Section 4.2).
It can be seen, form Table 7.1, that GVL has the highest HoV and boiling temperature of
44.3 kJ/mol and 205 °C, respectively. In contrast to GVL, 2-MTHF is a volatile molecule,
as it has very low boiling temperature of 80.2 °C, while its HoV is 30.7 kJ/mol. Figure
7.27 (a) shows that the blend of 2-MTHF had the highest cooling effect on the charge
temperature while GVL had the lowest reduction. At stoichiometry, 20% (V/V) of
2-MTHF cooled the charge temperature 12% more than GVL blended at the same
concentration. This cooling effect was reduced to about 8% when GVL was blended at
5% (V/V) concentration. FOL has a comparable HoV to GVL, however, due to its lower
boiling temperature (35 °C < GVL), 5% (V/V) of FOL increased the temperature drop of
the RF by 1.5 °C, at λ=1, while 5% (V/V) of GVL reduced the temperature drop of the
RF by 1.2 °C (Figure 7.27 b).

7.3 Conclusions
In this chapter, the effect of utilising furfural (Fur) and its derivatives; furfuryl alcohol
(FOL), gamma- valerolactone (GVL), methyl valerate (MV) and 2-methyltetrahydrofuran (2-MTHF) as a spark-ignition engine fuel blend component on the anti-
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knock quality, combustion and autoignition characteristics, fuel consumption rate and
cooling effect relative to the reference fuel (RF) were investigated experimentally. The
following points summaries the major observations:
•

The blends of 20%GVL, 20%MV, 5%FOL and 5%GVL provided greater knock
resistance than the RF, while the blends of 20%2-MTHF and 5%Fur decreased it.
This was attributed to the presence of an unsaturated ring in addition to an alcohol
side chain, such as in FOL, which is favourable for increasing the octane number.
However, the replacement of the alcohol side chain in FOL by an aldehyde
decreased the knock resistance. For the saturated 5 carbon ring structure with an
ether linkage, such as in 2-MTHF, a decrease in anti-knock quality was observed.
However, the addition of a carbonyl group, such as in GVL, reversed this effect
and increased it. Also, the presence of a carbonyl group in a straight-chained
molecule, such as MV, provided great knock resistance.

•

A comparison between the anti-knock quality obtained by the blends of 5% FOL,
5% GVL and 20% GVL indicates the effect of increasing the blend ratio on the
resultant anti-knock quality. The blend of 5%FOL displayed greater knock
resistance than the blend of 5%GVL. However, increasing the blend ratio of GVL
from 5% (V/V) to 20% (V/V) increased the anti-knock quality relative to the
5%FOL blend.

•

While all blends investigated could be combusted stably, the 5%Fur blend
exhibited unstable combustion with significant variation in combustion
characterises and fuel consumption rate, potentially due to combustion instability
observed during the experiment as a result of its high density and poor mixture
preparation and delivery via carburettor.

•

The addition of the molecules investigated at a higher engine CRs decreased the
burn durations relative to the RF. However, more reduction in CA10, CA50 and
CA90 durations were caused by the blend of 5%FOL even higher than the blend
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•

of 20%GVL which has the highest operating limit of engine CR. This was
attributed to the effect of the presence of an alcohol functional group.

•

The blends investigated experienced knocking combustion at levels of in-cylinder
pressure and rises in the amplitude of in-cylinder pressure at first knock-point
correlated with the operating limits of the engine CR. However, the blend of
2-MTHF displayed a sharper increase in the apparent net energy release and
higher rises in the amplitude of in-cylinder pressure at the first knock-point,
despite operation at lower engine CR, attributable to its high energy content.

•

The measurements of fuel consumption rates and temperature drop across the
carburettor were affected by the addition of the biomass molecules in line with
calorific value and enthalpy of vaporisation.

In conclusion, the observations may suggest that 2-MTHF has advantages, such as closer
energy content and similar combustion characteristics relative to the reference fuel, to be
a gasoline fuel extender rather than an octane improver. In contrast, molecules such as
FOL, GVL and MV have the potential to be used as biomass-derived octane boosters.
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Chapter 8 Autoignition and combustion characteristics of
biomass-derived fuel molecules producible from lignin
As reviewed in Chapter 2, lignin is considered to be a rich and promising renewable
source of aromatic compounds. However, lignin-derived compounds are, in general,
heavy on molecular weight, acidic, viscous, unstable, oxygen-rich, low in heating values,
and poor to be utilised directly as engine drop-in fuels. The conversion of lignin into biooil products, via various treatment methods, such as selective acid/base depolymerization,
hydro-processing degradation, oxidation, pyrolysis or gasification, is the current
approach for the production of aromatic hydrocarbon biofuels or fuel additives. Such
processes still require intensive efforts and cost to reach high-performance compounds
suitable for engine applications. The following chapter provides a systematic study of
the effect of varying the number, type and position of oxygenated functional groups
attached to a benzene ring, and the blend ratio of four molecules of lignin-derived biooils; guaiacol, 4-ethylguaiacol (4-EG), veratrole and anisole on the autoignition and
combustion characteristics relative to the reference gasoline fuel.

8.1 Molecules investigated

Figure 8.1: A summary of the production pathways of test molecules as derived from guaiacol
(Runnebaum et al., 2012).
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Guaiacol, 4-ethylguaiacol (4-EG), veratrole and anisole were selected for the
experimental investigation. As demonstrated in Figure 2.19 and summarised in Figure
8.1, guaiacol is considered to be a primary product of lignin that can be upgraded to
produce the other molecules investigated (4-EG, veratrole and anisole). In Figure 8.1, it
can be seen that all the molecules contain a benzene ring but attached to different
functional groups. Guaiacol is a phenol compound that is attached to a methoxy
functional group (O─CH3) at the position of C2, whereas 4-EG has an additional ethyl
side chain at the C4 position. The structure of veratrole is identical to that of guaiacol,
with the exception of the replacement of the alcohol group at C1 with another methoxy
functional group; thus, veratrole has an adjacent pair of methoxy functional side chains
(Figure 8.1). If, however, the second methoxy functional group of veratrole (or the
guaiacol OH groiup) is removed, anisole can be produced. All molecules were obtained
from Sigma-Aldrich according to the certificates of analysis available in the Appendixes
from B11 to B14 and the physical and chemical properties provided in Table 8.1.
Table 8.1: Physical and chemical properties of the molecules investigated.

As can be seen from the molecular formulas listed in Table 8.1, further processing of
guaiacol to 4-EG and veratrole increases the content of carbon and hydrogen and
maintains the same level of oxygen, while production of anisole decreases oxygen
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content, relative to guaiacol, and also carbon and hydrogen content, relative to 4-EG and
veratrole. It is worth noting that more processing steps are necessary to produce anisole.
It has the lowest boiling temperature, density, O/C and the highest heating value
compared of the four selected molecules, which is, in practice, the aim of upgrading
lignin-derived biomass molecules to produce biofuels or fuel additives for IC engine
applications.
The RON values of the investigated molecules have not been previously stated in the
literature, except for anisole. Tian et al., (2017) reported that anisole has a RON of 103
while higher values, RON of 120 or greater than 120, were reported (Wagnon et al., 2018;
Londhe et al., 2019), respectively. Despite the limited information with regards the antiknock quality of the molecules investigated in the literature, it was expected that the
selected molecules could offer great knock resistance. This assumption was based on the
results seen in Chapter 7, where an aromatic ring and attached oxygenated functional
group, for example, alcohol in Guaiacol, could increase knock resistance. Therefore, a
reference gasoline fuel of a low RON was selected as a base fuel for preparing test blends
from the investigated molecules so as to exacerbate the effects the molecules on the antiknock quality of the base fuel. Hence, gasoline 91.3, which was described and examined
in Chapter 6, was utilised with each of the molecules investigated blended into this
reference fuel at two different concentrations by volume, (20% biomass + 80% reference
fuel) and (50% biomass + 50% reference fuel), respectively. It was found that all of the
molecules were able to blend into the reference gasoline at the two blending ratios without
need of an additional solvent, for example, ethanol, as was needed for furfural-derived
molecules investigated in Chapter 7.
In Table 8.2, the density, the calculated parameters H/C, O/C and stoichiometric AFR of
the blends, and reference fuel (Gasoline 91.3) are presented. It can be observed that the
density of the reference fuel (RF) increased when blended with the molecules
investigated, due to their higher densities (Table 8.1), and this is more apparent at the
50% (V/V) blending ratio.
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Table 8.2: The density and fuel parameters of the reference fuel and blends investigated.

(a)

(b)

Figure 8.2: A comparison between the reference fuel and the blends investigated in terms of (a)
H/C and O/C ratios, and (b) stoichiometric AFR ratios.
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Figures 8.2 (a) and (b) show a comparison between the reference fuel and the blends
investigated in terms of H/C, O/C and stoichiometric AFR ratios, respectively. Overall,
the addition of the biomass-derived molecules caused a noticeable decrease in the H/C
ratio of the reference fuel while increasing the O/C ratio. Thus, the blends investigated,
especially the blends at 50% (V/V), required a lower stoichiometric AFR than the
reference fuel. Among the blends investigated, it can be seen that those of reference fuel
and anisole have the lowest O/C and the highest stoichiometric AFR, closest to that of
the reference fuel.

8.2 Results and discussion
(a)

(b)

Figure 8.3: In-cylinder pressure of anisole operated at varying λ and engine compression ratio
of (a) CR=9 and (b) CR=10.
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An initial attempt was made to explore the anti-knock quality of each the molecules
investigated as a pure fuel. However, it was found that only anisole could be tested in a
pure form in the engine, as guaiacol, 4-EG and veratrole were not able to combust. It is
worth noting that different strategies such as slightly pressurising the fuel line, heating
up the outer surface of the carburettor, increasing the intake air temperature and
advancing the spark timing were applied in order to improve the air-fuel mixture quality
and increase the chance of combustion initiation. However, the molecules did not
combust, and a number of spark plugs were lost due to fuel deposits on the spark plug
electrode.
Figures 8.3 (a) and (b) show the in-cylinder pressure of anisole operated at different λ
and engine compression ratios of 9 and 10, respectively. Overall, at the two engine
compression ratios, the decrease of λ elevated the in-cylinder pressure and advanced the
occurrence of these peak values. For example, at an engine compression ratio of 9 as
shown in Figure 8.3 (a), the decrease of λ from 1.00 to 0.88 increased the peak in-cylinder
pressure from 36 bar to 43 bar and advanced the timing of the peak by 3.5 CAD. However,
a further decrease in λ to 0.84 did not increase the in-cylinder pressure higher than that
of λ=0.88. At the engine compression ratio of 10, as shown in Figure 8.3 (b), it can be
seen that the in-cylinder pressure peak increased by 6.5 bar and occurred 3.7 CAD earlier
while decreasing λ from 1.00 to 0.90. This higher increase in the pressure of the incylinder gases, due to the rise of the engine CR from 9 to 10, however, did not cause
anisole to experience knocking combustion.
Furthermore, in Figure 8.3 (b), it can be seen that, at λ=1, the peak in-cylinder pressure
increased by 2.8 bar, while testing anisole at engine CR of 10 relative to engine CR of 9.
Also, at λ=0.98, the in-cylinder pressure increased from 37 bar to 42 bar while increasing
the engine CR from 9 to 10, respectively. Lastly, at λ=0.90, a higher in-cylinder pressure
by 4 bars was seen due to the increase of the engine CR.
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Figure 8.4: Bandpass filtered in-cylinder pressure data of anisole operated at engine CR of 10 at
different λ from 1.00 to 0.9.

Figure 8.4 shows the bandpass filtered in-cylinder pressure data of anisole operated at the
engine CR of 10 while varying λ between 1.00 and 0.9. It can be seen that the variation
in MAPO of the in-cylinder pressure gases at all investigated λ did not indicate the
presence of abnormal combustion (knock). Hence, during the experiments, the decrease
of λ and the increase of the engine CR were stopped at (λ=0.90) and (engine CR=10),
respectively, as to avoid operating the engine at high engine in-cylinder pressure (45.6
bar), while fuel knock was still to occur. It is worth noting that the operation at the engine
compression of 10 exceeded the upper threshold pre-determined for the experimental
investigation by 1 unit. This limit was set so as to avoid operating the engine at high incylinder pressure and temperature, especially during knocking combustion at full load
and low speed.
In Figures 8.5 (a) and (b), the apparent net heat release rate of anisole operated at different
λ and engine compression ratios of 9 and 10, are shown respectively. Similar to the trend
observed in the in-cylinder pressure Figures 8.2 (a) and (b), decreasing λ increased the
rate of the heat release of anisole and advanced the timing of these peaks. For instance,
at engine CR=9, decreasing λ from 1.00 to 0.88 increased the heat release rate from 54
(J/CAD) to 61 (J/CAD), while advancing the angle of the peaks by 3.3 (CAD). However,
increasing the engine CR from 9 to 10 it seems did not affect the peak of the energy
released if compared at fixed λ, other than λ of 1.00. For example, at λ=0.98, anisole
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(a)

(b)

Figure 8.5: Apparent net heat release rate of anisole operated at varying λ and engine
compression ratio of (a) CR=9 and (b) CR=10.

produced 53.41 (J/CAD) and 53.73 (J/CAD) when operated at engine CR of 9 and 10,
respectively. Comparable values can be seen also at richer lambda, λ=0.90, 59 and 60
(J/CAD) were produced at engine CR of 9 and 10, respectively. However, at a
stoichiometric air-fuel ratio, it can be noticed that the energy released at the engine CR
10 was lower than that at engine CR 9 by 4.8 (J/CAD). These observations may be
attributed to the increase in the heat transfer to the cylinder walls due to the great
differential between the temperature of in-cylinder gases relative to cylinder walls.
Figures 8.6 (a) to (e) show a summarised comparison of anisole combustion
characteristics and performance when operated at stoichiometric λ and varying the engine
compression ratio (CR) from 9 to 10. It can be seen that increasing the engine CR
decreased slightly the exhaust gas temperature by 0.5%, improved the engine IMEPn
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(a)

(b)

(c)
(d)

(e)

Figure 8.6: Combustion characteristics of anisole when operated under RON engine operating
conditions and λ=1 while varying the engine compression ratio (CR)
from 9 to 10, respectively.

by 3% and the indicated thermal efficiency by 3.74% while maintaining the same level
of fuel flow rate 0.210 (g/sec). As shown in Figure 8.5 (a), following the increase of the
engine CR, the combustion of anisole was stable with a slight increase in the CoV IMEPn
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from 0.016% to 0.021%. However, as shown in Figure 8.5 (c), at both engine CR, the
maximum pressure rise rates were of equivalent magnitude even though the time of
occurrence was slightly earlier, by 2 (CAD), at the higher engine CR. With regards to
burn durations, it can be observed, in Figure 8.5 (d), that increasing the engine CR
shortened the burn durations of CA5, CA10 and CA50 by 1.2, 1.23, 0.8 (CAD),
respectively, while CA90 was similar at both operating conditions.
8.2.1 Anti-Knock quality
(a)

(b)

did not knock

Figure 8.7: Operating limit of engine CR of the reference fuel and the blends investigated at
varying λ, (a) blends of (80% RF+20% biomass), (b) blends of (50% RF+50% biomass).

Figures 8.7 (a) and (b) show the operating limit of the engine compression ratio (CR),
when the required knocking frequency (KFRQ) was achieved, at varying λ for the
reference fuel and the blends investigated of (80% RF+20% biomass) and (50% RF+50%
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biomass), respectively. Firstly, as shown in Figure 8.7 (a), the results of (80% RF+20%
biomass) show that the operating limits of engine CR of the anisole and guaiacol blends
decreased with decreasing λ to a minimum before increasing at richer λ. This effect of
varying the mixture strength on determining the operating limit of engine CR was
expected, and is similar to that seen and discussed in Chapters 6 and 7, where increasing
fuel supply to the engine decreased the ignition delay, resulting in a lower engine CR
required to maintain similar knocking frequency. Subsequently, when critical λ of a given
fuel was reached, an increase in the engine CR is needed to compensate for the deficiency
of oxygen at richer mixtures and maintain similar knocking frequency. However, the
blends of 4-EG and veratrole displayed a slight increase in the engine CR while
decreasing λ from 1.00 to 0.975 and then, between 0.975 and 0.82, followed a similar
parabolic trend as the other blends had shown (Figure 8.7 a).
When considering the effect of increasing the blending concentration of the molecules
investigated from 20% (V/V) to 50% (V/V), as shown in Figure 8.7 (b), it can be seen
that all the blends, except those of anisole and 4-EG, exhibited similar trends in engine
CR with respect to λ as observed at the lower blending ratio. The 50% anisole blend
shows a flat response corresponding to the variation in λ as it did not knock at all of the
investigated λ values while operating the engine at the maximum pre-determined
threshold of the engine CR (9.01). On the other hand, the 50% 4-EG blend shows a linear
increase in the engine CR with decreasing λ.
From Figures 8.7 (a) and (b), it can be seen that the addition of the molecules investigated
affected the anti-knock quality of the final blends relative to the reference fuel. Firstly,
the results of (80% RF+20% biomass) blends show that the blend of anisole increased
significantly the knock resistance of the reference fuel at all the tested values of λ. The
blends of 4-EG and guaiacol also improved anti-knock quality of the reference fuel
although the improvement was lower than that of anisole. However, while decreasing λ,
the 4-EG blend showed higher anti-knock quality than the blend of guaiacol. On the other
hand, the blend of veratrole decreased slightly the anti-knock quality of the reference fuel
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when operated at λ values between 1.00 and 0.975 and then showed a gradual
improvement as the mixture became richer.
Increasing the blending concentration of the molecules investigated from 20% (V/V) to
50% (V/V), as illustrated in Figure 8.8 (b), indicating that the blend of anisole improved
more significantly the anti-knock quality of the reference fuel, in comparison to the 20%
(V/V) anisole blend, so that the engine was operated at the maximum pre-determined
threshold of the engine CR without knock. With regards to the blends of (50% RF + 50%
4-EG) and (50% RF + 50% Guaiacol), it can be seen that, at λ=1, the blend of 4-EG
showed higher knock resistance than the blend of guaiacol and also the reference fuel.
However, with decreasing λ, the blend of 4-EG became more knock resistant than the
reference fuel, while the blend of guaiacol experienced a gradual decrease in the antiknock quality to a level slightly lower than the reference fuel in the range of λ between
0.95 and 0.82. The blend of 50% veratrole, in contrast to the 20% veratrole (Figure 8.7
a), increased the knock resistance of the reference fuel and showed further improvement
as the mixture became richer.
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Figure 8.8: Bandpass filtered in-cylinder pressure of (a) the representative knocking cycles of
the (20% anisole+80% RF) blend and (b) the combustion cycles of the (50% anisole+50% RF)
blend.

Figure 8.8 (a) indicates the fluctuations in the in-cylinder pressure gases caused by
knocking combustion of the 20% anisole blend. It can be seen that, e.g. at λ values of 1
and 0.9, the MAPO of the bandpass filtered in-cylinder pressure data crossed the predetermined threshold for knocking determination (> 0.5 bar). However, as shown in
Figure 8.8 (b), the results of the blend of 50% anisole, at the same λ values, did not
undergo knocking combustion while operating the engine at the maximum predetermined threshold of the engine CR (9.07). This indicates that the blend of 50% anisole
displayed a significant increase in the ant-knock quality relative to the lower blending
concentration 20% (V/V).
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(a)

(b)

Figure 8.9: A comparison between the reference fuel and the blends investigated at
(a) the operating limit of engine CR at λ=1 and the estimated RON of the blends,
(b) the critical operating conditions of the engine CR and λ.

Figure 8.9 (a) shows a comparison of the operating limit of engine CR at λ=1 and the
estimated RON for the reference fuel and the blends investigated, while the critical
operating conditions of the engine CR and λ, for the fuels, are shown in Figure 8.9 (b).
The estimated RON values for all the blends were calculated based on Equation 6.1.
Starting with guaiacol, which is the primary product of the molecules investigated, it can
be seen that the addition of 20% (V/V) of guaiacol to the reference fuel increased the
RON from 91.3 to 93.2. However, increasing the blending ratio to 50% (V/V) showed a
contrary effect, decreasing the RON by 0.4 and 2.3 compared to the reference fuel and
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the blend of 20% guaiacol, respectively. The utilisation of 4-EG, at both blending
concentrations of 20% and 50%, improved the RON of the reference fuel by 3.8 and 5
RON units, respectively. As for veratrole, at the lower blending ratio, this molecule
provided a slightly higher RON than that of the reference fuel by 0.7 unit. Increasing the
blending concentration of veratrole to 50% (V/V) showed a more positive effect; an
improvement by 2 and 1.3 RON units compared to the reference fuel and the blend of
20% veratrole, respectively. With regards to anisole, which is the molecule produced
through more processing steps of lignin compared to the other molecules investigated, it
can be seen that blending at 20% (V/V) with the reference fuel boosted the RON
significantly by 6.3 unit. Moreover, increasing the blending ratio of anisole from 20% to
50%, boosted the anti-knock quality of the reference fuel to a level such that the blend
did not knock while varying λ at the pre-determined maximum engine CR operating limit.
Because the engine CR tested for the 50% anisole blend (9.01) exceeded the maximum
engine CR (7.8) used in determining the relationship showing in Equation 6.1, which is
equivalent to a RON of 97, by 1.21 units. Hence, it is expected that the 50% anisole blend
has a RON at least 99, which is the highest estimated RON that can be obtained from
Equation 6.1, meaning an improvement by at least 7.7 RON relative to the reference fuel,
was achieved (Gasoline 91.3) (Figure 8.9 a).
Tian, (2016) investigated the addition of 10% (V/V) of guaiacol, 4-EG, veratrole and
anisole to a reference gasoline fuel of (RON = 95) on the anti-knock quality of the final
blends. The knock resistance of the blends was measured at stoichiometry based on the
knock limited spark advance (KLSA) of a spark-ignition engine operated at 1500 rpm,
while varying the engine load from part to full load. The knock resistance of the
molecules investigated was ranked as follows in comparison to the reference fuel which
had a KLSA timing of (10.5 CAD): the blend of anisole displayed the most advanced
KLSA timing (+2.2 CAD) then, the blend of 4-EG (+1 CAD), followed by the blend of
guaiacol, which showed a negligible effect as it only advanced the KLSA timing of the
base fuel by +0.8 CAD. However, the results of testing the veratrole was not reported.
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Guaiacol, as a fuel additive, also was studied by Zhang et al., (2018). It was found to
have a faster ignition and lower knock resistance than phenolic molecules such as
2,4-xylenol, p-cresol, o-cresol, m-cresol and 2-ethylphenol. Consequently, blending 20
g/L of guaiacol into a gasoline fuel of RON = 95.5 decreased the RON of the base fuel
by 0.2. It is interesting to see that the effect of utilising guaiacol on the anti-knock quality
of the final blend that was reported by Tian, (2016) is in contrast to that observed by
Zhang et al., (2018), as both studies used a reference gasoline fuel with similar RON
values (95 and 95.5), respectively. However, Tian, (2016) reported a slight increase in
the KLSA (+0.8 CAD earlier than the reference fuel) with a 10% (V/V) of guaiacol,
while the study of Zhang et al., (2018) found that 20 g/L of guaiacol in the reference fuel
decreased the RON by 0.2.
From Figure 8.9 (a), in addition to the previous discussion of Figures 6.6, 6.7 and 7.4, it
is worth noting that comparing the blends investigated at λ=1, rather than the critical
operating conditions of engine CR and λ, gives an inappropriate correlation to their antiknock quality. For example, the results of the 20% guaiacol blend in comparison to the
blend of 20% 4-EG suggested both blends to have similar anti-knock quality if the
comparison was made only at stoichiometric conditions. However, as seen in Figure 8.7,
the blends had a different degree of anti-knock quality while varying λ. Another example
is a comparison between the blends of guaiacol at both blending ratios. It was found that
increasing the blending ratio of guaiacol decreased the anti-knock quality of the final
blend significantly to a level lower than the reference fuel while decreasing λ. However,
at λ=1, it was seen that the blend of 50% guaiacol could be operated at a higher engine
CR than the 20% guaiacol by 0.14 unit. In the case of veratrole, it can be seen that the
addition of 20% (V/V) to the reference fuel at the critical operating conditions increased
the RON of the reference fuel slightly by 0.7 unit. However, comparison at λ=1 showed
that the blend of 20% veratrole had a lower engine CR operating limit than the reference
fuel.
It is interesting to note that, by increasing the blending ratio of the molecules investigated,
the critical values of λ became richer, except the blend of 4- EG (Figure 8.9 b). It can be
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observed that the critical λ of 50% 4-EG was 0.97, which is leaner than the 20% 4-EG at
0.95, potentially attributed to the high boiling temperature of the molecule 4-EG, as seen
for the 20% GVL blend and discussed in the context of Figures 7.3 (a) and (b), meaning
that, at the higher blending ratio, higher engine CR was required while decreasing λ as to
increase the temperature and pressure inside the cylinder and maintain the targeted level
of knocking frequency resulted in a linear increase in the engine CR operating limit.

Figure 8.10: Bond dissociation energies of reference aromatics and substituted phenolic
components including guaiacol and anisole [kcal mol−1] calculated at the CCSD(T)/aug-ccpVTZ level corrected for basis size effects on M06-2X/6-311+G(d,p) geometries (T = 298 K),
adapted from (Pelucchi et al., 2019).

The anti-knock quality of the final blends obtained compared to the reference fuel can be
discussed with regards the effect of molecular structure and type of oxygen functional
groups of the molecules investigated. Pelucchi et al., (2019) found that the presence of
different oxygenated functional groups on an aromatic ring significantly alters the bond
dissociation energies (BDEs) of the ring. Accordingly, the BDEs of several aromatic
species and substituted phenolic components were calculated, as shown in Figure (8.10).
In general, relevant to the functional groups present on the ring of the molecules
investigated in this chapter, it can be noticed that the BDE of a carbon atom attached to a
hydroxyl functional group (O─H) is higher than if a carbon is connected to a methoxy
functional group (O─CH3). This can be seen if the BDEs of the C─(O─H) bonds within
phenol, catechol, guaiacol and vanillin compared to the C─(O─CH3) bonds within
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guaiacol, anisole and vanillin. As an example, the BDE of the C─(O─H) bonds within
phenol is 110.7 kcal/mol, while the C─(O─CH3) bonds within anisole has a BDE of
100.6 kcal/mol. However, the BDE of each functional groups is affected by the presence
of additional functional groups of similar or different type attached to the ring. Catechol
has an adjacent pair of (O─H) in which the BDE of each is increased by 1.2 kcal/mol
compared to a single (O─H) on phenol. By considering guaiacol and anisole, it can be
seen that the elimination of the O─H bond adjacent to the O─CH3 bond within guaiacol
decreased the BDE of the C─(O─CH3) bonds within anisole by 2.3 kcal/mol. On the
other hand, the addition of an aldehyde functional group, as in vanillin, increased the
BDE between carbon atoms and both O─H and O─CH3 functional groups by 2.5 and 1.4
kcal/mol, respectively, compared to the same bonds within guaiacol.
In conventional aromatic molecules, which only have hydrocarbon, the presence of a side
chain on a benzene ring has also shown a significant effect on the reactivity of the ring,
affecting knock resistance. However, it was found that the influence also depends on the
number, position and type of the attached chains. In a study conducted by Silva and
Bozzelli, (2010), such an effect was analysed for several alkylated benzenes. As shown
in Table 8.3, the molecules are classified according to the impact of the number and
position of their methyl substitutes on the RON values. It can be seen that the addition of
a single isolated methyl substitute to the benzene ring, as in toluene, increases the RON
of benzene from 98 to 124. Moreover, increasing the number of methyl substitutes
increases the RON of the molecules further, if the chains are introduced isolated from
each other. For example, m-xylene and 1,3,5-trimethylbenzene have RON values higher
than toluene by 21 and 46 units due to the addition of two and three isolated-methyl
substitutes, respectively. It is interesting to see that moving the second isolated methyl
branch on m-xylene to position 4, as on (p-xylene), has only a slight additional effect,
increasing the RON by 1.
From Table 8.3, it also can be seen that the introduction of adjacent methyl substitutes to
a benzene ring increases its knock resistance. However, the increase is significantly lower
if compared to the same number of branches on a benzene ring but in isolated positions.
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For instance, a comparison between the RON of o-xylene and m-xylene shows that oxylene has a lower RON than m-xylene by 25 units due to the presence of an adjacent
pair of methyl substitutes. Also, by comparing 1,2,3-trimethylbenzene to 1,3,5trimethylbenzene, that a significant reduction by 52 units is observed. However, moving
one adjacent methyl substitute, as from the C3 of 1,2,3-trimethylbenzene to the C4 on
1,2,4-trimethylbenzene, shows a substantial increase in the RON value (from 118 to 148).
It is worth noting that a single methyl branch on a benzene ring (as in toluene) provides
greater knock resistance than having two or three adjacent methyl substitutes such as oxylene and 1,2,3-trimethylbenzene.
Table 8.3: Methylbenzenes and their research octane numbers (RON) classified according to
the number of adjacent methyl pairs, adapted from (Silva and Bozzelli, 2010).

The effect of the presence of methyl substitutes in various arrangements with benzene
rings was explained by (Roubaud, Minetti and Sochet, 2000; Roubaud et al., 2000) with
regards to their ignition behaviour. It was found that the group of alkyl-benzene
molecules that contain isolated methyl substitutes, such as toluene, m-xylene, p-xylene
and 1,3,5-trimethylbenzene, ignited only at elevated temperature and pressure of 900 K
and 16 bar, respectively. On the other hand, the group of molecules that have at least one
adjacent methyl pair, such as o-xylene, 1,2,3-trimethylbenzene, 1,2,4-trimethylbenzene,
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ignited at lower temperatures and experience complex two-stage ignition with a negative
temperature coefficient (NTC) regime. This was termed the ortho effect, which was
attributed to the formation of double hydroperoxides via hydrogen atom transfer from
ortho alkyl groups (Silva and Bozzelli, 2010). Hence, a molecule, such as o-xylene which
has an adjacent pair of methyl substitutes, was found to experience the ortho effect during
auto-ignition reactions, producing active radicals such as OH and CH2O with production
rates comparable to low-temperature chemistry of n-heptane (Kang et al., 2019).
Comparing the molecules investigated in this chapter to the alkyl-benzenes discussed
above, the effect of the molecular structure and the arrangement of the attached functional
groups on the final blend anti-knock quality can be discussed as follows, while the
differences between methyl substitutes and oxygenated functional groups will be
discussed in the next paragraph. It was found that the blends of anisole exhibited the
greatest resistance to knock (Figures 8.7 a and b); anisole is similar to toluene in that each
has a single isolated branch attached to a benzene ring. Guaiacol and veratrole can be
compared to o-xylene, as all three have an adjacent pair of side chains, and where oxylene has a lower RON than toluene (120 compared to 124) (Table 8.3). Analogous to
this, both guaiacol and veratrole displayed lower knock resistance than anisole when
blended with the reference fuel (Figures 8.7 a and b). However, it was seen that guaiacol
displayed higher knock resistance than veratrole at the lower blending ratio 20% (V/V),
while showing significantly lower knock resistance as its concentration was increased to
50% (V/V) (Figures 8.7 a and b). 4-EG can be compared to 1,2,4-trimethylbenzene as
both molecules have three branches of the same arrangement on a benzene ring; one
adjacent pair at the positions of C1 and C2, and a third branch on C4. In contrast to the
knock resistance of 1,2,4-trimethylbenzene, which is higher than toluene, 4-EG showed
a lower knock resistance than anisole but much higher than guaiacol and veratrole; similar
to 1,2,4-trimethylbenzene when compared to o-xylene.
With regards to the type of oxygenated functional groups attached to a benzene ring,
based on the above discussion, it is apparent that the type of oxygenated functional group
may have a different contribution to the knock resistance of the benzene ring than that
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caused by simple methyl substitutes. Considering anisole, it was seen in the literature that
there is uncertainty as to its RON value. Tian, (2016) reported that anisole had a RON of
103, which is 5 units higher than benzene but significantly lower than toluene (Table 8.3).
On the other hand, Wagnon et al., (2018) and Londhe et al., (2019) suggested that anisole
has a RON greater than 120, which is lower than toluene by only 4 units and significantly
higher than benzene (Table 8.3). As shown in Figures 8.3 to 8.6, pure anisole did not
experience knocking combustion when tested at an engine CR of 10 during λ sweeps
from 1.00 to 0.90. It is known that the relationship between engine CR and RON of fuels
is nonlinear (ASTM, 2019). However, as was found in Chapter 6, the critical engine CR
for PRF97 and gasoline RON97 is between 7.87 and 7.83, significantly lower than values
of engine CR at which the anisole was tested (engine CR=10) without knocking. As seen
in Figure 8.10, the BDE of the O─CH3 group within anisole, which is 64.7 kcal/mol, is
the weakest BDE within the ring. While it provides a preferable location for the initial
reaction of unimolecular bond scission to take place, the aromatic ring remains highly
stable and thus provides the observed significant knock resistance (Tian, McCormick,
Ratcliff, et al., 2017). In comparison to the critical engine CR that was found, in Chapter
6, for PRF97 and Gasoline 97 that equals to 7.8, the investigation of anisole at engine CR
of 10 without knock suggests that, at least, anisole has a higher RON than benzene, which
has a RON of 98, and it is more likely has a RON value higher than what reported by
Tian, (2016), a RON of 103, and closer to what mentioned by Wagnon et al., (2018) and
Londhe et al., (2019) a RON of 124.
Due to the different performance of guaiacol and veratrole (Figures 8.7 a and b), it is
suggested that the ortho effect in oxygenated molecules is significantly affected by the
type of attached functional groups. From Figure 8.10, a comparison between the BDEs
of anisole and guaiacol shows that, due to the presence of adjacent hydroxyl functional,
the BDE of (O─CH3) in guaiacol is lower than that in anisole by 7.6 kcal/mol, which is
the weakest BDE on the ring. Hence, initial unimolecular decomposition reaction may
potentially commence at this site. Moreover, during the ignition process, while phenol
converts into a conjugated ketone, guaiacol has a decomposition pathway that creates
methyl radicals in the direction of its conjugated ketone, leading to production rather than
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consumption of radicals (Tian, 2016; Zhang et al., 2018). Consequently, guaiacol is more
reactive than anisole and has a lower knock resistance (Figure 8. 7 b). In the case of
veratrole, as a methoxy functional group is less reactive than a hydroxyl functional group,
the addition of an adjacent methoxy functional group increases the reactivity of the
molecule and accelerates the reaction rate (Tian, 2016). Hence, a higher knock resistance
than guaiacol but lower than anisole was observed (Figure 8. 7 b).
With regards 4-EG, it can be compared to vanillin, shown in Figure 8.10. Both molecules
share a benzene ring attached to adjacent hydroxyl- and methoxy- functional groups.
However, 4-EG has an ethyl side chain instead of the aldehyde functional group present
in vanillin. In Figure 8.10, it can be seen that, due to the addition of a third side chain, the
BDE of O─CH3 in vanillin is increased by 4.1 kcal/mol relative to that in guaiacol but
lower than that in anisole by 3.5 kcal/mol. Also, as discussed previously, 1,2,4trimethylbenzene has a higher knock resistance than o-xylene. Hence, it is plausible that
the addition of an isolated ethyl branch to a ring with an adjacent pair of functional
groups, as in 4-EG relative to guaiacol and veratrole, could provide higher knock
resistance but lower than that of anisole.
The critical engine CR obtained for the blends of guaiacol, veratrole and 4-EG, (Figure
8.9 b), suggest that the ortho effect in oxygenated molecules is sensitive to the type of
attached functional groups. Such molecules likely to have lower knock resistance than,
or similar to, a benzene ring, and significantly lower than a benzene ring with an isolated
single side chain, e.g. anisole. It is interesting to note that this observation is contrary to
that seen in conventional alkylated benzene hydrocarbons, for example, o-xylene and
1,2,4-trimethylbenzne compared to toluene (Table 8.3).
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8.2.2 Combustion characteristics

(a)

(b)

Figure 8.11: In-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (80% RF+20% biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

Figures 8.11 (a) and (b) shows the in-cylinder pressure of the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated at the volumetric
blending ratio of (80% RF+20% biomass) tested at operating limit of engine CRs at λ=1
and λ=critical, respectively. At λ=1 (Figure 8.11 a), it can be seen that all the blends,
including the blend of veratrole, produced higher in-cylinder pressure than the reference
fuel. All the blends, except the blend of veratrole, were operated at a higher engine CR
than the reference fuel in order to reach the threshold of knock (Figure 8.7 a). The blend
of anisole produced the highest in-cylinder pressure, followed by the blends of guaiacol
and 4-EG, respectively. This trend matches the operating limit of engine CR for the
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blends; 8.22 for the blend of anisole while the blends of guaiacol and 4-EG were operated
at engine CR of 7.55 and 7.54, respectively. However, the blend of veratrole, which
produced slightly a higher peak in-cylinder pressure than the reference fuel, was operated
at engine CR lower than the reference fuel by 0.12 unit (Figure 8.11 a).
Comparing the blends and the reference fuel at their operating conditions of engine CR
and λ, as shown in Figure 8.11 (b), it can be seen that the blend of anisole also produced
the highest in-cylinder pressure, followed by the blend of 4-EG. These two blends were
operated at a higher critical engine CR than the blends of veratrole and guaiacol and the
reference fuel. However, the blends of veratrole and guaiacol showed in-cylinder pressure
characteristics contrasting with their critical operating limit of engine CR. This is
because, as the blend of guaiacol showed higher knock resistance than the veratrole blend,
it was operated at a higher engine CR by 0.16 unit, however, it produced a lower peak incylinder pressure. Moreover, it can be noticed that the blend of guaiacol showed similar
in-cylinder pressure to the reference fuel even though it was operated at an engine CR of
7.35, which is higher than that of the reference fuel by 0.18 units.
The in-cylinder pressure characteristics of the molecules investigated at 50% (V/V) blend
ratio compared to the reference fuel when tested at operating limit of engine CRs at λ=1
and λ=critical are shown in Figures 8.12 (a) and (b), respectively. Firstly, at λ=1 as shown
in Figure 8.12 (a), it can be seen that the highest in-cylinder pressure was produced by
the blend of anisole, which was operated at the highest operating limit of engine CR. This
is followed by the blends of veratrole and 4-EG, respectively, while the blend of guaiacol
showed a similar level of peak in-cylinder pressure as the reference fuel. Comparing these
blends in terms of their operating limit of engine CR, as shown in Figure 8.9 (a), indicates
that the blend of veratrole produced higher in-cylinder pressure than the blend of 4-EG
which was operated at a higher engine CR (0.13 unit higher than the blend of veratrole).
In contrast, the results show that the blend of guaiacol produced slightly lower in-cylinder
pressure than the fuels operated at lower engine CR, for example the reference fuel.
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(a)

(b)

Figure 8.12: In-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (50% RF+50% biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

Figure 8.12 (b) does not show a result for the blend of 50% anisole, as the blend did not
experience knock and thus critical values of engine CR and λ were not determined. The
results otherwise show that the highest and the lowest peaks in-cylinder pressure were
produced by the blends of veratrole and guaiacol, respectively. The blend of 4-EG
displayed slightly lower in-cylinder pressure than the reference fuel but higher than the
blend of guaiacol. It is worth noting that the blend of guaiacol was operated at the lowest
operating limit of engine CR relative to all other fuels tested. However, the blend of 4EG was operated at the highest engine CR, higher than the blend of veratrole by 0.33 unit
(Figure 8.9 b). Despite this, it can be observed that it produced lower in-cylinder pressure
than the blend of veratrole.
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The blend of 50% guaiacol was operated at the lowest operating limit of engine CR of all
fuels tested (Figure 8.7 b). It was seen in Figures 8.11 (b) and 8.12 (a) that the blend of
guaiacol produced lower peaks in-cylinder pressure while decreasing λ or increasing
concentration despite operation at a higher engine CR. However, the results of the 20%
and 50% veratrole blends are consistent to that observed earlier, producing higher incylinder pressure than other blends despite operation of 20% and 50% veratrole blends at
lower engine CR. As for the blend of 4-EG, it is interesting to see that at the higher
blending ratio and richer λ, it produced lower in-cylinder pressure than the reference fuel
although it was operated at a higher engine CR by 0.54 unit. This observation is similar
to that noticed in considering the effect of guaiacol on in-cylinder pressure characteristics
relative to the reference fuel and other blends.
The apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (80% RF+20% biomass), tested at operating
limit of engine CRs at λ=1 and λ=critical, are shown in Figures 8.13 (a) and (b),
respectively. It can be seen that, at both conditions, the blends exhibited slightly earlier
flame propagation than the reference fuel. This may be attributable to the presence of
oxygen in the molecules investigated compared the reference fuel. For example, it can be
seen that the veratrole blend showed an earlier flame propagation than that of the
reference fuel, even though it was tested at a lower engine CR (Figure 8.13 a). Also, the
increase of the operating limit of engine CR for the blends may contribute to furthermore
advance the flame propagation process, despite lower oxygen availability, as seen for the
blend of anisole (Figure 8.13 a).
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(a)

(b)

Figure 8.13: Apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (80% RF+20% biomass) tested at operating limit
of engine CR (a) at λ=1 and (b) λ=critical.

It is interesting to see that, due to the presence of incipient knock during non-knocking
combustion cycles, the reference fuel and the blends showed sharp increase in heat
release. These rises will be discussed during the analysis of knocking combustions cycles.
However, by considering the maximum heat release just prior the sharp rises, it can be
noticed that, at λ=1, the reference fuel produced a maximum of 51.68 (J/CAD) while the
blends of guaiacol, 4-EG, veratrole and anisole displayed maximum rates of 49.30, 49.53,
51.01 and 51.06 (J/CAD), respectively. The slight reduction in the energy release rates
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produced, in comparison to the reference fuel, is due to the lower heating values of the
molecules investigated, as described in Table 8.1.

(a)

(b)

Figure 8.14: Apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (50% RF+50% biomass) tested at operating limit
of engine CR (a) at λ=1 and (b) λ=critical.

The apparent net heat release rate of the averaged non-knocking combustion cycles of the
blend investigated at 50% (V/V), tested at operating limit of engine CRs at λ=1 and
λ=critical, are shown in Figures 8.14 (a) and (b), respectively. In general, it can be noticed
that the variations heat release by the blends are much clearer than those seen at the lower
blending ratio of 20% (V/V). As was seen at the lower blending ratio, the blends exhibited
faster flame propagation than the reference fuel and can be ranked in the following order;

249

8.2 Results and discussion

anisole, veratrole, 4-EG and guaiacol. This order matches the operating limit of engine
CR, except for veratrole which was operated at engine CR lower than 4-EG but higher
than guaiacol (Figure 8.9 a). It also agrees with the observations seen previously, in
Figures 8.12 (a) and 8.14 (a), indicating that the blend of veratrole had faster in-cylinder
pressure growth and heat release propagation than the blends of 4-EG while the blend of
guaiacol showed the slowest rate.
On the effect of increasing the blending ratio on the apparent heat release rates produced
by the blends, as shown in Figures 8.14 (a) and (b), it can be observed that the 50% blends
of guaiacol, 4-EG and veratrole showed maximum rates lower than that of the 20% (V/V)
blend by 5.1% , 3% and 1.5% , respectively. On the other hand, the blend of 50% anisole
displayed a higher maximum rate than the 20% anisole blend by 2.7%, possibly
attributable to the fact that the 50% anisole blend operated at a higher engine CR without
experiencing knock. It is worth noting that increasing the blending ratio of the molecules
investigated reduced the presence of incipient knock; high and sharp fluctuations in
energy released rates at the end-gas composition, when compared to the of the 20%
(V/V) blends, as shown in Figures 8.14 (a) and (b) in comparison to Figures 8.13 (a) and
(b).
Figures 8.15 (a) and (b) shows the peak in-cylinder pressure for the averaged nonknocking combustion cycles of the reference fuel and the blends investigated, tested at
operating limit of engine CR at varying λ, while varying the volumetric blending ratio
from 20% to 50%, respectively. Overall, it can be seen that the blends of (20% V/V)
produced higher peaks of in-cylinder pressure than the reference fuel, with the highest
produced by the anisole blend (Figure 8.15 a). At λ=1, the blends can be ranked as
follows; anisole (34.29 bar), guaiacol (31.52 bar), 4-EG (30.96 bar), veratrole (30.54 bar)
and the reference fuel (29.98 bar). However, with decreasing λ, the blend of veratrole
showed slightly higher peaks than the blend of guaiacol despite operation at lower engine
CR. This can also be seen when compared the blend of veratrole to the reference fuel
(Figures 8.9 a and 8.15 a).
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(a)

(b)

Figure 8.15: Peak of in-cylinder pressure (Pmax) of the averaged non-knocking combustion
cycles of the reference fuel and the blends investigated (a) (80% RF+20% biomass) and (b)
(50% RF+50% biomass) tested at operating limit of engine CRs and varying λ.

In Figure 8.15 (b), the effect of the 50% blends, tested at operating limit of engine CR at
varying λ, on maximum in-cylinder pressure is shown. It can be seen that the anisole
blend produced the highest peak over the entire operating range of λ as was also seen in
the case of the 20% blends. At λ=1, it is higher than the blend of 20% anisole and the
reference fuel by 3.45 bar and 7.3 bar, respectively. However, the in-cylinder pressure
peaks of the other 50% blends decreased relative to the 20% blends of the same molecules
(Figure 8.15 a). The blends of 4-EG and veratrole showed comparable peaks to one
another at varying λ even though the blend of veratrole was operated at a lower engine
CR, and both produced peak pressures similar to the reference fuel in the range of λ
between 1.00 and 0.95 (Figure 8.15 b). However, the peak pressures exhibited by these
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two blends became higher than the reference fuel with further enrichment of the mixtures.
In contrast, it is interesting to see that, where the blending ratio of guaiacol increased
from 20% to 50%, peak in-cylinder pressure decreased below that exhibited by the
reference fuel by about 0.5 bar, especially at less richer mixtures (Figure 8.15 b).
(a)

(b)

Figure 8.16: Angle of the peak in-cylinder pressure (θPmax) of the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated (a) (80% RF+20% biomass)
and (b) (50% RF+50% biomass) tested at operating limit of engine CR and varying λ.

Figures 8.16 (a) and (b) shows the time of occurrence of the peak in-cylinder pressure
(θPmax) for the averaged non-knocking combustion cycles of the reference fuel and the
blends investigated, tested at operating limit of engine CR at varying λ, as 20% blends
and 50% blends, respectively. Overall, the blends, at both blending ratios, reached their
peak in-cylinder pressure at advanced angles compared to the reference fuel, except the
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blend of 50% guaiacol in the range of λ between 1.00 and 0.95. The most advanced
timings were exhibited by the blends of anisole. At λ=1, the blend of 20% anisole reached
peak in-cylinder pressure earlier than the reference fuel by 3 CAD. This timing was also
advanced by 2 CAD when the volumetric concentration of anisole was increased from
20% to 50%. The blends of anisole were operated at the highest engine CR relative to the
other blends and the reference fuel (Figure 8.9 a), which may accelerate the timings of
in-cylinder pressure peaks as seen in Figures 7.10 (a) and (b).
With regards to the other blends, it can be seen that, at the lower blending concentration
of 20% and λ=1, the blend of veratrole showed slightly advanced timing relative to the
blends of guaiacol and 4-EG, respectively. However, with decreasing λ, the blend of
4-EG displayed earlier (θPmax) angles than the blend of veratrole while the blend of
guaiacol exhibited later peak in-cylinder pressure but earlier than the reference fuel
(Figure 8.16 a). The effect of increasing the blending concentration of these molecules
showed similar trend as observed for the 20% blends (Figure 8.16 a); the blend of 4-EG
earlier than the blend of veratrole and guaiacol, respectively. However, time of
occurrence were significantly advanced.
The net IMEP for the averaged non-knocking combustion cycles of the reference fuel and
the blends investigated of 20% (V/V) and 50% (V/V), when tested at operating limit of
engine CR at varying λ, are shown in Figures 8.17 (a) and (b), respectively. At the
blending ratio of 20%, in general, the replacement of 20% (V/V) of the reference fuel by
the molecules investigated increased the net IMEP. At stoichiometry, the blends of
guaiacol and veratrole produced similar IMEPn of 7.88 bar, which is higher than the
reference fuel by 2.28%. However, with decreasing λ, the blend of veratrole displayed
higher IMEPn than that of the guaiacol blend. While the blend of 4-EG produced slightly
higher IMEPn than the aforementioned blends, the highest IMEPn was produced by the
blend of anisole. At λ=1, the 4-EG blend and the anisole blend produced IMEPn of 7.96
bar and 8.07 bar, higher than that of the reference fuel by 3.26% and 4.58%, respectively.
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(a)

(b)

Figure 8.17: Net IMEP of the averaged non-knocking combustion cycles of the reference fuel
and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50% biomass) tested
at operating limit of engine CR and varying λ.

In contrast to the 20% guaiacol blend (Figure 8.17 a), it can be seen that the 50% guaiacol
blend exhibited lower IMEPn than the reference fuel at all λ tested (Figure 8.17 b). The
50% blend of veratrole, at λ=1, produced lower IMEPn than the reference fuel by 0.20
bar, which is also lower than the 20% blend of the same molecule by 0.32 bar. However,
with decreasing λ below 0.95, the IMEPn of the veratrole blend increased to a level
slightly higher than the reference fuel and the guaiacol blend. With regards to the blend
of 4-EG, increasing the volumetric concentration of the molecule in the reference fuel
decreased significantly the IMEPn, especially when enriching the mixture. At λ=1, the
50% 4-EG produced IMEPn lower than the blend of 20% 4-EG and the reference fuel by
5.9% and 2.4%, respectively. On the other hand, the increase of anisole content from 20%
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to 50% (V/V) showed a positive effect on IMEPn. For example, at λ=1, the 50% anisole
produced IMEPn of 8.3 bar, which is higher than the blend of 20% anisole and the
reference fuel by 2.85% and 7.37%, respectively.
(a)

(b)

Figure 8.18: Maximum pressure rise rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50%
RF+50% biomass) tested at operating limit of engine CR and varying λ.

Figures 8.18 (a) and (b) shows the maximum pressure rise rates (MPRR) for the averaged
non-knocking combustion cycles of the reference fuel and the blends investigated, tested
at operating limit of engine CR at varying λ, at blending ratios of 20% and 50%,
respectively. In general, the addition of the molecules investigated to the reference fuel
decreased the MPPR, even though blends such as 20% anisole and 50% anisole were
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operated at much higher engine CR than the reference fuel (Figure 8.7 a and b). Moreover,
increasing the blending ratio of the molecules decreased slightly the variation in the
MPRR more than that of the lower blending ratio. At both blending ratios, it can be seen
the lowest values of MPRR were displayed by the blends of guaiacol, followed by these
of veratrole. However, the blend of 20% 4-EG showed slightly higher MPRR than the
blend of 20% anisole. In contrast, at the higher blending ratio, the 50% 4-EG blend had
lower MPRR than that of the 50% anisole blend.

(a)

(b)

Figure 8.19: Time of occurance of MPRR the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50%
biomass) tested at operating limit of engine CR and varying λ.

Figures 8.19 (a) and (b) show the angles of occurrence of the maximum pressure rise rates
(MPRR) for the averaged non-knocking combustion cycles of the reference fuel and the
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blends investigated, tested at operating limit of engine CR at varying λ, at blending ratios
of 20% and 50% , respectively. At the lower blending ratio (Figure 8.19 a), it can be seen
that the blends investigated experienced slightly earlier occurrence of MPRR than the
reference fuel, and can be ranked as follows; anisole, guaiacol, veratrole and 4-EG. Also,
apparent is that increasing the blending ratio advanced the timings for all the blends to a
greater extent than that observed at the lower blending ratio. For example, at λ=1, the
blend of 50% anisole exhibited a timing of MPRR of 371.7 CAD which is more advanced
than that of the blend of 20% anisole and the reference fuel by 8.6 CAD and 12.3 CAD,
respectively. This may be attributed to the operation of the 50% anisole blend at a higher
engine CR (Figure 8.7 a). It can also be noticed that the blend of 50% guaiacol showed
similar angles of MPRR to that of the veratrole and 4-EG blends Figure (8.19 b).
The CA10 durations for the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated, tested at operating limit of engine CR and varying λ, at
volumetric blending ratios of 20% and 50% are shown in Figures 8.20 (a) and (b),
respectively. Although the CA10 durations reduced with decreasing λ, the reductions
exhibited by the blends investigated were much greater than that of the reference fuel,
especially at the higher blending ratio (Figures 8.20 a and b). For instance, at λ=1, the
blend of 20% anisole had a shorter CA10 duration than the reference fuel by 1.8 CAD.
However, this duration was further decreased by an additional 1.3 CAD, relative to the
20% anisole blend, while increasing the blending ratio from 20% to 50% and operation
at a higher engine CR by 0.85 unit. With regards to the blends of guaiacol, veratrole and
4-EG, it can be seen that, at stoichiometry, all the 20% blends showed similar durations
of CA10. The blends of guaiacol and 4-EG were operated at comparable engine CR,
however, the blend of veratrole was operated at a lower engine CR than this by 0.35 unit,
and also lower than the reference fuel by 0.12 unit (Figure 8.9 a). Despite operation at a
lower engine CR, and thus in-cylinder temperatures, the 20% veratrole blend showed
shorter CA10 duration than the reference fuel. This observation could indicate that the
presence of veratrole results in faster combustion initiation relative to the guaiacol blend,
the 4-EG blend and the reference fuel. This also can be noticed in Figure 8.20 (b),
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increasing the blending ratio of veratrole from 20% to 50% decreased its CA10 duration
much more that the blend of guaiacol.

(a)

(b)

Figure 8.20: CA10 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50% biomass)
tested at operating limit of engine CR and varying λ.
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(a)

(b)

Figure 8.21: Angle of CA50 of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50% biomass)
tested at operating limit of engine CR and varying λ.

Figures 8.21 (a) and (b) show the CA50 angles for the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated, tested at operating
limit of engine CR and varying λ, at volumetric blending ratios of 20% and 50%,
respectively. Similar observations as made when considering the effect of blending of
the molecules investigated into the reference fuel and increasing the blending ratio on the
duration of the CA10, Figures 8.20 (a) and (b), can also be seen in the CA50 (Figures
8.21 a and b). Of the 20% blends, the anisole blend showed the fastest burn rate while the
blends of guaiacol, veratrole and 4-EG displayed comparable combustion rate but faster
than the reference fuel. At higher blending ratio, the 50% anisole blend also exhibited the
shortest CA50, faster than that of the 20% anisole by about 2 CAD. At λ=1, the 50%
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guaiacol blend showed a similar angle of CA50 as the reference fuel. However, as the
mixture became richer, the CA50 angle decreased to reach a difference of 4 CAD at very
rich conditions λ=0.84 (Figure 8.21 b). The blend of 50% veratrole displayed a decreased
CA50 angle relative to that observed at the 20% blending ratio, so that it became faster
that the blend of 50% guaiacol (Figure 8.21 b). Lastly, the blend of 50% 4-EG showed
slightly a faster combustion rate than the blend of 50% veratrole in the λ range between
0.97 and 0.90. However, at stoichiometric and very rich λ conditions, it can be seen that
it exhibited similar CA50 angle as the 50% veratrole blend (Figure 8.21 b).

(a)

(b)

Figure 8.22: CA90 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50% biomass)
tested at operating limit of engine CR and varying λ.
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In Figures 8.22 (a) and (b), the CA90 durations for the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated, tested at operating
limit of engine CR at varying λ, at blending ratios of 20% and 50% are shown,
respectively. For the blends of (80% RF+20% biomass) and the reference fuel, in general,
the CA90 durations decreased while decreasing λ from 1.00 to 0.88 and then increased
slightly, except the blend of guaiacol which showed a continued decrease until the richest
operating limit of λ (Figure 8.22 a). It can be seen that, in general, the blend of guaiacol
showed slightly shorter durations than the reference fuel while the blends of 4-EG,
(except at λ=1), and veratrole exhibited comparable CA90 durations but shorter than that
of the guaiacol blend. The blend of anisole displayed the shortest CA90 durations.
In comparing Figure 8.22 (b) to Figure 8.22 (a), it can be seen that increasing the blending
ratio of each molecule, with exception of 4-EG, from 20 to 50% (V/V) resulted in a
significantly steeper decrease in the CA90 durations with decreasing λ. The CA90
durations of the 4-EG blend decreased sharply between λ=1 and λ=0.95, then underwent
a slight decrease until λ=0.84. However, it can be noticed that, within specific ranges of
λ, some blends displayed longer CA90 durations than seen at the lower blending ratio.
For instance, in the range of λ between 1.00 and 0.90, the blend of 50% guaiacol showed
longer durations than the blend of 20% guaiacol and the reference fuel. It was seen, from
Figures 8.20 (b) and 8.21 (b), that the blend of 50% guaiacol displayed a later CA10 and
slower combustion rate compared to the 20% guaiacol blend. A similar observation can
be made if comparing the blend of 50% veratrole to the 20% veratrole blend. On the other
hand, increasing the blending concentration of anisole decreased further the CA90
duration (Figure 8.22 b). At λ=1, the 50% anisole blend exhibited a duration slightly
shorter than that of the 20% blend by about 0.5 CAD. However, with decreasing λ, the
difference increased significantly to reach 2 CAD and 3 CAD at λ of 0.90 and 0.84,
respectively.
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(a)

(b)

Figure 8.23: CA10-90 duration of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated (a) (80% RF+20% biomass) and (b) (50% RF+50%
biomass) tested at operating limit of engine CR and varying λ.

Figures 8.23 (a) and (b), show durations of CA10-90 for the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated, tested at operating
limit of engine CR at varying λ, at blending ratios of 20% and 50%, respectively. For the
blends of (80% RF+20% biomass), it can be seen that, in Figure 8.23 (a), the CA10-90
durations of the blends and the reference fuel decreased with decreasing λ from 1.00 to
0.90 and then increased, expect the blend of guaiacol which continued to display similar
durations at the very rich λ conditions. At λ=1, the blend of 4-EG exhibited a slightly
longer CA10-90 duration (0.5 CAD) than the guaiacol blend and the reference fuel, while
the blends of veratrole and anisole displayed faster CA10-90 timing by 0.6 CAD and 1.1
CAD, respectively. However, the blend of guaiacol exhibited longer CA10-90 than the
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reference fuel in the range of λ between 1.00 and 0.90, and then became shorter at further
decreasing λ. The blend of 4-EG showed similar CA10-90 durations as the reference fuel
in the range of λ between 1.00 and 0.93, displaying shorter at richer conditions.
Conversely, the 20% blends of veratrole and anisole showed comparable CA10-90
durations to one another but shorter than the reference fuel and the other blends in the
range of λ from 1.00 to 0.90. At richer conditions, the blend of veratrole displayed similar
CA10-90 durations as the blend of 4-EG, while the 20% anisole blend showed the shortest
durations.
At the higher blending ratio of 50%, as shown in Figure 8.23 (b), it can be seen that the
blends of guaiacol and veratrole had longer CA10-90 durations than the reference fuel
while varying λ between 1.00 and 0.90. The blend of 50% 4-EG showed similar CA1090 durations as the 20% 4-EG blend. However, with a further decrease in λ, the CA1090 durations of the 50% 4-EG blend were reduced by at least 1 CAD compared to the
20% 4-EG blend (Figure 8.23 b). The blend of 50% anisole showed similar CA10-90
durations as the blend of 50% 4-EG. This means that increasing the anisole concentration
reduced the CA10-90 speed, especially in the range of λ between 1.00 and 0.93 despite
operation of the 50% anisole at a higher engine CR than the 20% anisole and the reference
fuel (Figure 8.7 a). However, at richer mixture (λ< 0.93) conditions, the 50% anisole
displayed slightly shorter durations than the blend of 20% anisole.
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8.2.3 Autoignition characteristics

(a)

(b)

Figure 8.24: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends investigated (80% RF+20% biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

Figures 8.24 (a) and (b) shows the in-cylinder pressure of the representative knocking
combustion cycles of the reference fuel and the blends investigated at the volumetric
blending ratio of (80% RF+20% biomass) tested at operating limit of engine CRs at λ=1
and λ=critical, respectively. In Figure 8.24 (a) at λ=1, it can be seen that the blends of 4EG and veratrole underwent knocking combustion at a similar peak in-cylinder pressure
as the reference fuel (≈ 33 bar), while the blends of guaiacol and anisole displayed higher
in-cylinder pressure peaks during knock (≈ 35.5 bar and 37.7), respectively. Hence, it can
be observed that the peak in-cylinder pressure of the guaiacol blend was higher than the
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blend of 4-EG by 2.5 bar despite operation at a similar engine CR (Figure 8.9 a).
Furthermore, the blend of 4-EG displayed a similar in-cylinder pressure peak to the
reference fuel, despite operation of the former at a higher engine CR by 0.23 units. For
the veratrole blend, a similar in-cylinder pressure peak relative to the reference fuel and
the blend of 4-EG can be seen (Figure 8.24 a), however, this blend was operated at a
lower engine CR by 0.12 and 0.35 units, respectively. With regards to the blend of
anisole, the significantly higher in-cylinder pressure apparent relative to the other fuel
tested was expected, given that the blend was operated at the highest engine CR of 8.22
(Figure 8.9 a). Comparing in-cylinder pressure at the critical operating conditions of
engine CR and λ of each fuel, as shown in Figure 8.24 (b), the blends, in terms of the
level of in-cylinder pressure peaks during knock compared to the reference fuel, can be
ranked as follows; anisole, 4-EG, guaiacol, veratrole and the reference fuel, from highest
in-cylinder pressure peaks to lowest, respectively. Unlike operation at λ=1, this order
matches that of the operating limit of engine CR for the blends (Figure 8.9 a).
From Figures 8.24 (a) and (b), it is interesting to see that the blend of guaiacol exhibited
knock at a peak in-cylinder pressure higher than the 4-EG blend when operated at a
similar engine CR and at λ=1. At the critical operating conditions, both blends underwent
knock at a similar λ (0.95), however, the blend of 4-EG displayed a slightly higher peak
in-cylinder pressures than the blend of guaiacol, (0.5 bar), despite operation of the 4-EG
blend at a higher engine CR by 0.22 units. 4-EG has a significantly higher boiling
temperature than guaiacol (234 °C and 205 °C, respectively). Therefore, when enriching
the mixture of the 4-EG blend, due to slow evaporation, the 4-EG blend requires higher
in-cylinder temperature and pressure relative to that at λ=1 so that the targeted level of
knocking frequency can be reached.
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(a)

(b)

Figure 8.25: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends investigated (50% RF+50% biomass) tested at operating limit of
engine CR at (a) λ=1 and (b) λ=critical.

In Figures 8.25 (a) and (b), the in-cylinder pressure of the representative knocking
combustion cycles of the reference fuel and the blends investigated at the volumetric
blending ratio of (50% RF+50% biomass), with the exception of the anisole blend as it
did not knock, tested at operating limit of engine CRs at λ=1 and λ=critical, are shown,
respectively. At λ=1, in contrast to the 20% blends shown in Figure 8.24 (a), it can be
seen that the blend of guaiacol experienced knock at a comparable level of in-cylinder
pressure peak as the reference fuel, which is lower than the blend of 4-EG. However, the
50% veratrole blend underwent knocking combustion, as was seen also in the case of the
20% blend (Figure 8.24 a), at a similar in-cylinder pressure to the reference fuel. From
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Figure 8.25 (b), comparing the blends at the critical operating conditions of engine CR
and λ, it can be seen that, as was observed at λ=1, higher in-cylinder pressure was required
for the blend of 4-EG to undergo knocking combustion relative to the blend of guaiacol
and the reference fuel. However, at these operating conditions, in contrast to operation at
λ=1, the in-cylinder pressure for the blend of guaiacol was much lower than that of the
reference fuel. With regards to the 50% veratrole blend, it can be noticed that the blend
exhibited knocking combustion at an in-cylinder pressure comparable to the blend of 4EG (Figure 8.25 b).
The effect of increasing the blending ratio of the molecules investigated from 20% to
50%, except anisole, on the in-cylinder pressure during knocking combustion can be
summarised as follows. The in-cylinder pressure required for the blend of guaiacol to
exhibit knock, at stoichiometry and critical λ, was decreased with increasing the blending
ratio, due to the decrease in the engine CR with increasing guaiacol concentration
(Figures 8.9 a and b). As for the blend of 4-EG, increasing its concentration in the
reference fuel shows that, at stoichiometry and critical λ, the 50% 4-EG underwent
knocking combustion at a similar in-cylinder pressure as seen for the 20% blend at both
operating conditions of λ. However, the blend of 50% 4-EG required operation of the
engine at a higher engine CR than the blend of 20% (V/V) in order to reach the in-cylinder
pressure at which the knock threshold was exceeded. This observation may be attributed
to the effect of the high boiling temperature of 4-EG and heat of vaporisation, (Table 8.1),
as discussed in the context of Figures 8.24 (a) and (b). With regards to veratrole,
increasing its concentration in the reference fuel indicates that, at stoichiometry, the 50%
veratrole blend experienced knocking combustion at a similar in-cylinder pressure as seen
for the 20% veratrole. However, at critical λ, it was noticed that the 50% veratrole
required higher in-cylinder pressure than the 20% blend (Figure 8.25 b).
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(a)

(b)

Figure 8.26: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends investigated (80% RF+20% biomass) tested at operating limit
of engine CR at (a) λ=1 and (b) λ=critical.

Figures 8.26 (a) and (b) show the apparent net heat release rate of the representative
knocking combustion cycles of the RF and blends investigated (80% RF+20% biomass)
tested at operating limit of engine CRs at λ=1 and λ=critical, respectively. In Figure 8.26
(a) at λ=1, it can be seen that the blends and the reference fuel exhibited slight variation
in the flame propagation and development prior to the onset of knock, due to testing each
blend at its engine CR limit (Figure 8.9 a). Hence, earlier increases in heat release rate
can be observed for the blends tested at a higher engine CR. However, at the point of
knock, sudden rapid changes in the energy release rates of all the fuels can be seen
(Figures 8.26 a and b). In Figure 8.26 (a) at λ=1, the most significant increase in ANHRR
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with the onset of knock was seen for the blend of guaiacol, reaching a maximum of 98
(J/CAD); an increase in ANHRR is higher than that during normal combustion by 40
(J/CAD), an increase of 72% (Figures 8.26 a and 8.13 a). The blend of anisole and the
reference fuel exhibited similar peak energy release rates, (66% higher than those prior
to knock), while the blends of 4-EG and veratrole displayed smaller rapid change than
the reference fuel by 11% and 6%, respectively, relative to changes during normal
combustion.
From Figure 8.26 (b), it can be seen that at the critical operating conditions of engine CR
and λ, in comparison to heat release at λ=1, there is less variation apparent in the
development of heat release rates during the early phase of combustion of the fuels.
Following that, all blends displayed a rapid increase in heat release rates due to knock
less than that displayed by the reference fuel, except the blend of anisole which exhibited
ANHRR 5% higher than that of the reference fuel. The blends of guaiacol and 4-EG
showed similar sharp increase in ANHRR but lower than the reference fuel by about 17%.
However, the smallest rapid change in ANHRR was observed for the blend of veratrole,
increasing from 59 to 75 (J/CAD), an increase only 52% of that displayed by the reference
fuel. It is interesting to see that the reference fuel and the blends of 4-EG and veratrole,
experienced knocking events at two consecutive points (Figure 8.26 b).
Apparent net heat release rates of the representative knocking combustion cycles of the
50% blends and reference fuel tested at operating limit of engine CRs at λ=1 and
λ=critical are shown in Figure 8.27 (a) and (b), respectively. In comparison to the results
of the 20% blends ratio when operated at λ=1, as shown in Figure 8.26 (a), it can be seen
that increasing the blending ratio increased the variation in ANHRR between fuels at the
start of combustion processes. Also, it can be seen that increasing the blending ratio of 4EG and veratrole led to multiple distinguishable knocking points that were not apparent
at the blends of the lower blending ratio operated at stoichiometry (Figure 8.26 a). With
regards to the effect on the rapid changes in the rates of energy released during knocking
events, it can be seen that increasing the blending ratio increased the intensity of these
changes even though the peak values were lower. In comparison to the 20% blends, the
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blends of 50% guaiacol, 50% 4-EG and 50% veratrole displayed higher rapid changes by
18%, 17% and 24%, respectively. The blends of 50% guaiacol, 50% 4-EG and 50%
veratrole exhibited greater rapid change by 24%, 6% and 18%, respectively when
compared to the reference fuel. It is worth noting that the blend of guaiacol at both
blending ratios, when operated at λ=1, displayed the most significant rapid changing rate
during knocking combustion.

(a)

(b)

Figure 8.27: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends investigated (50% RF+50% biomass) tested at operating limit
of engine CR at (a) λ=1 and (b) λ=critical.

Investigating the blends and the reference fuel at the critical operating conditions of
engine CR and λ, as shown in Figure 8.27 (b), indicated that the level of increase in the
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heat release rates for blends, during knocking combustion, was lower than the reference
fuel. While the reference fuel reached a peak of 99 (J/CAD), the blend of 50% guaiacol,
50% 4-EG and 50% veratrole displayed peaks of 95, 84 and 77 (J/CAD), respectively.
However, in terms of the percentage change between the peak ANHRR before and during
knocking combustion, it can be seen that increasing the blending ratio of guaiacol led to
an increase of 24% and 7.50% compared to the 20% guaiacol blend and the reference
fuel, respectively (Figure 8.27 b). On the other hand, the blends of 50% 4-EG and 50%
veratrole showed lower percentage change by 1% and 8.50% when compared to the 20%
blends. These blends were lower than the reference fuel by 18% and 61%, respectively.
Hence, it can be said that, during the operation under the critical conditions of engine CR
and λ, increasing the blending ratio of guaiacol increased the rapid change in the heat
release during knocking combustion. However, no significant effect was seen for
increasing the blending ratio of 4-EG, and the blend of 50% veratrole.
From Figures 8.27 (a) and (b), it is interesting to note that, while increasing the blending
ratio of the molecules investigated, the sharp increase in ANHRR due to auto-ignition
reactions occurred in multiple events over an extended duration of engine crank angles
rather than over a limited duration with a sudden and sharp release of heat release as seen
in Figures 8.26 (a) and (b). This observation also could explain the longer duration of incylinder pressure fluctuations as seen in Figures 8.25 (a) and (b), due to the increase in
the blend ratio from 20% to 50%, relative to blends of 20% (V/V) presented in Figures
8.24 (a) and (b), where in-cylinder pressure fluctuations caused by the auto-ignition
reactions occurred over a limited duration of engine crank angles.
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(a)

(b)

Figure 8.28: Amplitude of in-cylinder pressure at the knock-point and the knock-point timing of
the representative knocking combustion cycles of the reference fuel and the blends investigated
(80% RF+20% biomass) tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

Figures 8.28 (a) and (b) show a comparison between the amplitude rise and time of
bandpass filtered in-cylinder pressure at the first knock-point of the representative
knocking combustion cycles of the reference fuel and the investigated blend
(80%RF+20%biomass) tested at the operating limit of engine CRs at λ=1 and λ=critical,
respectively. In Figure 8.28 (a) at λ=1, it can be seen that the blends of guaiacol and 4EG, at the knock-point, showed a higher amplitude of in-cylinder pressure than the
reference fuel, increasing it from 0.61 (bar) to 0.67 (bar) and 0.64 (bar), respectively. In
contrast, the addition of veratrole or anisole to the reference fuel displayed no discernible
impact on the amplitude of in-cylinder pressure at the knock point (Figure 8.28 a). With
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regards to the knock-point timings, as shown in Figure 8.28 (a), all the blends showed
earlier knock-point timings than the reference fuel by 1.88, 1.45, 0.62, 2.9 (CAD) for the
blends of guaiacol, 4-EG, veratrole and anisole, respectively. These values indicate that
in the case of fuels operated at a higher engine CR, knock occurred more quickly
following the spark and CA10. In the analysis of non-knocking cycles, the addition of
20% (V/V) of the oxygenated molecules to the reference fuel, as shown in Figures 8.20 8.22, accelerated the combustion speed. Hence, it is interesting to note that the blend of
veratrole displayed a slightly earlier knock-point timing than the reference fuel, despite
operation at a lower engine CR by 0.12 unit.
Figure 8.28 (b) shows the results of the amplitude rise and time of bandpass filtered incylinder pressure at the first knock-point of the representative knocking combustion
cycles of the reference fuel and the blends investigated tested at the critical conditions of
engine CR and λ. It can be observed that the reference fuel and the veratrole blend
exhibited higher amplitudes than that seen at λ=1 by 0.09 and 0.16 (bar), respectively.
While the blends of guaiacol and anisole showed similar values of in-cylinder pressure
amplitude as seen at λ=1, the blend of 4-EG displayed a slightly lower in-cylinder
pressure amplitude than at stoichiometric combustion. In terms of the knock-point
timings, the results show that the blends investigated also exhibited advanced timings
relative to the reference fuel at the critical operating conditions of engine CR and λ
(Figure 8.28 b). The most advanced occurrence of knock can be seen for the 20% blend
of anisole, which was operated at the highest critical engine CR (Figure 8.9 b).
The effect of increasing the blending ratio of the molecules investigated into the reference
fuel, from 20% to 50% (V/V), on the amplitude rise and time of bandpass filtered incylinder pressure at the first knock-point of the representative knocking combustion
cycles of the reference fuel and the blends investigated, tested at operating limit of engine
CRs at λ=1 and λ=critical, are shown in Figures 8.29 (a) and (b), respectively. In general,
at λ=1, it can be seen that increasing the blending ratio of guaiacol increased the
amplitude of in-cylinder pressure, showing values higher than the 20% guaiacol and the
reference fuel by 0.08 and 0.14 (bar), respectively (Figure 8.29 a). However, increasing
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the blending ratio of 4-EG and veratrole to 50% had no apparent impact on the amplitude
of in-cylinder pressure at the first knock-point. With regards to the knock- point timings,
the blend of 50% guaiacol showed similar timing as the blend of 20% guaiacol, despite
operation at a higher engine CR. However, the timing was advanced significantly for the
blend of 50% 4-EG, 3.4 CAD shorter than the 20% 4-EG blend (Figure 8.29 a and 8.28
a). Also, a slight decrease, by (1.31 CAD), was noticed for the blend of 50% veratrole
compared to the 20% veratrole. These observations for the blends of 50% 4-EG and 50%
veratrole can be attributed to the increase in engine CR compared to the blends of the
lower blending ratio.

(a)

(b)

Figure 8.29: Amplitude of in-cylinder pressure at the knock-point and the knock-point timing of
the representative knocking combustion cycles of the reference fuel and the blends investigated
(50% RF+50% biomass) tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.
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At the critical operating conditions of engine CR and λ, as shown in Figure 8.29 (b), the
blend of 50% guaiacol displayed a lower amplitude than the reference fuel by 0.04 bar.
This reduction is comparable to that seen when the 20% guaiacol was operated at the
critical operating conditions and compared to the reference fuel, despite operation of the
50% guaiacol at lower critical engine CR than the blend of 20% guaiacol (-0.23 unit)
(Figure 8.9 b). This observation can also be extended to include the blend of 50%
veratrole blend as it showed a similar increase in the in-cylinder pressure amplitude at
the knock-point as that caused by the 20% veratrole blend. However, the blend of 50%
veratrole was operated at a higher critical engine CR than the blend of 20% veratrole
(+0.14 unit) (Figure 8.9 b). On the other hand, increasing the blending ratio of the 4-EG
increased the amplitude of in-cylinder pressure by 0.16 bar compared to the blend of 20%
4-EG (Figure 8.29 b).
Considering the effect of increasing the blending ratio on the knock-point timings, it can
be seen that the blend of 50% guaiacol displayed a knock-point at similar timings as seen
at the lower blending ratio, and comparable to the reference fuel, despite operation at a
lower critical engine CR. However, a significant decrease was seen for the blend of 50%
4-EG, more advanced by 3.6 CAD, compared to the blend of 20% 4-EG. A slight decrease
was seen also when increasing the blending ratio of veratrole, showing a shorter timing
than the blend of 20% veratrole by 1 CAD (Figure 8.29 b).
Figures 8.30 (a) and (b) show the combustion characteristics CA10, CA50, CA90 and the
intervals of the knock-point timing relative to the spark timing for the reference fuel and
the blends investigated (80% RF+20% biomass) tested at operating limit of engine CRs
at λ=1 and λ=critical, respectively. Overall, at both operating conditions, all the blends
investigated showed shorter burn durations of (CA10, CA50 and CA90) than the
reference fuel. This may be attributed to the effect of oxygen within the molecules
investigated in increasing the combustion rate and decreasing the burn durations.
However, the degree of this reduction was also affected by the operating conditions, such
as engine CR and the mixture strength in the case of λ=critical, in addition to the different
oxygen content of each molecule and its physiochemical properties.
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(a)

(b)

Figure 8.30: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the reference fuel and the blends investigated (80% RF+20% biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

At λ=1, as shown in Figure 8.30 (a), it can be seen that the blend of guaiacol displayed
shorter burn durations than the reference fuel by 0.87, 1.27 and 1.2 (CAD) for the
combustion characteristics CA10, CA50, CA90, respectively. The blend of 4-EG, which
was operated at a similar engine CR to the blend of guaiacol, displayed slightly longer
burn durations by 0.3, 0.5 and 0.9 (CAD). The blend of veratrole showed a similar
duration of CA10 and CA50 to the blend of 4-EG while having lower CA90 by 0.7 CAD.
With regards the blend of anisole, it exhibited the most significant reduction when
compared to the other blends investigated, attributable to operation at the highest engine
CR, higher than the reference fuel by 0.91 units (Figure 8.9 a). Relative to the reference
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fuel, it displayed shorter burn durations by 1.74, 2.40 and 2.6 (CAD), respectively (Figure
8.30 a).
Considering the interval to the first knock-point relative to the spark timing for the knock
representative cycle of the reference fuel and the investigated blends at λ=1, as shown in
Figure 8.30 (a), it can be seen that, in general, the reference fuel and the blends
investigated exhibited knocking combustion at points after CA50 by 4 to 5 CAD. It also
can be seen that the blends of guaiacol, 4-EG, veratrole and anisole exhibited first knockpoint at 30.80, 31.30, 31.05 and 29.70 (CAD) compared to 32.07 (CAD) for the reference
fuel, and it can be observed that the interval decreased with increasing engine CR.
However, the blend of veratrole showed a shorter knock-point interval than the reference
fuel and the blend of 4-EG, despite operation at a lower engine CR. With reference to the
durations of CA90, it was found that the reference fuel and the blends of guaiacol, 4-EG,
veratrole and anisole exhibited knocking combustion at intervals advanced relative to
CA90 of each blend by 2.7, 3.4, 3.9, 2.4 and 3 (CAD), respectively. Hence, it can be seen
that the blend of 4-EG displayed the most advanced knock-point, followed by the blend
of guaiacol, and the blend of anisole, which showed slightly shorter interval than the
reference fuel, while the blend of veratrole exhibited the most delayed interval.
Investigating the reference fuel and the blends at their critical operating conditions of
engine CR and λ, as shown in Figure 8.30 (b), shows that all durations were decreased
relative to λ=1 operation as the critical λ values are richer. For example, the reference
fuel displayed CA10, CA50, CA90 durations lower than that at λ=1, by 0.84, 1.8 and 2.6
(CAD), respectively. Also, by testing each fuel at its critical operating limit of engine CR
and λ, it can be seen that all the blends investigated exhibited lower CA10, CA50 and
CA90 durations than the reference fuel due to the operation at a higher engine CR critical
limits. Thereafter, they can be ranked as follows (from longest to shortest durations): the
blend of guaiacol, the blend of veratrole, the blend of 4-EG and the blend of anisole. This
order matches the order of the engine CR operating limits, expect the blend of veratrole,
as it was operated at engine CR lower than the blends of guaiacol and 4-EG. However, it
showed shorter CA10, CA50 and CA90 durations than the blend of guaiacol by 0.3, 0.7
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and 1.1 (CAD), despite operation at an engine CR lower by (0.16 unit). The veratrole
blend also displayed similar burn durations to the blend of 4-EG, which was operated at
a higher engine CR by (0.38 unit). It is worth noting that the blend of guaiacol displayed
CA90 slightly longer than all the blends and the reference fuel (Figure 8.30 b). With
regards to the interval of the first knock-point during the operation under critical
operating conditions of engine CR and λ, it can be observed that, for all the fuels,
knocking occurred after longer durations, relative to CA50, than seen at λ=1, meaning
that knock took place closer to CA90 than CA50. It was found that the reference fuel and
the blends of guaiacol, 4-EG, veratrole and anisole exhibited knocking combustion at
intervals advanced relative to the CA90 of each by 1.8, 2.6, 1.5, 1.8 and 1.5 (CAD),
respectively. Thus, it can be said that the blend of guaiacol displayed the most advanced
knocking timing.
The effect of increasing the blending ratio of the molecules investigated into the reference
fuel, from 20% to 50% (V/V), on the burn duration of the combustion characteristics
CA10, CA50, CA90 and the intervals of the knock-point timing relative to the spark
timing, tested at operating limit of engine CRs at λ=1 and λ=critical, are shown in Figures
8.31 (a) and (b), respectively. In general, at both operating conditions, increasing the
proportion of the biomass-derived molecules investigated decreased all burn durations
compared to the reference fuel and the 20% (V/V) blends, except the blend of guaiacol
which exhibited a contrary effect.
The blends of 50% 4-EG and 50% veratrole showed shorter durations of CA10, CA50
and CA90 than that of the 20% 4-EG blend and the 20% veratrole by 2.5%, 3.6% and
1.5% and 3.8%, 2.8% and 0.4%, respectively. However, the most significant decrease
was seen for the blend of 50% anisole in comparison to the 20% anisole blend, especially
in the CA10 and CA50 durations that were reduced by 8% and 7.7%, respectively, while
the CA90 was shortened by 2.9%. It is worth noting that the engine CR operating limits
for the blends of 50% 4-EG, 50% veratrole and 50% anisole were increased, in
comparison to the blends of 20% (V/V), by 4.9%, 8.2% and 10.3%, respectively (Figures
8.9 a and b). On the other hand, the blend of 50% guaiacol was operated at an engine CR

278

8.2 Results and discussion

higher than the 20% guaiacol blend by 1.3%. However, its burn durations increased by
3%, 2.7% and 5% when increasing the blending ratio from 20% to 50% (V/V). Although
the blend of 50% guaiacol, at both operating conditions, showed longer burn durations
than the 20% guaiacol, its CA10 and CA50 durations were slightly shorter than the
reference fuel.
(a)

(b)

Figure 8.31: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the reference fuel and the blends investigated (50% RF+50% biomass)
tested at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

In Figures 8.31 (a), it can also be seen that the interval of the first-knock point relative to
the spark timing of the blend of 50% 4-EG was decreased significantly relative to the
20% 4-EG blend, by 9.5%, as the blend underwent knocking combustion 2 CAD after
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reaching CA50 and 6.5 CAD before CA90. For the blend of 50% veratrole, the firstknock point interval was reduced by 3.6%, occurring 5 CAD after CA50 and about 4
CAD before CA90. As the blend of 50% guaiacol showed longer burn durations than the
20% guaiacol blend, its knock-point interval, therefore, increased by 4.9% (6 CAD after
CA50 and 3.6 CAD before CA90). From Figure 8.31 (a), it can be noticed that no results
were shown for the blend of 50% anisole as it did not knock during λ sweeps.
Regarding the investigation of the 50% (V/V) blends at their critical operating conditions
of engine CR and λ, as shown in Figure 8.31 (b), it can be seen that all durations for all
the blends became shorter than observed at λ=1. In comparison to the results of the 20%
(V/V) blends at the critical operating conditions, as shown in Figure 8.30 (b), increasing
the blending ratio reduced all the burn durations for the blends, except the blend of
guaiacol. Hence, CA 10, CA50 and CA90 of the blends 50% 4-EG and 50% veratrole
were decreased by 3.7%, 4.9% and 2.2% and 5.7%, 5.1% and 1.4%, respectively. As for
the 50% guaiacol blend, while the CA50 was decreased slightly by 0.5%, an increase in
the CA 10 and CA90 durations by (1.5% and 4.6%) were apparent compared to the 20%
guaiacol blend.
Figure 8.31 (b) also shows that the blends of 50% 4-EG and 50% veratrole displayed
advanced interval of the first-knock point relative to the spark timing by 10% and 3%,
while the blend of 50% guaiacol exhibited a delayed interval by 0.2% compared to the
blends of 20% (V/V) operated at the critical operating conditions. The blend of 50%
4-EG continued to show the shortest knock-point interval, shorter than the reference fuel,
the blend of 50% guaiacol and the blend of 50% veratrole by 3.65, 3.33 and 1.91 CAD,
respectively. With reference to the durations of CA90, it was found that the reference fuel
and the blends of guaiacol, 4-EG, and veratrole experienced knocking combustion at
intervals advanced relative to their CA90 by 1.8, 4.2, 4.2 and 2.3 CAD, respectively.
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8.2.4 Fuel consumption rate
(a)

(b)

Figure 8.32: Fuel consumption rate of the blends investigated of (a) (80% RF+20% biomass)
and (b) (50% RF+50% biomass) tested at operating limit of engine CR and varying λ.

Figures 8.32 (a) and (b) show the fuel consumption rates of the reference fuel and
investigated blends at the blending ratio of 20% (V/V) and 50% (V/V) tested at operating
limit of engine CR and varying λ, respectively. Overall, the replacement of 20% (V/V)
of the reference fuel by the molecules investigated increased the fuel consumption rates.
Moreover, a further increase can be seen due to increasing the blending ratio of the
molecules investigated from 20% (V/V) to 50% (V/V). At both blending ratios, the blends
of guaiacol showed the highest fuel consumption rates while the blends of anisole had
the lowest rates. Although the blends of 4-EG and the blends of veratrole showed
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comparable fuel consumption rate, at the blending ratio of 50% (V/V) the blend of
veratrole tended to have higher rates especially with decreasing λ.
From Figure 8.32 (a), it can be seen that, at the blending ratio of 20% (V/V) and
stoichiometric condition, the reference fuel and the blends of guaiacol, 4-EG, veratrole
and anisole displayed fuel consumption rates of 0.149, 0.170, 0.164, 0,164 and 0.151
(g/sec), respectively. Therefore, the replacement of 20% (V/V) of the reference fuel by
the molecules; guaiacol, 4-EG, veratrole and anisole, increased the fuel consumption rate
by 14.2%, 10%, 10.4% and 1.3%, respectively. Increasing the blending ratio of the
molecules investigated from 20% (V/V) to 50% (V/V), as shown in Figure 8.32 (b),
increased further the fuel consumption rate of the reference fuel by 30.5%, 26.3%, 25.3%
and 11.2%, respectively, in the same order as mentioned above. As discussed in the
context of Table 8.1, guaiacol has the highest O/C ratio 0.29 and lowest heating value
27.51 (MJ/kg), in contrast, anisole has the lowest O/C ratio 0.14 and highest heating value
33.36 (MJ/kg), while veratrole has slightly lower O/C and higher heating value relative
to 4-EG by 0.03 and 1.03 (MJ/kg), respectively. Therefore, the blends of guaiacol
exhibited the highest fuel consumption rate, while the blends of anisole displayed the
lowest, relative to the other investigated blends and the reference fuel. Table 8.4 shows
the indicated specific fuel consumption rates of the fuels investigated at λ=1, which were
calculated as described in Section 4.3.2.
Table 8.4: Indicated specific fuel consumption rates of the fuels investigated at λ=1.
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8.2.5 Cooling effect
(a)

(b)

Figure 8.33: Temparture drop across the carburettor casued by the blends of (a) (80% RF+20%
biomass) and (b) (50% RF+50% biomass) tested at operating limit of engine CR and varying λ.

Figures 8.33 (a) and (b), show the temperature drop across the carburettor, at varying λ,
caused by the reference fuel and the blends of (80% RF+20% biomass) and (50%
RF+50% biomass), respectively. In general, the blends investigated displayed a lesser
cooling effect than the reference fuel, which was further reduced when the blending ratio
increased. These observations can be attributed to the characteristics of lignin-derived
molecules of high boiling temperatures and densities, which can reduce the efficiency of
mixing with air at the carburettor. As an example, it can be seen, from Figures 8.33 (a)
and (b), that the blends of guaiacol and 4-EG exhibited a lesser cooling effect than the
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other blends, despite considerably higher values of HoV. As shown in Table 8.1, guaiacol
has the highest density while 4-EG has the highest boiling temperature.
At the blending ratio of 20% (V/V) and λ=1, as shown in Figure 8.33 (a), the temperature
drop across the carburettor was smaller for the blends of guaiacol, 4-EG, veratrole and
anisole, in comparison to the reference fuel, by 3.9%, 8.2%, 1.6% and 2.5%, respectively.
However, increasing the blending ratio to 50% (V/V) decreased further the magnitude of
temperature drop across the carburettor to be 16.8%, 20.8%, 16.9% and 11.2%,
respectively, for the blends compared to the reference fuel.
Therefore, it can be said that, at the lower blending ratio, the blend of veratrole showed
the highest cooling effect relative to the other blends. Veratrole has a lower density (1.08
g/cm3) than guaiacol (1.13 g/cm3) and lower boiling temperature (206 °C) than 4-EG
(234 °C). However, compared to anisole (0.99 g/cm3), it has a higher density and also a
higher HoV by 3.4 (kJ/mol). Hence, at the 20% blending ratio, the higher HoV of
veratrole relative to anisole dominated the cooling effect. However, the 50% anisole
blend showed the highest cooling effect of all the blends. This may be attributed to the
importance of the low density of anisole, leading to replacement of a lower mass of the
reference fuel. Hence, the blend displayed a cooling effect much closer to that of the
reference fuel than the other blends.

8.3 Conclusions
In this chapter, the autoignition and combustion characteristics of biomass-derived fuel
molecules; guaiacol, 4-ethylguaiacol (4-EG), veratrole and anisole, were experimentally
investigated at a blending ratio of 20% (V/V) and 50% (V/V) of each molecule in a
reference gasoline fuel (Gasoline 91.3). Each blend was tested at the knocking operating
limit of engine CR, while varying λ between 1.00 and 0.84. As the molecules investigated
possess the same type of a benzene ring, the results obtained showed the effect of varying
the attached type and number of attached oxygenated functional groups in addition to
varying the blending ratio of the molecules investigated on the resultant anti-knock
quality and combustion characteristics relative to the reference fuel. The following
conclusions can be drawn:
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•

Among the molecules investigated, only anisole could be operated in a pure form,
attributable to the low boiling temperature and density of anisole relative to
guaiacol, 4-EG and veratrole. Anisole showed a significant high antiknock quality
as it did not knock when operated at the maximum pre-determined threshold of
the engine CR (9.01) and, therefore, it is more likely that anisole has a RON value
higher than 103 and closer to 124.

•

The addition of 20% (V/V) lignin-derived molecules; guaiacol, 4-EG, veratrole
and anisole, increased the RON of the reference fuel (91.3) by 1.9, 3.8, 0.7 and
6.3, respectively.

•

At a higher blend level of 50% (V/V), guaiacol showed a decrease in the antiknock quality of the reference fuel, decreasing the RON of the reference fuel by
0.4 units, while all other molecules (4-EG, veratrole and anisole) continued to
show an increase in the RON of the reference fuel by 5, 2 and 7.7, respectively.

•

Due to the effect of a high boiling temperature on knock tendency, similar as seen
in Chapter 7 for the 20% GVL blend, the 20% 4-EG blend exhibited a linear
increase in engine CRs while decreasing λ in order to achieve the targeted level
of knocking frequency. By increasing the blending ratio, from 20% to 50%, the
effect was more apparent.

•

The addition of 20% (V/V) lignin-derived molecule increased the peak incylinder pressure and the net IMEP, and decreased the MPRR, burn durations and
the intervals of first knock-points relative to the reference fuel, due to the
operation of the investigated blends at a higher engine CRs.

•

At a higher blend level of 50% (V/V), a further reduction in the level of the
MPRR, burn durations and the intervals of first knock-points for all blends
operated at a higher engine CRs relative to the reference fuel were seen. However,
increasing the blend level decreased the peaks of in-cylinder pressure and IMEPn
produced by all the blends, except the blend of 50% anisole. A significant
decrease in the IMEPn of the 50%4-EG blend was seen, despite operation at a
high engine CR.
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•

Increasing the blending ratio of the molecules investigated from 20% to 50%
(V/V) displayed a further increase in the fuel consumption rate and a decrease in
the cooling effect level relative to the reference fuel.
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Chapter 9 Effects of degree of ring saturation and position of
a methyl branch on autoignition and combustion
characteristics of anisole- and cyclohexanone-derivatives
Cyclohexanone and 4-methylanisole, as seen in Figure 2.19, are considered to be primary
and representative products of lignin-derived bio-oils. Both molecules are comprised of
a ring of six-carbon atoms, (an unsaturated ring for 4-methylanisole and saturated for
cyclohexanone), and attached to an oxygenated functional group, (a methoxy for 4methylanisole and a ketone for cyclohexanone). However, their utilisation as engine
drop-in fuels can be hazardous; cyclohexanone causes serious eye damage, while 4methylanisone is suspected of damaging fertility and unborn children and is harmful to
aquatic life with long-lasting effects (see appendixes C1 and C2 for safety data sheet of
these molecules). Despite that, as reviewed in Chapter 2, a number of research studies
have shown that 4-methylanisone has great anti-knock quality, with a RON of 124, while
cyclohexanone has been reported to have a RON of 101.3.
Anisole- and cyclohexanone-derivatives, such as (2- and 3-methylanisole, 2-, 3- and 4methylcyclohexanone), are relatively safer than 4-methylanisole and cyclohexanone.
However, their utilisation as biofuels or fuel additives have not been explored yet. A
further potential anisole-derivative fuel candidate is 2,3-dimethylanisole, which has
another methyl branch adjacent to the one present at the C2 position. In addition to the
difference between the degree of ring saturation of the selected molecules, it can be seen
that the relative position of a methyl branch to the oxygenated functional group varies in
a consistent way. Hence, an experimental investigation was carried out in in this chapter
to study the effect of degree of ring saturation and position of a methyl branch on the
combustion characteristics and autoignition behaviour of anisole- and cyclohexanonederivatives.
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9.1 Molecules investigated

Figure 9.1: Molecular structure of test molecules.

Figure 9.1 shows the molecules studied in this chapter. It can be seen that the molecules
are divided into two groups based on the type of ring, unsaturated or saturated, and the
attached oxygenated functional groups, methoxy or ketone, respectively. The first group,
the unsaturates with a methoxy functional group, comprises of three derivatives of anisole
in which a methyl branch varies in position from C2, as in 2-methylanisole
(2-MA), to C3, as in 3-methylanisole (3-MA), while the molecule 2,3-Dimethylanisole
(2,3-DMA) has an adjacent pair of a methyl branches at the position of C2 and C3 on the
ring. The second group of cyclohexanone derivatives consists of three alkylatedcyclohexanone molecules. Each molecule is made of a saturated ring attached to a ketone
functional group at the position of C1. However, the varying position of a methyl branch
from the C2 to C3 and C4 positions gives the names of 2-methylcyclohexanone
(2-mCXN), 3methylcyclohexanone (3-mCXN) and 4-methylcyclohexanone (4-mCXN)
to the tested molecules, respectively.
The 2-MA, 3-MA, and alkylated-cyclohexanone molecules were obtained from SigmaAldrich, while 2,3-DMA was supplied by ThermoFisher Scientific according to the
certificates of analysis available in Appendixes B15-B20 and Table 9.1 summarises the
physical and chemical properties. Table 9.1 also includes the properties of anisole, which
was investigated in Chapter 8, and cyclohexanone, as a reference to demonstrate the
relative changes in the properties due to the addition of methyl side branches. For both
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groups, it can be seen that the addition of methyl branches increases the molar mass,
boiling temperature, heat of vaporisation, and decreases the density of the derivedmolecules relative to the unbranched species. It is interesting to see that each of these
properties is affected by the position of the methyl branch, for example, 2-mCXN has a
lower boiling temperature and higher density than 3-mCXN and 4-mCXN. However, in
general, the anisole-derivatives display higher molar mass, boiling temperature and
density but slightly lower heat of vaporisation, expect 2,3-MA, than the cyclohexanonederivatives. The RON values of the investigated molecules have not been stated in the
literature. However, in Chapter 8, it was seen that anisole has a high RON, most likely
higher than 103 and closer to 124, while cyclohexanone was found to have a RON of
101.3 (Knocking Characteristics of Pure Hydrocarbons, 1958).
Table 9.1 Physical and chemical properties of the anisole- and cyclohexanone-derivatives.

Each molecule was blended at a constant volume of 20% into 80% of a reference gasoline
fuel (Gasoline 91.3), which was utilised also in Chapters 6 and 8, with the certificate of
analysis available in Appendix B2. It was found that all molecules were miscible into the
reference gasoline, and Table 9.2 shows the measured density and calculated parameters;
H/C, O/C and stoichiometric AFR of the resultant blends relative to the reference gasoline
fuel. In general, it can be noticed that the density and O/C ratio of the final blends are
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higher than that of the reference fuel, while the H/C and stoichiometric AFR are lower.
More detail will be provided in the context of Figures 9.2 (a) and (b) below.

(a)

(b)

Figure 9.2: A comparison between the reference fuel and the blends of anisole- and cyclohexanone-derivatives in terms of (a) H/C and O/C ratios, and (b) stoichiometric AFR ratios.

Figures 9.2 (a) and (b) show the H/C, O/C and stoichiometric AFR ratios of the blends of
anisole- and cyclohexanone-derivatives relative to the reference fuel. Overall, the
addition of the molecules investigated decreased the H/C ratio of the reference fuel, while
increasing the O/C ratio. Therefore, a reduction in stoichiometric AFR ratios for all
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blends in comparison to the reference fuel can be seen in Figure 9.2 (b). However, the
blends of the cyclohexanone-derivatives possess H/C and O/C ratios higher than anisolederivatives by approximately 6%, due to the presence of a saturated ring, and require
slightly higher stoichiometric AFR ratios.
Table 9.2: The density and fuel parameters of the reference fuel and the blends of anisoleand cyclohexanone-derivatives.

9.2 Results and discussion
In the following subsections, the operating limit of the engine compression ratio (CR)
found during lambda λ sweeps with each blend, the analysis of the non-knocking cycles
and the representative knocking cycles for combustion and auto-ignition characteristics
will be respectively presented. Furthermore, fuel consumption rates and heat absorption
across the carburettor caused by the blends investigated will be shown. It is worth noting
that the results of the (80%RF + 20%anisole) blend, discussed in (Chapter 8), are also
included in the present chapter for relative comparisons where it is useful to see the effect
of the addition of a methyl branch to an anisole molecule on the above-mentioned
combustion parameters.
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9.2.1 Anti-knock quality
(a)

(b)

Figure 9.3: Operating limit of engine CR for the blends of (a) anisole-derivatives
and (b) cyclohexanone-derivatives relative to the reference fuel at varying λ.

Figures 9.3 (a) and (b) show the operating limit of the engine compression ratio (CR) for
the blends of anisole- and cyclohexanone-derivatives relative to the reference fuel when
the required knocking frequency (KFRQ) was achieved at varying λ between 1.00 and
0.84, respectively. Overall, for all blends and the reference fuel, the operating limit of the
engine CR decreased as the mixtures became richer and then increased as the in-cylinder
charge became more fuel deficiency (Figure 9.3 a). This observation is similar to those
in Chapters 6, 7 and 8, indicating the significant effect of enriching the mixture strength,
decreasing λ, first decreasing the ignition delay at the end-gas zone, and therefore

292

9.2 Results and discussion
decreasing the operating limit of the engine CR. Following the critical λ, when the
mixture becomes very rich, there is an insufficient amount of oxygen for complete
oxidation, and hence, the engine CR must be increased to maintain a constant knocking
frequency (KFRQ).
Figures 9.3 (a) and (b) also indicate that the operating limits of the engine CR for the
reference fuel was affected to various extents with the addition of the molecules
investigated. In Figure 9.3 (a), it can be seen that the blend of 2-MA exhibited the lowest
operating limit of the engine CR relative to the reference fuel and other blends
investigated, especially at slight and very rich mixtures. In contrast, the blend of 2,3DMA displayed higher knock resistance than the reference fuel and the blend of 2-MA
at stoichiometric λ, with a gradual decrease in the anti-knock quality when decreasing λ
from 1.00 to 0.95 Figure 9.3 (a). The 2,3-DMA blend then exhibited a knock resistance
similar to the reference fuel but greater than the blend of 2-MA between λ 0.95 and 0.82.
On the other hand, relative to the reference fuel, the blend of 3-MA showed the greatest
anti-knock quality of all the anisole-derivatives blends at all λ values (Figure 9.3 a).
However, all the anisole-derivatives blends showed significantly lower knock resistance
in comparison to the blend of anisole (Figure 9.3 a).
With regards to the blends of the cyclohexanone-derivatives, Figure 9.3 (b) shows that
all of blends displayed lower anti-knock quality than the reference fuel, and thus
significantly lower than that of the anisole-derivatives blends, particularly the blend of
3-MA (Figure 9.3 a). It can be seen that, in Figure 9.3 (b), the blend of 2-mCXN was
operated at the lowest engine CR as it exhibited the highest knock tendency, especially
at λ < 0.95. Also, apparent is that the 2-mCXN blend displayed greater sensitivity to the
variation of λ than the reference fuel and the other blends. However, the magnitude of
increased propensity to knock and sensitivity to λ, as seen in Figure 9.3 (b), was decreased
as the methyl branch was moved from C2 to C3 (3-mCXN) and C4 (4-mCXN)
respectively. This observation of the effect of varying the methyl branch position relative
to the oxygenated functional group on the anti-knock quality, in Figure 9.3 (b), can also
be seen, in Figure 9.3 (a), in the decreasing knock propensity when varying the position
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of the methyl branch in the anisole-derivatives from C2 to C3, (2-MA in comparison to 3MA).

(a)

(b)

Figure 9.4: A comparison between the reference fuel and the blends of anisole- and
cyclohexanone-derivatives at (a) the operating limit of engine CR at λ=1 and the estimated
RON, (b) the critical operating conditions of the engine CR and λ.

Figure 9.4 (a) shows a comparison of the operating limit of engine CR at λ=1 and the
estimated RON for the reference fuel and the blends of anisole- and cyclohexanonederivatives, while the critical operating conditions of the engine CR and λ, for all the
fuels, are shown in Figure 9.4 (b). Firstly, it can be seen that, in Figure 9.4 (a), at both
operating conditions of λ, the blends of the anisole-derivatives operated at a much lower
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engine CR than the anisole blend, decreasing by 10.34%, 4.31% and 7.51% for the blends
of 2-MA, 3-MA and 2,3-DMA, respectively, when compared at stoichiometric conditions
(Figure 9.4 a). In comparison to the reference fuel, it can be seen that the blend of 2-MA
was operated at a slightly lower engine CR by approximately 0.4%, while the blends of
3-MA and 2,3-DMA required higher engine CR by 6.3% and 2.7%, respectively (Figure
9.4 a).
Comparing the blends and the reference fuel at the critical operating condition of λ, Figure
9.4 (b) shows that the blends possess the same ranking as the stoichiometric condition
(Figure 9.4 a), the blend of 2-MA operated at the same engine CR as the reference fuel,
while the blends of 3-MA and 2,3-DMA required higher engine CR operating limits than
the reference fuel by 5.86% and 0.3%, respectively (Figure 9.4 b). Hence, based on
Equation 6.1, the RON of the blends; 2-MA, 3-MA and 2,3-DMA, were estimated to be
91.3, 95.5 and 91.8, respectively. As such the highest increase in RON (4.2 RON units)
was observed in the case of an anisole-derivative with a single methyl branch at the
furthest position from the oxygenated functional group (Figure 9.1). However, this
increase in RON was still lower than the blend of anisole, by 2.1 RON units, and where
there is no additional methyl branch attached to the ring (Figure 8.9 a). On the other hand,
the presence of a methyl branch adjacent to the oxygenated functional group, as in 2-MA,
resulted in a similar RON value as the reference fuel, while the introduction of another
adjacent methyl branch, as in 2,3-DMA, saw an insignificant increase of only 0.5 RON
(Figure 9.4 b).
With regards blends of the cyclohexanone-derivatives, it can be seen that, at λ=1 as shown
in Figure 9.4 (a), the blend of 2-mCXN operated at a lower engine CR relative to the
reference fuel, while the blends of 3- and 4-mCXN were able to operate at engine CR
comparable to that of the reference gasoline fuel. However, at λ=critical, as shown in
Figure 9.4 (b), all the blends of m-CXNs displayed lower engine CR operating limits than
the reference fuel, especially the blend of 2-mCXN which required an engine CR lower
than the reference fuel by 0.37 unit. Based on that, the RON values of 2-mCXN, 3-mCXN
and 4-mCXN blends were estimated to be 86.6, 90.3 and 90.5, respectively (Figure 9.4
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b). Thus, while all the blends of the cyclohexanone-derivatives displayed lower RON
values than the reference fuel, the lowest RON was obtained where the saturated ring
possessed a methyl branch adjacent to the oxygenated functional group; 2-mCXN (Figure
9.4 b).
It is interesting to see that the engine CR consistently reflected the change in the position
of a methyl branch from C3 in 3-mCXN to C4 in 4-mCXN, even though the magnitude of
the change in engine CR was insignificant at λ=critical relative to the stoichiometric
condition (Figures 9.4 a and b). This observation agrees with that seen previously for the
anisole-derivatives (2-MA and 3-MA) (Figure 9.4 a), although the difference in engine
CR for the anisole-derivatives (2-MA and 3-MA) was large at both the critical λ and λ=1.
However, Figures 9.4 (a) and (b) indicate that the lowest RON value in each group of
molecules was observed in the molecule that has an adjacent methyl branch to the
oxygenated functional groups, despite the difference in the degree of ring saturation. In
contrast, the estimated RON values increased with moving the single methyl branch away
from the oxygenated functional groups, although this effect is more pronounced in the
case of the unsaturated ring (Figures 9.4 a and b).
In the previous chapter (Chapter 8), it was found that the introduction of a single
oxygenated functional group, such as anisole, increased the RON of a benzene ring, while
the presence of adjacent oxygenated functional groups in molecules, such as guaiacol and
veratrole, and referred to as the ortho effect (Silva and Bozzelli, 2010), decreased the
RON of a benzene ring by varying magnitudes, depending on the type of oxygenated
functional groups present (Figures 8.9 a and b). In the case of aromatic molecules with
more than one branch attached to the ring but isolated, such as the introduction of methyl
substitutes in carbon positions 1 and 3 (as in m-xylene, shown, in Table 8.3) these possess
higher RON than the equivalent molecule with ortho-effect (e.g. o-xylene). A similar
effect of branch position can be seen in the anisole-derivatives, as demonstrated in Figure
9.4 (b), provided where the lower knock resistance of 2-MA relative to 3-MA can be
attributed to the ortho effect present in the former.
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With regards to 2,3-DMA, the molecule possesses two adjacent pairs of branches but of
different types; a methoxy functional group/methyl branch pair and an adjacent pair of
methyl branches. Thus, it can be compared to the molecule 1,2,3-trimethylbenzne, Table
8.3, which also has two pair of adjacent methyl branches. This molecule has a RON value
slightly lower than the equivalent molecule with only one adjacent methyl pair (o-xylene)
by 2 RON units (Table 8.3). However, Figures 9.4 a and b, show a contrary effect to this
observation in the case of 2-MA and 2,3-DMA, as the anti-knock quality achieved by the
addition of 2,3-DMA was slightly higher than that seen for the blend of 2-MA. Thereafter,
it is worth noting that the results obtained for the blends of aromatic molecules
(investigated in Chapter 8 and in this chapter at a fixed blending ratio of 20%(V/V),
anisole, guaiacol, veratrole, 4-EG, 2-MA, 3-MA and 2,3-DMA, show that the greatest
knock resistance was achieved through the presence of a single oxygenated functional
group, as in anisole, followed by the introduction of isolated branch substitutes, such as
in 3-MA and 4-EG (Figures 8.9 and 9.4). While the impact of two adjacent pairs of
substitutes, such as in 2,3-DMA, displayed insignificant effect on the anti-knock quality
of the reference fuel, the presence of an adjacent pair of substitutes, as in the ortho effect,
depends mainly on the type of attached functional groups (Figures 9.4 a and b). An
example will be provided and discussed in the context of Figure 9.5.

Figure 9.5: A comparison between the ortho effect of blending 20% (V/V) of guaiacol, veratrole
or 2-MA into 80%(V/V) of Gasoline 91.3 on the estimated RON values of the resultant blends
tested at critical operating conditions of engine CR and λ.

297

9.2 Results and discussion

Figure 9.5 shows a comparison of the differing ortho effect, where molecules of different
types of attached functional groups were tested at a constant blending ratio (80%RF+
20%molecule), with the reference gasoline fuel (Gasoline 91.3), on estimated RON
values. Immediately apparent is the varying levels of knock resistance obtained, as these
ranged from 91.3, similar to that of the reference fuel, to 93.2 for the guaiacol blend.
Where the ortho effect comprised of two oxygenated groups, as in guaiacol and veratrole,
it can be seen that this resulted in a larger increase in RON than where the adjacent
branches included only one methyl branch, 2-MA. It is interesting to note that the highest
RON value was estimated for the molecule that possesses an alcohol functional group
(guaiacol) rather than a second methoxy-functional group (veratrole). However, this
comparison is valid only at the blending ratio of (80%RF+ 20%molecule); as seen in
Chapter 8, increasing the blending ratio of guaiacol to 50% (V/V) resulted in lower antiknock quality relative to the reference fuel, while veratrole conversely exhibited a greater
knock resistance at the higher blending ratio (Figures 8.9 a and b).
Regarding the blends of the cyclohexanone-derivatives, the effect of the presence and
position of a methyl branch in addition to a ketone functional group, as in
methylcyclohexanones, on its knock resistance has not been explored yet. However,
undertaking a comparison between cyclohexanone-derivatives and other cycloalkanes
molecules, such as cyclohexane, may provide a better understanding of the experimental
findings. It is known that cyclohexanone possesses a high resistance to knock and has a
RON of 101.3, which is higher than cyclohexane by 18.3 RON units (Knocking
Characteristics of Pure Hydrocarbons, 1958). Cyclohexane, which is a fully saturated C6
cycloalkane, is different to cyclohexanone in that it lacks a ketone functional group.
Hence, it is reasonable to assume that the significant improvement in the RON of
cyclohexanone, relative to cyclohexane, is due to the addition of the ketone functional
group. However, according to the tables of ASTM octane ratings of the hydrocarbons
(Knocking Characteristics of Pure Hydrocarbons, 1958), it can be seen that the addition
of a single methyl branch to cyclohexane reduces its octane number from 83 to 74.8.
Also, a further reduction in the RON value of cyclohexane was noted where two branches
were added to the molecule, the magnitude of which is dependent on the position and
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length of the introduced branches. For example, 1,4 dimethylcyclohexane has a lower
knock resistance than 1,3 and 1,2 dimethylcyclohexane, respectively.
It is interesting to see, therefore, that the addition of branches to saturated cyclic alkanes
shows a contrary effect to that seen for unsaturated molecules (aromatic compounds) of
the same number of carbon atoms within the ring, as shown in Figures 9.4 (a) and (b).
The reduction in the knock resistance of the branched saturated cyclic alkane molecules
can be explained as follow: firstly, branching the saturated cyclic ring by a side chain
leads to the presence of a tertiary hydrogen atom in the fuel molecule which has a weaker
C─H that can be more easily abstracted. Table 9.3 shows the bond dissociation energies
(BDE) of methylcyclohexane in addition to those of cyclohexanone. With regards to
methylcyclohexane, the bond dissociation energy (BDE) of the tertiary C─H bond is 93.5
(kcal/mol), lesser than all other C─H bonds on the ring. The presence of this tertiary C─H
bond has been found to increase the rate of formation of mono-hydroperoxides products
that are then decomposed to give free radicals of RO and OH (Cartlidge and Tipper,
1961), the accumulation of which escalate the breakdown of the fuel molecules towards
autoignition.
Table 9.3: Methylcyclohexane and cyclohexanone structure and bond dissociation energies
(BDEs) adapted from (Tian et al., 2015; He et al., 2018), respectively.
Structure

Methylcyclohexane

Bond

BDE
(kcal/mol)

Bond

BDE
(kcal/mol)

Cp─CT

87.8

C1─C2

81.4

CP─H

98.9

C2─C3

84.8

CT─H

93.5

C4─C5

90.5

C2─H

96.9

C2─H

91.5

C3─H

96.7

C3─H

98.3

C4─H

96.7

C4─H

99.1

Structure

Cyclohexanone

A second possible reason might be that the introduction of a methyl group to the ring
forms only a weak C─C bond between the ring and the methyl substituent, represented
in the figure of methylcyclohexane in Table 9.3 by (Cp─CT). The bond has a BDE of 87.8
(kcal/mol), and thus the weakest bond of the whole molecule, accelerating the
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unimolecular decomposition reactions (Tian et al., 2015). Where two methyl branches
are present, the extent of the reduction in the knock resistance increases with increasing
BDE of the internal C─C bonds within the ring between the methyl branches
(Do, Alvarez and Resasco, 2006). Therefore, it was found that 1,4 dimethyl- cyclohexane
has a lower knock resistance than 1,3 and 1,2 dimethyl- cyclohexane, respectively. This
may be attributed to the easier opening of the internal C─C bonds between the two
methyl branches compared to the C─C bonds outside the methyl branches (Do, Alvarez
and Resasco, 2006).
While cyclohexanone has a RON (101.3) higher than the reference gasoline fuel (91.3),
the reduction in the knock resistance exhibited by all the blends of the cyclohexanonederivatives relative to the reference fuel is believed to be due to the introduction of a
methyl branch to a cyclohexanone molecule, similar to that observed for methyl- and
dimethyl-cyclohexanes (Knocking Characteristics of Pure Hydrocarbons, 1958).
However, the effect of varying the position of a methyl branch relative to a ketone
functional group on the degree of knock reduction in methylcyclohexanones is in contrast
to that observed for dimethylcylohexanes. It can be seen, in Figures 9.4 (a) and (b), that
the methylcyclohexanones blends become less knock resistant as the methyl branch
moves closer to the ketone functional group. In the case of dimethylcylohexanes, in
contrast, increasing the number of internal C─C bonds between the methyl pair decreases
the knock resistance (Knocking Characteristics of Pure Hydrocarbons, 1958). This may
be attributed to the influence of the presence of a ketone functional group on the saturated
cyclic ring. The carbonyl group (C═O), in ketones, is known for its polarity due to the
electronegativity of the oxygen atom, making C─H bonds at sites adjacent to the C═O
group weaker. Hence, these sites become more attractive targets for H atom abstraction
(Westbrook and Curran, 2019). In Table 9.3, considering the bond dissociation energies
(BDEs) of cyclohexanone, it can be seen that C1─C2 at the site adjacent to the ketone
functional group has the lowest BDE of 81.4 kcal/mol compared to 84.8 and 90.5 for the
bonds between C2─C3 and C4─C5, respectively. It can also be seen that the C2─H, which
is at the site adjacent to C═O, has the lowest BDE of 91.5 kcal/mol compared to the other
C─H sites.
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It is interesting to compare the BDEs of the C─C and C─H bonds attached to the rings
of methylcyclohexane and cyclohexanone. As shown in Table 9.3, all C─H bonds on the
ring of the former have near equivalent BDEs, with a slight increase of (2 kcal/mol) for
the C─H of the methyl branch. In contrast, cyclohexanone appears to have different levels
of BDEs, much lower than methylcyclohexane when C─H are closer to the ketone
functional group, and higher where the C─H are at the position opposite to the ketone
group. The same observation can be seen by looking at the C─C bonds of the two
molecules. Cyclohexanone has a weaker C─C bond adjacent to the ketone functional
group (C1─C2 and C2─C3) than Cp─CT bond between the methyl branch and the ring of
methylcyclohexane. However, the C─C bond of cyclohexanone becomes stronger where
it is found at a position opposite to the ketone group. These observations may be linked
back to electronegativity of the oxygen atom in the ketone functional group, tending to
pull electrons towards it and weaken the adjacent bonds. Therefore, the combined
influence of a ketone functional group and a methyl branch in an adjacent pair may
explain the most significant reduction in the knock resistance of 2-mCXN compared to
3- and 4-mCXN, respectively.
9.2.2 Combustion characteristics
Figures 9.6 (a) and (b) show the in-cylinder pressure of the averaged non-knocking
combustion cycles of the reference fuel and the blends of the anisole-derivatives tested at
operating limit of engine CRs at λ=1 and λ=critical, respectively. Overall, in Figures 9.6,
an advanced time of peak in-cylinder pressure may also increase the magnitude of the
peak pressure, especially during operation at a higher engine CRs, due to lower heat
losses at a smaller in-cylinder volume. At λ=1, as shown in Figure 9.6 (a), it can be seen
that the blends produced different levels of peak in-cylinder pressure corresponding to
the engine CR at which they were tested, with increasing peak in-cylinder pressure as the
engine CR increased. However, all of the anisole-derivatives exhibited lower peaks than
the anisole blend due to operation at a lower engine CR (Figure 9.4 a). At λ=critical, as
shown in Figure 9.6 (b), it can be seen that the blends of 2-MA and 2,3-DMA displayed
similar levels of in-cylinder pressure and slightly lower relative to the reference fuel,
while the blend of 3-MA exhibited the highest peak pressure among the blends
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(a)

(b)

(c)

(d)

Figure 9.6: In-cylinder pressure of the averaged non-knocking combustion cycles of the
reference fuel and the blends of the anisole-derivatives (a) and (b), and the blends of the
cyclohexanone-derivatives (c) and (d) tested at operating limit of engine CRs, and λ=1 and
λ=critical.
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investigated. While the 2,3-DMA blend displayed a slightly faster increase in in-cylinder
pressure after TDC, it produced a lower peak relative to the 2-MA blend and reference
fuel, despite operation at a slightly higher engine CR (Figure 9.4 b).
With regards the blends of the cyclohexanone-derivatives, Figures 9.6 (c) and (d) show
the in-cylinder pressure of the averaged non-knocking combustion cycles of the blends
relative to the reference fuel at the operating limit of engine CRs at λ=1 and λ=critical,
respectively. In Figure 9.6 (c), it can be observed that the blends of 3- and 4-mCXN, at
λ=1, exhibited slightly lower peaks in-cylinder pressure than the reference fuel despite
operation at comparable engine CRs. However, it is interesting to see that the blend of 2mCXN displayed the highest and most advanced peak, despite operation at the lowest
engine CR operating limit (Figure 9.6 c). Considering peak in-cylinder pressure during
engine operation at λ=critical, as shown in Figure 9.6 (d), it can be seen that all the blends
exhibited lower peaks than the reference fuel, attributable to the operation at a lower
engine CR. However, the peak in-cylinder pressure of the blend of 2-mCXN also did not
match with its operating limit of the engine CR, in that it showed a higher peak than the
blend of 4-mCXN despite operation at a lower engine CR by 0.28. Also, it is worth noting
that the blend of 3-mCXN exhibited lower peak in-cylinder pressure than the blend of 4mCXN despite operation at a similar engine CR.
Figures 9.7 (a) and (b) shows the apparent net heat release rate of the averaged nonknocking combustion cycles of the reference fuel and the blends of the anisole-derivatives
tested at operating limit of engine CRs at λ=1 and λ=critical, respectively. At both
operating conditions of λ, it can be seen that, apart from the second peaks exhibited by
the reference fuel and the blend of anisole due to incipient knock, the blends of the
anisole-derivatives showed levels of ANHRR comparable to the reference fuel, (52
J/CAD), but slightly advanced by approximately 2 CAD. Also, it can be seen that the
blend of 3-MA displayed an earlier flame propagation and peak heat release rate relative
to the other blends and reference fuel (Figures 9.7 a and b).
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(a)

(b)

(c)

(d)

Figure 9.7: Apparent net heat release rate of the averaged non-knocking combustion cycles of
the reference fuel and the blends of the anisole-derivatives (a) and (b), and the blends of the
cyclohexanone-derivatives (c) and (d) tested at operating limit of engine CRs, and λ=1 and
λ=critical.
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In Figures 9.7 (c) and (d), the apparent net heat release rate of the averaged non-knocking
combustion cycles of the reference fuel and the blends of the cyclohexanone-derivatives
tested at operating limit of engine CRs at λ=1 and λ=critical are shown, respectively. In
Figure 9.6 (c) and at λ=1, it can be seen that the blends all displayed ANHRR similar to
the reference fuel. However, the blend of 2-mCXN exhibited a sharp increase in ANHRR
at CAD due to the in-cylinder pressure fluctuations resulting from incipient knock, while
that fluctuations in in-cylinder pressure are observed lower in magnitude for the blends
of 3- and 4-mCXN. This could explain the higher in-cylinder pressure, as seen in Figure
9.6 (c), of the 2-mCXN blend relative to the other blends. At λ= critical, as shown in
Figure 9.7 (d), it can be seen that only the reference fuel displayed signs of incipient
knock. The blends of 2- and 3-mCXN displayed similar peaks of heat release but slightly
higher than the blend of 3-mCXN and the reference fuel (apart from the sharp increase in
the reference fuel due to the effect of incipient knock).
Figures 9.8 (a) and (b) show the peak in-cylinder pressure of the averaged non-knocking
combustion cycles of the reference fuel and the blends of anisole- and cyclohexanonederivatives tested at operating limit of engine CR and varying λ, respectively. Overall,
peaks of in-cylinder pressure for all the blends and the reference fuel increase with
decreasing λ. For the anisole-derivatives blends, as shown in Figure 9.8 (a), it can be seen
that the blend of 3-MA produced the highest peaks of in-cylinder pressure due to the
operation at the highest engine CR relative to the other blends investigated. However, it
showed lower peaks than the blend of anisole, for example; at stoichiometric ratio, it
produced a peak lower by approximately 2.5 bar (Figure 9.8 a). Also, it can be seen that
the peak in-cylinder pressure of the blend of 3-MA increases nonlinearly with decreasing
λ, while the other anisole-derivatives blends and the reference fuel exhibited a flatter
response at λ < 0.90 (Figure 9.8 a).
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(a)

(b)

Figure 9.8: Peak of in-cylinder pressure (Pmax) of the averaged non-knocking combustion
cycles of the reference fuel and the blends investigated of (a) anisole-derivatives and (b)
cyclohexanone-derivatives tested at operating limit of engine CR and varying λ.

In Figure 9.8 (b), it can be seen that the cyclohexanone-derivatives blends, except the 2mCXN blend, in general, produced lower peak in-cylinder pressure than the reference
fuel, attributable to the operation at a lower engine CR than the reference fuel especially
at richer mixtures (Figure 9.8 b). However, the blend of 2-mCXN, at λ=1, showed slightly
higher peak pressure than the other blends and the reference fuel by about 1 bar, but
exhibited a significantly flatter response to the decrease in λ (Figure 9.8 b). This may be
attributed to a largest reduction in operating engine CR for 2-mCXN with decreasing λ
as to maintain the same level of knocking frequency; a similar observation was made for
the PRFs investigated in Chapter 6 (Figure 6.4). Also, from Figure 9.8 b, it is interesting
to see that the blends of 3- and 4-mCXN, which have methyl branches isolated from the

306

9.2 Results and discussion

ketone functional groups, displayed an increase in peak in-cylinder pressure at very rich
mixture conditions similar to that observed for the blend of 3-MA.
(a)

(b)

Figure 9.9: Angle of the peak in-cylinder pressure (θPmax) of the averaged non-knocking
combustion cycles of the reference fuel and the blends investigated of (a) anisole-derivatives
and (b) cyclohexanone-derivatives tested at operating limit of engine CR and varying λ.

In Figures 9.9 (a) and (b), the time of occurrence of the in-cylinder pressure peaks for the
averaged non-knocking combustion cycles of the reference fuel and the blends of anisoleand cyclohexanone-derivatives tested at operating limit of engine CR and varying λ are
shown, respectively. Overall, for all blends and the reference fuel, the time of occurrence
advanced with increasing the operating limit of the engine CR and decreasing λ.
However, the presence of a methyl branch affected the overall gradient of decrease. For
example, it can be seen, in Figure 9.9 (a), that all the anisole-derivatives showed larger
differences, relative to the reference fuel and the blend of anisole, between the time of
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(Pmax) at λ=1 and at very rich mixtures (λ< 0.85), especially the blend of 3-MA,
attributable to a continued advancement in the time of (Pmax) while decreasing λ. The
same observation can be made when considering the blends of the cyclohexanonederivatives, except the blend of 2-mCXN which appeared less sensitive to the decrease
in λ (Figure 9.9 b).
(a)

(b)

Figure 9.10: Net IMEP of the averaged non-knocking combustion cycles of the reference fuel
and the blends investigated of (a) anisole-derivatives and (b) cyclohexanone-derivatives tested
at operating limit of engine CR and varying λ.

Figures 9.10 (a) and (b) show the net IMEP for the averaged non-knocking combustion
cycles of the reference fuel and the blends of anisole- and cyclohexanone-derivatives
tested at operating limit of engine CR and varying λ, respectively. Overall, the IMEPn of
all blends increased with increasing fuel supply to the engine until λ value of 0.88 was
reached, with richer mixtures resulting in a slight decrease. For the anisole-derivatives, it
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can be seen that the blend of 3-MA produced the highest IMEPn, even higher than the
blend of anisole that was operated at significantly higher engine CR (Figure 9.10 a), then
followed by the blend of 2-MA and the blend of 2,3-DMA, which both showed higher
net IMEP than the reference fuel (Figure 9.10 a). At λ=1, the blends of 3-MA, 2-MA and
2,3-DMA displayed higher IMEPg than the reference fuel by 4.8%, 1.8% and 0.9%,
respectively (Figure 9.10 a). With regards the cyclohexanone derivatives, it can be seen,
in Figure 9.10 (b), that at the stoichiometric condition, the blends of 3- and 4-mCXN
produced IMEPn similar to the reference fuel, while the blend of 2-mCXN exhibited a
slightly lower value. However, with decreasing λ, the blend of 3-mCXN displayed a
similar IMEPn to the reference fuel, while the blends of 4- and 2-mCXN exhibited lower
IMEPn, respectively.
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(a)

(b)

Figure 9.11: Maximum pressure rise rate (MPRR) of the averaged non-knocking combustion
cycles of the reference fuel and the blends investigated of (a) anisole-derivatives and (b)
cyclohexanone-derivatives tested at operating limit of engine CR and varying λ.

Figures 9.11 (a) and (b) show the variation with λ in the averaged MPRR of the reference
fuel and the blends of anisole- and cyclohexanone-derivatives tested at operating limit of
engine CR, respectively. As for the blends of the anisole-derivatives, it can be seen, in
Figure 9.11 (a), that the blends exhibited lower MPRR than both the reference fuel and
the blend of anisole. Although the MPRR of all blends initially displayed a continued
increase with decreasing λ, the blend of anisole and the reference fuel exhibited a slight
decrease in MPRR when mixtures became very rich (λ< 0.88) (Figure 9.11 a). The blends
of the cyclohexanone-derivatives also displayed lower MPRR than the reference fuel,
except the blend of 2-mCXN in the λ range between 1.00 and 0.97 (Figure 9.11 b),
attributable to operation of the 2-mCXN over that range of λ at a higher engine CR

310

9.2 Results and discussion
relative to the richer λ conditions (Figure 9.3 b). It can be seen that the blend of 3-mCXN
displayed the lowest MPRR relative to the other blends investigated (Figure 9.11 b).
(a)

(b)

Figure 9.12: Time of occurance of MPRR the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated of (a) anisole-derivatives and (b) cyclohexanonederivatives tested at operating limit of engine CR and varying λ.

Figures 9.12 (a) and (b) show time of occurrence of MPRR of the averaged non-knocking
combustion cycles of the reference fuel and the blends of anisole- and cyclohexanonederivatives tested at operating limit of engine CR and varying λ, respectively. It can be
seen, for both anisole- and cyclohexanone-derivatives blends (Figures 9.12 a and b), the
time of MPRR occurred earlier than the reference fuel and the blend of anisole. Moreover,
the time became advanced where a methyl branch was found at a further distance from
the oxygenated functional group, such as the case of 3-MA, 3- and 4-mCXN. However,
the blend of 3-MA exhibited more advanced time than the blends of 3- and 4-mCXN.
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This may be attributed to the effect of operating these blends, especially the 3-MA blend,
at a higher engine CR (Figure 9.3 a and b).

(a)

(b)

Figure 9.13: CA10 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated of (a) anisole-derivatives and (b) cyclohexanone-derivatives
tested at operating limit of engine CR and varying λ.

Figures 9.13 (a) and (b) show the variation with λ in the CA10 durations for the averaged
non-knocking combustion cycles of the reference fuel and the blends of anisole- and
cyclohexanone-derivatives tested at operating limit of engine CR, respectively.
Immediately apparent is that for all blends tested, the CA10 durations decreased with
increasing fuel supply to the engine. As for the blends of the anisole-derivatives, as shown
in Figure 9.13 (a), the CA10 durations corelate well with the operating limit of the engine
CR, blends operated at a higher engine CR exhibited shorter CA10 durations. However,
it is interesting to see that the blend of 3-MA displayed a continued decrease in CA10
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duration with an enriching mixture (Figure 9.13 a). This is in contrast to the other blends
and the reference fuel, the CA10 durations of which showed less sensitivity to the
decrease in λ after reaching 0.90 (Figure 9.13 a). Considering the blends of the
cyclohexanone-derivatives, as shown in Figure 9.13 (b), it can be seen that the blend of
3-mCXN exhibited a similar trend as seen for the blend of 3-MA (Figure 9.13 a).
However, the 3-mCXN blend exhibited slightly longer durations than the reference fuel
and the other cyclohexanone-derivatives blends at λ 1.00 to 0.90 (Figure 9.13 b).
(a)

(b)

Figure 9.14: Angle of CA50 of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated of (a) anisole-derivatives and (b) cyclohexanone-derivatives
tested at operating limit of engine CR and varying λ.

In Figures 9.14 (a) and (b), the CA50 angles for the averaged non-knocking combustion
cycles of the reference fuel and the blends of anisole- and cyclohexanone-derivatives
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tested at operating limit of engine CR and varying λ, respectively. In general, the
durations of CA50 for the reference fuel and all blends decreased with decreasing λ. Also,
the blends of the anisole-derivatives showed shorter durations than the reference fuel
(Figure 9.14 a). It can be seen that the CA50 durations corelate with the operating limit
of the engine CR of the blends, decreasing with the increase in the engine CR (Figure
9.14 a). However, it can be observed that with decreasing λ to values lower than 0.90, the
blend of 3-MA exhibited a faster burn rate than the blend of anisole, which operated at a
higher engine CR (Figure 9.14 a). Also, the blend of 3-MA displayed a continued
decrease in CA50 angle with an increasingly rich mixture, as was also seen in the CA10
durations of this blend (Figure 9.13 a). In Figure 9.14 (b), it can be seen that the blends
cyclohexanone-derivatives displayed advanced CA50 angles relative to the reference fuel
over the operating range of λ, except the blend of 3-mCXN, which exhibited CA50 angles
comparable to the reference fuel between λ=1 and λ=0.95, which decreased sharply, to a
level lower than the other blends, at very rich mixtures (Figure 9.13 b). It is interesting to
see that the blend of 3-mCXN exhibited a similar trend in CA 50 angles to the blend of
3-MA, decreasing continuously with decreasing λ (Figure 9.13 a and b).
The CA90 durations for the averaged non-knocking combustion cycles of the reference
fuel and the blends of anisole- and cyclohexanone-derivatives tested at operating limit of
engine CR and varying λ, are shown in Figures 9.15 (a) and (b), respectively. As for the
blends of the anisole-derivatives, it can be seen, in Figure 9.15 (a), that the blends of 2MA and 2,3-DMA exhibited slightly longer CA90 durations than the reference fuel in the
range of λ from 1.00 to 0.90, with a linear decrease with further decrease in λ, while
burning durations increased for the reference fuel (Figure 9.15 a). The same observation
can also be made for the blend of 3-MA (Figure 9.15 a). However, the 3-MA blend
displayed shorter CA90 durations relative to the reference fuel, and shorter than the other
blends when λ was decreased to less than 0.95 (Figure 9.15 a). In addition, similar to the
trends observed in the CA10 duration and CA50 angles (Figures 9.13 and 9.14), the blend
of 3-MA exhibited a sharper decrease in the CA90 duration with decreasing λ, reaching
an CA90 duration comparable to the blend of anisole at very rich mixture strength (Figure
9.15 a).
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(a)

(b)

Figure 9.15: CA90 duration of the averaged non-knocking combustion cycles of the reference
fuel and the blends investigated of (a) anisole-derivatives and (b) cyclohexanone-derivatives
tested at operating limit of engine CR and varying λ.

As for the methylcyclohexanone blends, as shown in Figure 9.15 (b), the blend of 2mCXN displayed slightly shorter CA90 durations than the reference fuel, especially when
operating between stoichiometric and slightly rich mixture conditions, λ=0.95, and at the
very rich mixture condition λ=0.82 (Figure 9.15 b). Also, it can be seen, in Figure 9.15
(b), that the blends of 3- and 4-mCXN, where a methyl branch can be found at a distance
from a ketone functional group, the burning durations became longer than that of the 2mCXN blend. For example, at the stoichiometric condition, the CA90 durations of the
blends of 3- and 4-mCXN were longer by approximately 2 and 3 CAD, respectively
(Figure 9.15 b). However, at λ lower than 0.95, the blend of 3-mCXN exhibited shorter
CA90 durations than the blend of 2-mCXN, while the blend of 4-mCXN still displayed
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longer durations than the blend of 2-mCXN until the very rich operating condition of
λ=0.88 (Figure 9.15 b).
(a)

(b)

Figure 9.16: CA10-90 duration of the averaged non-knocking combustion cycles of the
reference fuel and the blends investigated of (a) anisole-derivatives and (b) cyclohexanonederivatives tested at operating limit of engine CR and varying λ.

Figures 9.16 (a) and (b) show the CA10-90 durations for the averaged non-knocking
combustion cycles of the reference fuel and the blends of anisole- and cyclohexanonederivatives tested at operating limit of engine CR and varying λ, respectively. As for the
blends of the anisole-derivatives, as shown in Figure 9.16 (a), it can be seen that all blends
exhibited longer CA10-90 durations than the reference fuel and the blend of anisole when
operated at λ 1.00 to 0.90. At richer conditions, from λ=0.90 to λ=0.82, while the
durations of the blends 2-MA and 2,3-DMA displayed a slightly faster CA10-90 speed
than the reference fuel, the blend of 3-MA exhibited the fastest burning speed,
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comparable to the blend of anisole at the very rich mixture (Figure 9.16 a). With regards
to the blends of the cyclohexanone-derivatives, as shown in Figure 9.16 (b), it can be seen
that the reference fuel displayed shorter CA10-90 durations than the blends of 3- and 4mCXN in the range of λ 1.00 to 0.90, but became longer than these blends at very rich
mixture conditions. However, the blend of 2-mCXN displayed constant durations of
CA10-90 speed at varying λ, and shorter than the blends of 3- and 4-mCXN and the
reference fuel, significantly so at λ 1.00 to 0.95 (Figure 9.16 b).
9.2.3 Autoignition characteristics

(a)

(b)

Figure 9.17: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends of the anisole-derivatives tested at operating limit of engine CRs
and (a) λ=1 and (b) λ=critical.

Figures 9.17 (a) and (b) show the in-cylinder pressure of the representative knocking
combustion cycles of the reference fuel and the blends of the anisole-derivatives tested at
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operating limit of engine CRs at λ=1 and λ=critical, respectively. In Figure 9.17 (a) at
λ=1, it can be seen that the blends of the anisole-derivatives exhibited knocking
combustion at in-cylinder pressure peaks higher than the reference fuel but significantly
lower than that of the blend of anisole. The blends of 3-MA and 2,3-DMA were operated
at a higher engine CRs than the reference fuel, however, the blend of 2-MA, as shown in
Figure 9.4 (a), exhibited knock at a slightly lower engine CR relative to the reference
fuel, (by 0.03 units). By comparing the blends to the reference fuel at the critical operating
conditions of engine CR and λ, as shown in Figure 9.17 (b), it can be seen that the blends
of 2-MA and 2,3-DMA underwent knocking combustion at in-cylinder pressure peaks
lower than the reference fuel, despite operation of these blends at a similar engine CR
(Figure 9.4 b). The blend of 3-MA exhibited knocking combustion at a higher peak incylinder pressure relative to the reference fuel and closer to the blend of anisole (Figure
9.17 b).
The in-cylinder pressure of the representative knocking combustion cycles of the
cyclohexanone-derivatives blends in comparison to the reference fuel tested at operating
limit of engine CRs at λ=1 and λ=critical, are shown in Figures 9.18 (a) and (b)
respectively. At λ=1, as shown in Figure 9.18 (a), it can be seen that the blends of 2- and
4-mCXN produced higher in-cylinder pressure peaks, during knocking combustion, than
the reference fuel by approximately 1 and 4 bar, respectively. However, the blend of 3mCXN displayed an in-cylinder pressure peak similar to the reference fuel (Figure 9.18
a). It is worth noting that the blends of 3- and 4-mCXN were operated at an engine CR
comparable to the reference fuel, while the blend of 2-mCXN operated at a slightly lower
engine CR, by 0.07 units, relative to the reference fuel (Figure 9.4 a). From Figure 9.18
(b), at λ=critical, it can be seen that all the blends of the cyclohexanone-derivatives
exhibited knocking combustion at comparable peaks of in-cylinder pressure but lower
than the reference fuel. The blends of 3- and 4-mCXN were operated at a similar engine
CR (7.07 and 7.08, respectively) (Figure 9.4 a). However, the blend of 2-mCXN exhibited
knock at a critical engine CR of 6.80, which is significantly lower than the other blends
and the reference fuel by 0.27 and 0.37 units (Figure 9.4 a). Despite that, and similar to
the observation made at λ=1 (Figure 9.18 a), the 2-mCXN blend exhibited a high in-
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cylinder pressure peaks during knocking combustion. It is interesting to note that the
blends of the anisole-derivatives showed wider in-cylinder pressure fluctuations, due to
knock, than the blends of the cyclohexanone-derivatives (Figures 9.17 and 9.18).

(a)

(b)

Figure 9.18: In-cylinder pressure of the representative knocking combustion cycles of the
reference fuel and the blends of the cyclohexanone-derivatives tested at operating limit of
engine CRs and (a) λ=1 and (b) λ=critical.
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(a)

(b)

Figure 9.19: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends of the anisole-derivatives tested at operating limit of engine
CRs and (a) λ=1 and (b) λ=critical.

In Figures 9.19 (a) and (b), the apparent net heat release rate of the representative
knocking combustion cycles of the reference fuel and the blends of the anisole-derivatives
tested at the operating limit of engine CRs at λ=1 and λ=critical, are shown respectively.
From Figures 9.19 (a) and (b), at both operating conditions of λ and engine CR, it can be
seen that the rapid increases in ANHRR of the blends and the reference fuel, due to
knocking combustion, are apparent. In Figure 9.19 (a) at λ=1, it can be seen that, prior to
knock events, the blends displayed higher ANHRR relative to the reference fuel,
including the blend of 2-MA which operated at a slightly lower engine CR than the
reference fuel. However, during knocking combustion, it can be seen that the blend of
2,3-DMA exhibited an earlier and sharper increase in ANHRR than the other fuels (83
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J/CAD), followed by the blends of 2- and 3-MA, (81 J/CAD), which both exhibited knock
earlier than the reference fuel by approximately 3 CAD (Figure 9.19 a). It is interesting
to see that the blends of the anisole-derivatives showed similar increases in ANHRR at
the point of knock similar to the blend of anisole, despite operation at relatively lower
engine CRs (Figure 9. 19 a). Also, it is worth noting that the blend of 2,3-DMA exhibited
three consecutive peaks in ANHRR (attributable to autoignition of end-gases), while the
blends of 2-and 3-MA displayed only two consecutive peaks (Figures 9.19 a).
At the critical operating conditions of engine CR and λ, as shown in Figure 9.19 (b), it
can be seen that, in general the blends investigated displayed lower magnitude of ANHRR
relative to that seen at stochiometric λ condition (Figure 9.19 a), attributable to operation
of all fuels at lower engine CRs. In Figure 9.19 (a), prior to knock, the anisole-derivatives
blends displayed similar heat release rates, (54 J/CAD), relative to the reference fuel and
the blend of anisole, except the blend of 3-MA which showed a noticeably more advanced
and higher ANHRR (65 J/CAD). During knock, it can be observed that all the blends
exhibited sharp increases in ANHRR lower in magnitude than the reference fuel and the
blend of anisole. It can also be seen that at critical λ, all the blends displayed two
consecutive peaks of ANHRR sharp rise, however, the first of these occurred earlier for
the blend of 3-MA, (378 CAD), while the blend of 2-MA exhibited the latest peak at a
crank angle of 386 CAD.
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(a)

(b)

Figure 9.20: Apparent net heat release rate of the representative knocking combustion cycles of
the reference fuel and the blends of the cyclohexanone-derivatives tested at operating limit of
engine CRs and (a) λ=1 and (b) λ=critical.

Figures 9.20 (a) and (b) show the apparent net heat release rate of the representative
knocking combustion cycles of the reference fuel and the blends of the cyclohexanonederivatives tested at operating limit of engine CRs at λ=1 and λ=critical, respectively. At
the stoichiometric combustion condition, as shown in Figure 9.20 (a), it can be seen that,
prior to the onset of knock, the blend of 4-mCXN exhibited the highest ANHRR, a peak
of 62 (J/CAD), relative to approximately 56 (J/CAD) for the other blends and the
reference fuel. The 4-mCXN blend also displayed the first peak in ANHRR of knocking
combustion at an engine crank angle of 379 (CAD); earlier than the other blends and the
reference fuel by one CAD (Figure 9.20 a). While the blends of 2- and 3-mCXN displayed
similar levels of heat release prior to knock, a sharper increase in the ANHRR of the
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blend 2-mCXN can be observed during knocking combustion, reaching a peak of 129
(J/CAD), which is more than double the minimum heat release rate prior to autoignition.
This may explain the high level of in-cylinder pressure seen in Figure 9.18 (a) for the 2mCXN blend, despite operation of the 2-mCXN blend at a lower engine CR relative to
the other blends and the reference fuel (Figure 9.4 a). However, it can be seen, as shown
in Figure 9.20 (a), that the blend of 3-mCXN exhibited two consecutive peaks of ANHRR
compared to the single sharper peak of the 2-mCXN blend. At the critical operating
conditions of λ and engine CR, as shown in Figure 9.20 (b), it can be seen that all blends
displayed peaks of ANHRR similar to one another prior to knocking events, the peaks
arising from which are significantly lower and slightly later, relative to the reference fuel,
attributable to operation at lower engine CRs (Figure 9.4 b).
Figures 9.21 (a) and (b) show a comparison between the amplitude of bandpass filtered
in-cylinder pressure at the first knock-point and the time of occurrence of the
representative knocking combustion cycles of the reference fuel and the blends of anisoleand cyclohexanone-derivatives tested at the operating limit of engine CRs at λ=1 and
λ=critical, respectively. In Figure 9.21 (a) at λ=1, it can be seen that the blends of the
anisole-derivatives with a single methyl branch, 2-MA and 3-MA, displayed the highest
amplitudes of in-cylinder pressure, 0.76 and 0.93 (bar), respectively, relative to the
reference fuel, 0.61 (bar), and the blend of anisole, 0.62 (bar), and all other blends.
However, the blend of 2,3-DMA, which has an adjacent pair of methyl branches, showed
a lower pressure rise at knock than the 2- and 3-MA by approximately 0.1 and 0.25 (bar),
respectively, but still higher than the reference fuel and the blend of anisole by about 0.06
bar (Figure 9.21 a). As for the blends of the cyclohexanone-derivatives, it can be seen
that the blends of 2- and 3-mCXN exhibited similar in-cylinder pressure amplitudes of
0.65 (bar), significantly lower than the blends of 2- and 3-MA but slightly higher than the
reference fuel, while the blend of 4-mCXN displayed an amplitude comparable as the
blend of 2,3-DMA (Figure 9.21 a).
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(a)

(b)

Figure 9.21: Amplitude of bandpass filtered in-cylinder pressure and angle at first knock-point
of the representative knocking combustion cycles of the reference fuel and of the blends of
anisole- and cyclohexanone-derivatives tested at operating limit of engine CR at (a) λ=1 and (b)
λ=critical.

With regards to the knock-point timings (Figure 9.21 a), it can be seen that all the blends
of anisole- and cyclohexanone-derivatives exhibited first knock-point timing between
382.4 to 383.6 CAD, earlier than the reference fuel by approximately 0.6 and 1.8 CAD,
respectively. These values show a good correlation with the operating limit of engine CR,
as shown in Figure 9.4, indicating that fuels operated at a higher engine CR displayed
advanced knock-point timings. However, the blend of 2-mCXN exhibited a first knock-
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point at an earlier timing relative to all other methylcyclohexanone blends, despite
operation at a lower engine CR (Figure 9.4 a).
In Figure 9.21 (b) the amplitude of bandpass filtered in-cylinder pressure at the first
knock-point and the time of occurrence of the representative knocking combustion cycles
of the reference fuel and the blends of anisole- and cyclohexanone-derivatives tested at
critical conditions of engine CR and λ are shown, respectively. Overall, while the blends
experienced similar or higher amplitudes relative to the reference fuel, the blend of 2-MA
displayed an in-cylinder pressure amplitude lower than the reference fuel, but slightly
higher than the blend of anisole. As seen in Figure 9.21 (a) at λ=1, the blend of 3-MA
displayed the highest amplitude among the blends of the anisole-derivatives (Figure 9.21
b), however, the blend of 2,3-DMA showed a higher amplitude than the blend of 2-MA.
As for the blends of the cyclohexanone-derivatives, the amplitudes of in-cylinder pressure
increased slightly as the position of the methyl branch moved further away from the
ketone functional group (Figure 9.21 b). Hence, the blend of 4-mCXN exhibited an
amplitude higher than the blends of 3- and 2-mCXN by 0.02 and 0.04 (bar). Considering
the knock-point timings of the anisole-derivative blends, it can be seen, as shown in
Figure 9.21 (b), that the timings became advanced for the blends operated at a high engine
CR, such as the blend of 3-MA, which experienced knock earlier than the blends of 2MA and 2,3-DMA by about 1.8 (CAD). As for the blends of methylcyclohexanones
(Figure 9.21 b), similar to the observation made at λ=1 (Figure 9.21 a), the blend of 2mCXN displayed the earliest timing, more advanced than the blend of 3- and 4-mCXN
by 1.2 and 1.6 (CAD), despite operation at a lower engine CR (Figure 9.4 b).
Figures 9.22 (a) and (b) show the burn durations of the combustion characteristics CA10,
CA50, CA90 and the intervals to the first knock-point timing relative to the spark timing
for the reference fuel and the blends of anisole- and cyclohexanone-derivatives tested at
operating limit of engine CRs at λ=1 and λ=critical, respectively. Overall, all the
investigated blends and the reference fuel at the critical operating conditions of engine
CRs and λ, Figure 9.22 (b), as might be expected, exhibited shorter burn durations and
earlier knock point relative to that seen at stoichiometric λ (Figure 9.22 a), attributable to
the rapid increases in CA10 and CA90 durations when increasing
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(a)

(b)

Figure 9.22: Durations of CA10, CA50 and CA90 of the representative knocking combustion
cycles of the reference fuel and of the blends of anisole- and cyclohexanone-derivatives tested
at operating limit of engine CR at (a) λ=1 and (b) λ=critical.

the richness of blends mixtures (Figures 9.13 – 9.15). At the stoichiometric operating
condition, as shown in Figure 9.22 (a), it can be seen that all of the blends investigated,
except the blends of 2-MA and 3-mCXN, displayed shorter burn durations of CA10 than
the reference fuel but longer than the blend of anisole. For the burn durations of CA50,
all the blends, including the blends of 2-MA and 3-mCXN, exhibited shorter CA50
durations relative to the reference fuel but longer than the blend of anisole.
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While all blends displayed shorter CA90 burn durations relative to the reference fuel, the
blends of 2-MA and 3-mCXN exhibited longer CA90 durations than the reference fuel
by approximately 0.6 CAD (Figure 9.22 a). In general, it can be seen that, at λ=1 as shown
in Figure 9.22 (a), of the blends of the anisole-derivatives, the blend of 2-MA exhibited
the longest CA10, CA50 and CA90 burn durations while the blend of 3-MA displayed
the shortest. These observations may be attributed to the operating limits of the engine
CR as the blend of 3-MA was operated at the highest engine CR among the anisolederivatives blends (7.64 units), while it was lower for the 2-MA blend (7.17 units) (Figure
9.4 a). With regards the blends of the cyclohexanone-derivatives, in contrast, the shortest
burn durations were exhibited by the blend of 2-mCXN which was operated at the lowest
engine CR (7.24 units) relative to the other blends of cyclohexanone-derivatives, while
the blend of 3-mCXN displayed the longest, despite operation at a higher engine CR, 7.30
units.
Considering the blends when investigated at their critical operating conditions of λ and
engine CR, as shown in Figure 9.22 (b), it can be seen that all blends displayed shorter
CA10 and CA50 burn durations relative to the reference fuel but longer than the blend of
anisole. Also, all blends displayed shorter CA90 burn durations than the reference fuel
but longer than the blend of anisole, except the blends of 2,3-DMA and 3-mCXN which
exhibited similar CA90 durations as the reference fuel. As for the anisole-derivatives
blends, similar as seen at λ=1 (Figure 9.22 a), the results corelate with the engine CRs
(Figure 9.4 b). However, for the methylcyclohexanone blends, as seen at λ=1 (Figure 9.22
a), the blend of 2-mCXN exhibited comparable CA90 duration, 36.9 (CAD), as the blend
of 4-mCXN, despite operation at a significantly lower engine CR (lower by 0.28 unit),
while it displayed slightly longer CA10 and CA50 durations (+0.4 CAD) (Figure 9.22 b).
Also, similar as seen at λ=1 (Figure 9.22 a), the blend of 3-mCXN exhibited slight longer
CA10, CA50 and CA90 burn durations relative to the blend of 4-mCXN, despite
operation at a similar engine CR (Figure 9.4 a). The shortest burn durations of the 2mCXN, at both λ conditions (Figure 9.22 a and b), may be attributed to its high ANHRR,
that seen in Figures 9.20 (a) and (b), relative to the other cyclohexanone-derivatives
blends despite operation at the lowest engine CR.
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In terms of the interval to the knock-point, at λ=1 (Figure 9.22 a), it can be seen that all
the blends exhibited knock earlier than the reference fuel, by approximately one CAD,
with the blends of 3-MA, 2-mCXN and 4-mCXN first experiencing knock 0.5 CAD
earlier than the other blends (Figure 9.22 a). In Figure 9.22 (b) at λ=critical, as seen at
λ=1 (Figure 9.22 a), the blend of 3-MA displayed the shortest knock-point interval
relative to the other anisole-derivatives blends by about 2 CAD. However, the blends of
2-MA and 2,3-DMA exhibited similar knock-point intervals relative to the reference fuel
(Figure 9.22 b). With regards to the blends of cyclohexanone-derivates, as shown in
Figure 9.22 (b), it can be seen that the blend of 2-mCXN displayed the shortest knock
interval, advanced relative to the reference fuel and the blends of 3-mCXN and 4-mCXN
(which showed comparable knock-point intervals to one another) by 1.5 CAD,
repetitively (Figure 9.22 b).
9.2.4 Fuel consumption rate
Figures 9.23 (a) and (b) show the fuel consumption rates, relative to the reference fuel,
for the blends of the anisole- and cyclohexanone-derivatives tested at operating limit of
engine CR and varying λ, respectively. Overall, the replacement of 20% (V/V) of the
reference fuel by the investigated molecules increased the fuel consumption rates. From
Figure 9.23 (a), for the blends of the anisole-derivatives, tested between λ=1 and λ=0.95,
it can be seen that the blends of 2- and 3-MA displayed higher fuel consumption rates
than the blend of anisole and the blend of 2,3-DMA, respectively. However, at λ lower
than 0.95, a decrease in the fuel consumption rate of the 2-MA blend relative to the
anisole blend can be seen (Figure 9.23 a). 2-MA and 3-MA molecules have slightly lower
H/C and higher O/C ratios relative to 2,3-DMA, which may have resulted in increasing
fuel consumption rates of these molecules (Table 9.1). Relative to the reference fuel at
the stoichiometric operating condition, the blends of 2-MA, 3-MA and 2,3-DMA
displayed higher fuel consumption rates by 7.43%, 5.41% and 4.73%, respectively.
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(a)

(b)

Figure 9.23: Fuel consumption rate of the reference fuel and the blends investigated of (a)
anisole-derivatives and (b) cyclohexanone-derivatives tested at operating limit of engine CR
and varying λ.

With regards the blends of the cyclohexanone-derivatives, relative to the reference fuel,
it can be seen, as shown in Figure 9.23 (b), that the highest fuel consumption rates were
exhibited by the 3-mCXN blend, followed by the 4-mCXN blend and then the 2-mCXN
blend, especially in the range of λ from 1.00 to 0.90. Therefore, relative to the reference
fuel at the stoichiometric operating condition, these blends displayed higher fuel
consumption rates by approximately 4.32%, 4.05% and 1.35%, respectively (Figure 9.23
b). Hence, it can be seen that the methylcyclohexanone blends showed slightly lower fuel
consumption rates than the blends of the anisole-derivatives, attributable to the higher
H/C ratios of the methylcyclohexanone blends (Table 9.1). Moreover, for both groups of

329

9.2 Results and discussion

blends, it is apparent that the blends with molecules containing a methyl branch adjacent
to the oxygenated functional group has the highest fuel consumption rates. The indicated
specific fuel consumption rates of the reference fuel and blends investigated at λ=1 are
shown in Table 9.4.
Table 9.4: Indicated specific fuel consumption rates of the reference fuel and blends
investigated at λ=1.

9.2.5 Cooling effect
Figures 9.24 (a) and (b) show the temperature drop across the carburettor, relative to the
reference fuel, for the blends of the anisole- and cyclohexanone-derivatives relative tested
at operating limit of engine CR and varying λ, respectively. In general, the reduction in
temperature increases with the increase of fuel supply to the engine as might be expected.
As for the blends of the anisole-derivatives, as shown in Figure 9.24 (a), it can be seen
that the blends with the addition of a single methyl branch, 2-MA and 3-MA, exhibited a
higher temperature drop relative to the reference fuel at the stoichiometric operating
condition, and also higher than that displayed by the blend of anisole over the operating
range of λ (Figure 9.24 a). However, the blend of the molecule with an adjacent pair of a
methyl branches; the blend of 2,3-DMA, displayed a significantly lower temperature drop
across the carburettor at all λ values, lower than the blends of 2-MA and 3-MA by about
17% (Figure 9.24 a). This may be attributed to the high boiling temperature of the
molecule 2,3-DMA, higher than the molecules of 2-MA and 3-MA by 24 and 20 °C,
respectively, and also its higher heat of vaporisation (HoV) relative to those molecules
by about 2 kJ/mol (Table 9.1). While the molecules 2-MA and 3-MA have similar values
of (HoV), an effect of different boiling temperatures is apparent (Figure 9.24 a),
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increasing the temperature drop by the blend of 2-MA by 3% more than that of the blend
3-MA relative to the reference fuel.
(a)

(b)

Figure 9.24: Temparture drop across the carburettor casued by the reference fuel and the blends
investigated of (a) anisole-derivatives and (b) cyclohexanone-derivatives tested at operating
limit of engine CR and varying λ.

With regards to the blends of the cyclohexanone-derivatives, as shown in Figure 9.24 (b),
it can be seen that the blends of methylcyclohexanones displayed a lower cooling effect,
at all λ values, relative to the reference fuel and the blends of the anisole-derivatives,
expect the blend 2,3-DMA. Also, it can be observed that the reduction caused by the
blends of 2-mCXN and 4-mCXN appeared less sensitive than the blend of 3-mCXN
relative to the change in λ (Figure 9.24 b). The molecules of cyclohexanone-derivatives
have lower boiling temperatures than that of the anisole-derivatives but slightly higher
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HoVs (Table 9.1), however, the former exhibited lower cooling effects, attributable to
the lower fuel consumption rates of the blends of the cyclohexanone-derivatives relative
to the blends of the anisole-derivatives (Figure 9.24 b).
Another example of the impact of a high boiling temperature molecule on the level of
cooling effect measured across the carburettor, where molecules have comparable values
of HoV, can be seen by considering the cooling effect caused by the methylcyclohexanone blends relative to the PRFs, which were investigated in Chapter 6 (Figure
6.24). The PRFs have slightly lower HoV by about 4 to 5 (kJ/kmol) but similar fuel
consumption rates to the blends of the cyclohexanone-derivatives. However, in the
measurements of temperature drop across the carburettor, the PRFs exhibited a significant
reduction, three times that of the methylcyclohexanone blends, attributable to the higher
boiling temperatures of PRFs (Table 6.1), which are higher by at least 64 °C relative to
the methylcyclohexanones investigated (Table 9.1).

9.3 Conclusions
In this chapter, the autoignition and combustion characteristics of the anisole-derivatives;
2-MA, 3-MA and 2,3-DMA, and the cyclohexanone-derivatives; 2-mCXN, 3-mCXN and
4-mCXN, were experimentally investigated at a blending ratio of 20% (V/V) of each
molecule in 80% (V/V) of a reference gasoline fuel (Gasoline 91.3). Each blend was
tested at the knocking operating limit of engine CR, while varying λ between 1.00 and
0.84. The results obtained indicated that a minor change to the molecular structure of the
test molecules, such as the degree of ring saturation or changing the position of a methyl
branch relative to the main oxygenated functional group, had a significant effect on the
resultant anti-knock quality. The following conclusions can be drawn:
•

The addition of molecules with an unsaturated ring, anisole-derivatives, increased
the anti-knock quality of the reference fuel. In contrast, the addition of the
molecules with a saturated ring, cyclohexanone-derivatives, decreased the antiknock quality of the reference fuel.

•

The introduction of a single methyl branch adjacent to the oxygenated functional
groups, (methoxy or ketone), such as in 2-MA and 2-mCXN, decreased the anti-
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•

knock quality of the final blend relative to the same molecule where a single
methyl branch is introduced at a further distance, as in 3-MA and 3-mCXN.

•

The introduction of adjacent pairs of methyl branches, such as in 2,3-DMA,
showed slight improvement knock resistance relative to the presence of a single
methyl branch adjacent to the oxygenated functional group, such as in 2-MA, but
to a significantly lesser extent than that of a single methyl branch at a distance
from the oxygenated functional group, such as in 3-MA. Further movement of a
single methyl branch from C3 to C4, such as 3-mCXN relative to 4-mCXN,
showed a slight improvement in the anti-knock quality.

•

The blends of the anisole-derivatives produced higher in-cylinder pressure peaks
and net IMEP, displayed shorter burn durations, and exhibited knocking
combustion at elevated in-cylinder pressure with advanced knock-point timings
relative to the blends of the cyclohexanone-derivatives, attributable to operation
of the blends of the anisole-derivatives at a higher engine CRs.

•

With regards to the effect of the molecular structure of cyclohexanonederivatives, in comparison to conventional cycloalkanes, it was noticed that the
molecules tested exhibited a contrary effect to the conventional cycloalkanes,
with decreasing anti-knock quality as the distance between the ketone functional
group and the position of a methyl branch decreased. This was attributed to the
combined effect of the presence of an adjacent pair of branches and the high
polarity of a ketone, on weakening the surrounding bonds energies. Hence, the
blend of 2-mCXN showed a greater reduction in knock resistance compared to
3- and 4-mCXN.

•

Regarding the effect of the addition of the anisole- and cyclohexanone-derivatives
on the cooling effect of the reference fuel, the blends of the cyclohexanonederivatives provided lower cooling effect than the blends of the anisolederivatives, due to their higher heat of vaporisation and lower fuel consumption
rates. The blend of 2,3-DMA showed the lowest cooling effect, due to its high
boiling temperature relative to the other molecules tested.
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Chapter 10 Conclusions and recommendations for future
work
This chapter summarises the major conclusions of the experimental investigations carried
out in this work with regards the autoignition and combustion characteristics,
measurements of fuel consumption rate and cooling effect of the blends investigated, and
the specific impact of the molecular structure of biomass-derived fuel molecules on antiknock quality. The chapter also provides recommendations for future work based on the
findings to date.

10.1 Conclusions of the autoignition and combustion characteristics,
measurements of fuel consumption rate and cooling effect of the blends
investigated
Varying the chemical composition, molecular structure; number, type and position of
attached oxygenated functional groups, and blend ratio of the molecules investigated
displayed significant effects on the anti-knock quality, combustion and autoignition
characteristics relative to conventional gasoline fuels. From the investigations conducted
throughout this study, the following conclusions can be drawn:
•

The determination of the engine CR operating limit of a given fuel depended
highly on its chemical composition and operating condition of λ. It was found that
investigating fuels of different chemical composition at a constant λ showed an
inconsistent relationship between their RON values and operating limit of engine
CR. For example, at λ=1, iso-paraffinic fuels can be operated at a higher engine
CR than highly aromatic fuels with a comparable, or even higher RON. However,
testing such fuels at the critical condition of λ provided an appropriate correlation,
despite differing chemical composition.

•

In general, fuels operated at a higher engine CR displayed shorter CA10 and
CA90 durations. However, the presence of an alcohol functional group, such as
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in ethanol and furfuryl alcohol (FOL), decreased further the burn durations
relative to fuels operated at a higher engine CR.
•

Molecules which have a high boiling temperature, such as GVL, FOL and 4-EG,
in contrast to other molecules investigated, exhibited an increase in the operating
limit of engine CRs with decreasing λ, attributable to the necessity of increasing
the in-cylinder temperature, via increasing engine CR, in order to reach the
targeted knocking frequency.

•

The measurements of fuel consumption rates and temperature drop across the
carburettor were affected by the addition of the biomass molecules in accordance
with calorific value, enthalpy of vaporisation and boiling temperature; fuel
consumption rate increased with the decrease in calorific values, while the intake
air cooling effect decreased with decreasing HoV and increasing the boiling
temperature of the molecules investigated.

10.2 The impact of the molecular structure of biomass-derived fuel
molecules on anti-knock quality

Figure 10.1: Changes in the RON values of all blends investigated in this work relative to the
RON values of the reference fuels, at stoichiometric and critical λ conditions.
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Figure 10.1 summarises the changes in the RON values, ∆RON, of all blends investigated
in this work relative to the RON values of the reference fuels when operated at
stoichiometric and critical λ conditions. The blends are sorted by their ∆RON at critical
λ; the value which is used to determine the RON value for a given fuel according to the
standardised RON measurement method. Overall, it can be seen that 13 out of 20 blends
investigated in this work contributed to increasing the RON value of the reference fuels
to different levels in the range of 0.5 and 7.7 RON unit, based on the results at critical λ.
However, it can be seen that, in contrast to all molecules investigated, the 50%veratrole
blend, 5%GVL blend, 20%2,3-DMA blend and 50%guaiacol blend displayed greater
RON improvements at stoichiometric λ than that at critical λ, leading to an overestimate
of their anti-knock quality when operated as rich mixtures.
With regards the impact of the molecular structure of the molecules on the resultant antiknock quality of the final blends relative to the reference fuels, valuable information has
been developed during the discussion of the results throughout this work, as presented in
the previous chapters. The following points summaries the major observations:
1- An unsaturated ring with a single isolated oxygenated functional group branch,
such as anisole, provided significant knock resistance. Increasing the blending
ratio increased further the resultant anti-knock quality; for example, the blend of
50%anisole compared to the blend of 20%anisole. However, increasing the length
or branching the side branch decreased the resultant anti-knock quality; for
example, the blends of 5% FOL and 5% Fur.
2- An unsaturated ring with two branches but isolated from one another, such as 3MA, also showed significant knock resistance but lesser than that displayed by
the molecules with a single isolated oxygenated functional group branch.
3- In the case of an unsaturated ring with more than two branches, the effect on
knock resistance depended on the position of the branches. For example, the
introduction of a single isolated branch in addition to an adjacent pair of branches,
such as in 4-EG, improved the anti-knock quality. On the other hand, the presence
of an adjacent pair of branches, such as in 2,3-DMA, showed a slight
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improvement in the anti-knock quality but significantly lower than a single branch
in addition to an adjacent pair of branches (4-EG).
4- The results from Chapter 8 and 9 indicated that the ortho effect (the presence of
an adjacent pair of branches) in oxygenated molecules is sensitive to the type of
attached functional groups, or branches, as follows. At a fixed blending ratio
(80%RF + 20%molecule), the introduction of an adjacent pair of oxygenated
functional groups, such as in guaiacol and veratrole, increased the anti-quality
more than an adjacent pair consisting of an oxygenated functional group and a
methyl branch, such as in 2-MA. Regarding the case of an adjacent pair of
oxygenated functional groups, the presence of an alcohol functional group, such
as in guaiacol, as a substitute to a methoxy functional group in veratrole, showed
greater anti-knock quality. However, it is worth noting that this observation is
only valid at a blending ratio of (80%RF + 20%molecule), as increasing the
blending ratio of guaiacol decreased the anti-knock quality to a level lower than
that of the reference fuel, which is in contrast to the behaviour of the blend of
50%veratrole.
5- Saturated cyclic molecules, in general, displayed lower anti-knock quality relative
to unsaturated cyclic molecules; for example, the blend of 5%GVL compared to
the blend of 5%FOL. Saturated cyclic molecules with a single branch, such as the
cyclohexanone-derivatives and 2-MTHF, showed poor anti-knock quality.
However, the introduction of another branch, such as a carbonyl functional group
in GVL in comparison to 2-MTHF, increased the anti-knock quality significantly.
6- With regards the effect of the relative position of a methyl branch to an
oxygenated functional group on the anti-knock quality for both saturated and
unsaturated rings, the introduction of a single methyl branch adjacent to the
oxygenated functional groups, (methoxy or ketone), such as in 2-MA and 2mCXN respectively, decreased the anti-knock quality of the final blend relative
to the same molecule when a single methyl branch is introduced at a further
distance, such as in 3-MA and 3-mCXN.
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The investigations in this work have highlighted three main areas where the anti-knock
characteristic of the biomass-derived fuel molecules investigated were found to in
contrast to conventional, non-oxygenated, fuel molecules. Therefore, further
investigations would be beneficial to understand the dissimilarity.
Firstly, it was found that the anti-knock quality of oxygenated aromatic, unsaturated
cyclic, molecules decreased when increasing the number of attached branches. For
example, a benzene ring with a single isolated oxygenated functional group, such as in
anisole, provided greater anti-knock quality than a benzene ring with the addition of more
branches, such as in guaiacol, 4-EG and veratrole. This is in contrast to conventional
aromatic molecules, such as toluene in comparison to xylenes and 1,2,4-trimethylbenzene
where increasing the number of attached branches increases the anti-knock quality.
Therefore, a future study might investigate the anti-knock quality of a systematic set of
conventional and oxygenated aromatic molecules with comparable number and position
of attached branches when blended in the same reference gasoline fuel at a fixed blending
ratio. Furthermore, varying the blending ratio and type of attached oxygenated functional
groups might provide deep insight.
Secondly, this study found that oxygenated saturated cyclic molecules with the addition
of a methyl substituent, the cyclohexanone-derivatives, exhibited a contrary effect to
conventional cyclohexanes, decreasing the anti-knock quality when decreasing the
distance between the ketone functional group and the position of a methyl branch. This
was attributed to the combined effect of the presence of an adjacent pair of a ketone
functional group and a methyl branch, due to the high polarity of a ketone group
weakening the surrounding bonds energies. Hence, the blend of 2-mCXN showed the
most significant reduction in knock resistance compared to 3- and 4-mCXN, respectively.
A further investigation on the effect of varying the relative positions of a methyl substitute
and different functional groups, in addition to a ketone, would clarify these observations
seen in this work.
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Thirdly, the results showed that the ortho effect in oxygenated aromatic molecules is
sensitive to the type of attached functional groups and blending ratio. It would be useful
to further study this effect by testing a greater range of different adjacent oxygenated
functional groups at different blending ratios, so that a better understanding of this
sensitivity could be gained and utilised in further identification of potential fuel
candidates from biomass.
Additionally, it would be interesting to compare the performance and cost (life cycle
analysis LCA) of the molecules investigated in this work relative to existing and
competitive oxygenated octane boosters such as methyl tert-butyl ether (MTBE) and
ethanol at similar blending ratios, which would provide a clear relationship between the
cost of the molecules and performance in resisting knock. It would also be interesting to
investigate the effect of cooled exhaust gas recirculation (EGR) on knock characteristics
of the fuels investigated; for example, the knock onset and intensity relative to the knock
characteristics obtained during this work which were not affected by cooled EGR.
Furthermore, as engine-out emissions were intentionally not measured during this work,
as the blends were tested under knocking combustion conditions, a further investigation
of the 13 blends, which were found to have high anti-knock quality, could be undertaken
in a modern spark-ignition engine. For example, an engine with spray-guided directinjection spark-ignition, which has an improved fuel preparation and delivery, and
combustion system, could be operated under non-knocking combustion to investigate the
effect of adding the molecules investigated on engine-out emissions. This investigation
will, therefore, provide more representative results of utilising the fuels in a practical
context relative to conventional fuels.
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Compression ratio chart of Ricardo E6 variable compression
engine
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molecules investigated
B1. Gasoline 97
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B2. Gasoline 91.3
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B6. Furfural (Fur)
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B9. 2-methyltetrahydrofuran (2-MTHF)
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356

Appendix B

B15. 2-methylanisole
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B18. 2-methylcyclohexanone
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B19. 3-methylcyclohexanone
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