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Abstract: This study relates to developing future alternative fuels and focuses on the effects of
a fuel’s molecular structure on its properties and performance in advanced propulsion systems.
The tribological performance of various biomass-derived oxygenated alternative fuels, including
butanol, pentanol, cyclopentanol, cyclopentanone, and gasoline and their blends with diesel, was
investigated. Lubricity tests were conducted using a high-frequency reciprocating rig (HFRR).
Cyclopentanone-diesel and cyclopentanol-diesel blends result in smaller wear scar sizes compared to
using their neat forms. A lower steel disc contaminated with the alternative fuels during the HFRR
tests resulted in worn surface roughness values lower than those of the neat diesel by up to 20%.
It is believed that these reductions are mainly due to the presence of the hydroxyl group and the
carbonyl group in alcohols and ketones, respectively, which make them more polar and consequently
helps the formation of the protective lubrication film on the worn moving surfaces during the sliding
process. Overall, the results from this study indicate that environmentally friendly cyclopentanol and
cyclopentanone are practical and efficient fuel candidates for future advanced propulsion systems.

Keywords: bio-alcohol; bio-ketone; lubricity; tribology; HFRR

1. Introduction

Integrating alternative fuels with advanced combustion and aftertreatment systems
in various propulsion systems, including electric vehicles [1], will improve vehicles’ fuel
economy and mitigate emissions formation and their environmental impact [2]. Recently,
advanced combustion strategies such as gasoline compression ignition (GCI) have shown
great potential for future internal combustion engines with higher efficiency and lower fuel
consumption compared with using gasoline spark ignition (SI) [2,3]. A low cetane number
of gasoline-like fuels (such as bio-alcohols and bio-ketones) prolongs the ignition delay
in GCI engines, improving the local air-fuel mixing and resulting in significantly lower
particle and NOx emissions [2,4]. Most importantly, the required aftertreatment system
for these engines will be more straightforward as the focus shifts to controlling carbon
monoxide (CO) and hydrocarbon (HC) [2]. Moreover, GCI hybrid technology is expected
to have significantly lower well-to-wheel greenhouse gas emissions (by up to 43%) than
unhybridised GCI [5].

As next-generation promising alternative fuels, some bio-alcohols and bio-ketones are
produced from biomass-derived waste or lignocellulosic materials, such as agricultural
wastes, forest residues, sewage and municipal wastes and used oils [6,7]. Their life cycle
greenhouse gas emissions can be considerably lower than that of conventional fuels,
depending on production [8,9]. Alcohols with three or more carbons (such as butanol and
pentanol) compared with short-chain alcohols (such as methanol and ethanol); have better
blending stability with conventional fuels, higher density, and a higher calorific value [6,9].
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Furthermore, long-chain alcohols have a more favourable cold filter plugging point, pour
point, cloud point and freezing point [10,11].

In addition to the aforementioned straight-chain alcohols, some cyclic alcohols (e.g.,
cyclopentanol) and cyclic ketones (e.g., cyclopentanone) seem to be promising candidates
for blending with conventional fuels. Producing cyclopentanol and cyclopentanone is
more cost-effective than some straight-chain alcohols, such as butanol [12]. Butanol is
conventionally produced via the hydrolysation of lignocellulose (mainly composed of
cellulose, hemicellulose and lignin) into sugar, and then through a complicated biochemical
process into the end product [13]. Cyclopentanol and cyclopentanone are produced by the
hydrolysation of lignocellulose into furfurals and the hydrogenation into the end products.
Therefore, they are regarded as highly environmentally friendly alternative fuels, with
great economic potential for practical use [12,14].

In addition to the energy and ecological benefits of the low-cetane-number alternative
fuels, these fuels can be matched with the current and future engines to enable a faster
transition away from conventional fuels [15]. The molecular structure of fuels can affect
engine durability, efficiency and emissions [3,16]. In modern engines, a direct injection (DI)
of fuel into the combustion chamber with a high pressure enhances fuel atomisation for a
better air-fuel mixing, a faster evaporation and a more efficient combustion process [17].
Fuel injection system components (e.g., injector and pump) need fuels with a high lubricity
to prevent wear and corrosion issues [18–21]. Moreover, poor lubricity can cause energy
losses within an engine due to friction. Many failures in the automotive and aviation
industries due to the misfunctioning of fuelling systems led to the detailed investigation
of fuel lubricity [18,22]. In the molecular structure of fuels, sulphur, a high unsaturation
degree, a long alkyl chain length, polyaromatic, nitrogen, polar oxygen-containing com-
pounds and fatty acid contents enhance fuel lubricity [20]. Fuel refining processes, such as
desulphurisation for meeting the regulatory standards, decrease the fuel lubricity. The tri-
bological performance can be categorised into boundary lubrication, mixed lubrication and
hydrodynamic lubrication. Fuel lubrication is usually visible at the boundary lubrication
regime, where lubricated films are thin and require the formation of a protective tribofilm
to eliminate the frictional forces and surface wear [23].

The bio-alcohols and bio-ketones mentioned above are well defined in their engine
combustion and emissions characteristics [6,7,14,24], but not in their tribological perfor-
mance. The current work comprehensively investigates the effects of diesel blending with
bio-alcohols (i.e., butanol, pentanol and cyclopentanol) and a bio-ketone (i.e., cyclopen-
tanone) with different molecular structures (C4 and C5) and gasoline-diesel blends on
the fuels’ properties and tribological performance. The neat form of these fuels was also
investigated. EN ISO 12156-1:2016 [25], a standard test method for the High-Frequency Re-
ciprocating Rig (HFRR), was used to assess the lubricity of the neat fuels and blends. After
the lubricity tests, the friction properties, wear scar size, deposits and surface roughness of
the tested specimens were further analysed using a 3D microscope, a scanning electron
microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDS).

2. Materials and Methods
2.1. Fuels

Butanol (B), pentanol (P), cyclopentanol (CP), cyclopentanone (CPK) and gasoline (G)
fuels and their blends with diesel (D) were studied, considering diesel fuel as the reference.
No other additives, such as lubricity or cetane enhancers, were incorporated in the neat
fuels and blends. Shell Global Solutions UK supplied the European ultra-low sulphur
diesel (specification EN 590) and European gasoline (G) (specification EN 228). The butanol,
pentanol, cyclopentanol and cyclopentanone were purchased from Sigma Aldrich UK. They
were blended with diesel only at 20% and 40% ratios (volume basis-% v/v) because higher
proportions significantly deteriorate the self-ignition properties in an engine. However, the
GCI technique case study analysed the gasoline-diesel blends with a ratio (% v/v) of 20%,
40%, 60% and 80%.
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2.2. Fuel Physicochemical Properties

Fuel viscosity was analysed with an Ultra Shear Viscometer (USV-PCS Instruments
Ltd, London, UK). A maximum bubble pressure method was used for the surface tension
tests with a Sita Proline T15 Tension meter at a constant temperature of 25 ◦C. Lower
heating value measurements were carried out with an oxygen bomb in a C200 calorimeter
(IKA® England Ltd, Oxford, UK).

2.3. Analysis of Lubrication Mechanisms

The lubricity of the fuels was measured by the HFRR supplied by PCS Instruments,
UK. The testing procedures in the HFRR were carried out following the standard EN ISO
12156-1 [25]. A gasoline PTFE conversion kit was used to prevent the excessive evaporation
and contamination of the fuels. A 15 mL sample of fuels was used throughout the tests
to minimise any uncertainty during the possible fuel evaporation. During the HFRR test,
the standard upper specimen (a steel ball with 6 mm diameter) and the lower specimen (a
steel disc with 10 mm diameter) were submerged in the tested sample with a load of 200 g.
Due to the standard, the test duration was 75 min, with a stroke of 1 mm at a frequency of
50 Hz. HFRR reported the friction coefficient and the wear scar diameter (WSD). The wear
scar generated with HFRR was measured optically using the microscope Meiji Techno,
Somerset, UK, with a 100× magnification lens, by measuring the length of wear scar on
the tested ball in the X and Y directions. The lower disc test sample’s surface was then
analysed using a 10× magnification lens on a G5 Infinite Focus optical 3D microscope
(Alicona Ltd., Kent, UK). This methodology characterises the average wear scar depth
and the surface roughness of the wear track on the lower disc specimen. The chemical
composition on the lower disc test samples’ surface was also analysed using SEM-EDS
JCM-6000Plus NeoScope Benchtop, JEOL, UK, Ltd. It should be mentioned that all of the
experimental data for the fuel characterisation and lubricity studies in this paper are the
average of at least three measurements. The standard deviation of measurements was
calculated and monitored to confirm the repeatability.

3. Results
3.1. Fuel Physicochemical Properties

Tables 1 and 2 show that a lower heating value, viscosity and surface tension indicated
a direct relationship between the blending concentration of the alternative fuels with diesel.
Based on the results, the surface tension increased with viscosity and density when straight-
chain alcohols (such as butanol and pentanol) were used in the blend, in contrast to the
case of cyclopentanol and cyclopentanone, which can be due to their polar cyclic structure.
Based on the EN 590 standard, the diesel fuel viscosity should be more than two cSt.
Therefore, cyclopentanol, cyclopentanone, pentanol, butanol and gasoline blended with
diesel fuel with different concentrations (except G80) can pass the required viscosity limit
to be used in CI engines [11]. The lowest viscosity value was for the neat cyclopentanone,
and was due to its double bonds [26].
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Table 1. Physical and chemical properties of neat tested fuels.

Property Method Diesel Gasoline Butanol Pentanol Cyclopentanol Cyclopentanone

Molecular formula C12H22 ~C5.88H11.06 C4H9OH C5H11OH C5H9OH C5H8O
Molecular weight (kg·kmol−1) 166.30 81.78 74.11 88.15 86.13 84.12

Density, 15 ◦C (kg·m−3) a EN ISO 3675 834.8 746.6 811.5 814.8 949.0 948.7
Kinematic viscosity, 40 ◦C (cSt) b EN ISO 3104 2.627 ± 0.05 0.80 ± 0.05 2.17 ± 0.05 2.74 ± 0.05 2.84 ± 0.05 1.30 ± 0.05
Lower heating value (MJ·kg−1) c ASTM D240-02 45.97 ± 0.5 41.66 ± 0.5 33.81 ± 0.5 34.65 ± 0.5 35.96 ± 0.5 36.43 ± 0.5
Heat of evaporation (kJ·kg−1) d 270–350 373 581.4 308.05 - 433

Lubricity at 60 ◦C (µm) e EN ISO 12156-1 462.5 ± 5.5 676 ± 10.0 628 ± 6.0 579 ± 3.0 452 ± 5.0 521 ± 3.0
Surface Tension, 25 ◦C (mN·m−1) f ASTM D971 26.07 ± 0.2 18.92 ± 0.5 23.05 ± 0.6 24.02 ± 0.4 31.35 ± 0.4 30.45 ± 0.4

Cetane number g ASTM D6890 53 - 15.92 18.2 9.8 9
Carbon (wt%) 86.44 83.12 64.86 68.13 69.82 70.28

Hydrogen (wt%) 13.56 13.4 13.51 13.72 11.61 10.70
Oxygen (wt%) 0 3.48 21.62 18.15 18.57 19.02

H/C ratio 1.83 1.88 2.50 2.40 2.00 1.80
Boiling point (◦C) h 180–360 35–200 117.4 137.9 140.4 131

CFPP (◦C) h EN 116 −20 - −41.7 −47.02 −47.09 −46.47
a, d, g, h Provided by fuel suppliers or taken from the literature [10,24,27]; b, c, f Measured and compared with the literature [6,10]; e Measured.

Table 2. Physical and chemical properties of blended tested fuels.

Property Method B20 B40 P20 P40 CP20 CP40 CPK20 CPK40 G20 G40 G60 G80

Density at 15 ◦C
(kg·m−3) a EN ISO 3675 830.14 830.80 857.64 857.84 825.48 826.80 880.48 880.88 817.2 799.5 781.9 764.2

Kinematic viscosity,
40 ◦C (cSt) b EN ISO 3104 2.27 ± 0.05 2.60 ± 0.05 2.75 ± 0.05 2.35 ± 0.05 2.16 ± 0.05 2.65 ± 0.05 2.78 ± 0.05 2.11 ± 0.05 2.15 ± 0.05 2.10 ± 0.05 2.00 ± 0.05 1.80 ± 0.05

Lower heating value
(MJ·kg−1) c

ASTM
D240-02 43.54 ± 0.5 43.99 ± 0.5 43.97 ± 0.5 43.86 ± 0.5 41.11 ± 0.5 42.01 ± 0.5 41.97 ± 0.5 41.76 ± 0.5 45.11 ± 0.5 44.25 ± 0.5 43.38 ± 0.5 42.52 ± 0.5

Lubricity (µm) d EN ISO
12156-1 570 ± 10.0 562 ± 2.0 480 ± 6.0 425 ± 5.0 592 ± 4.0 576 ± 1.0 465 ± 5.0 441.5 ± 1.0 469.5 ± 3.5 474 ± 3.0 484 ± 6.0 497 ± 5.0

Surface Tension, 25 ◦C
(mN.m−1) e 25.48 ± 0.4 24.78 ± 0.4 26.30 ± 0.3 26.30 ± 0.3 24.48 ± 0.3 24.51 ± 0.3 26.85 ± 0.4 26.55 ± 0.4 24.90 ± 0.5 24.00 ± 0.4 22.00 ± 0.4 20.50 ± 0.4

Carbon (wt%) 82.39 83.03 82.92 83.28 77.93 79.25 79.89 80.56 - - - -
Hydrogen (wt%) 13.39 13.41 12.97 12.51 13.44 13.49 12.68 11.84 - - - -

Oxygen (wt%) 4.22 3.56 4.11 4.21 8.63 7.26 7.43 7.60 - - - -
CFPP (◦C) f EN 116 −19.99 −20.06 −20.07 −20.03 −20.01 −20.86 −20.92 −20.56 - - - -

a Calculated; b, c, e Measured and compared with the literature [6,10]; d Measured; f Provided by fuel suppliers or taken from the literature [10,24,27].
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3.2. Friction and Wear Resistance

Figure 1a,b presents the average friction coefficient and wear scar diameter (WSD)
for the tested fuels. The friction coefficient of the neat fuels as shown in Figure 1a is in the fol-
lowing order: gasoline > butanol > pentanol > cyclopentanol > cyclopentanone > diesel.
The friction coefficient of the neat gasoline is 50% higher than that of the neat diesel.
It can be observed that the neat cyclopentanone as a ketone shows a lower friction coeffi-
cient (only 20% higher than diesel) than the rest of the alternative fuels. Generally, in low
sulphur fuels, as is the case here, there is no correlation between viscosity and lubricity.
For example, double bonds in fuels (cyclopentanone) improve the lubricity values, but the
viscosity worsens [26].
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diesel, 100: neat alternative fuel).

Compared with the neat alternative fuels, the presence of diesel in the blended fuels
enhanced the frictional properties, with a reduction in the average friction coefficient. The
friction coefficient of butanol–diesel blends increased from 0.263 to 0.278 by increasing
the butanol concentration from 20% to 40%. The increase of the friction coefficient for
pentanol blends was from 0.260 to 0.270; cyclopentanol blends increased from 0.249 to
0.252. However, increasing the concentration of cyclopentanone from 20% to 40% did
not significantly affect the friction coefficient (constant around 0.202). Moreover, gasoline
concentrations of 20%, 40%, 60%, and 80% blended with diesel increased the friction
coefficient to 0.2095, 0.221, 0.223 and 0.225. This means that the saturation of gasoline
occurs at higher gasoline concentrations in diesel.

Figure 1b shows that cyclopentanol has the smallest wear scar diameter (WSD) among
the studied fuels in the neat form (approximately 4% lower than diesel), probably due to its
higher viscosity [17]. The order of the oxygenated moieties in the neat fuels for enhancing
the wear resistance (lower WSD value) is cyclopentanol > cyclopentanone > pentanol >
butanol. Knothe et al. [28] stated that in the molecular structure of fuels, the presence
of polarity-imparting heteroatom, preferably oxygen, with the oxygen moiety’s nature
having a significant role and/or a carbon chain of sufficient length, increases viscosity and
lubricity. Additionally, the presence of oxygen as a double bond is recognised as beneficial
in improving lubricity [29].

The gasoline–diesel blend results show that adding 20 vol% gasoline to diesel in-
creased the WSD by 1.5%. This is increased to 2.5%, 4.7% and 7.5% with 40%, 60% and
80% gasoline blended with diesel, respectively. By adding 20 vol% of the oxygenated
compounds to diesel, the WSD increases by 23% for the butanol–diesel blend, 21% for the
pentanol–diesel blend and 3% for the cyclopentanol–diesel blend. However, the cyclopen-
tanone blended with diesel shows the smallest WSD value among all the fuels (even up to



Energies 2021, 14, 5331 6 of 11

8% less than neat diesel). This reduction in wear is due to the higher degree of unsaturation
(i.e., the cyclic molecular structure and the double bond oxygen in its structure), making a
protective lubrication film, with the attraction between the partially positive-charged metal
surface and the lone pair electron on the oxygen atom [29].

Additionally, only at specific oxygen concentrations in the tested samples, friction
decreased due to the formation of protective oxide layers with anti-adhesive properties.
Reduced friction could be the main reason for having the highest WSD of butanol with the
highest oxygen content compared to other fuels. The presented results indicate that cyclic
alcohols–diesel and cyclic ketone–diesel blends would be more suitable for high-pressure
fuel injection systems in modern advanced engines. This chemistry will improve the
components’ efficiency, longevity and reliability within the fuel delivery systems [18].

In general, the lubricious molecules improve lubricity by making solid interactions
between the moieties and negatively charged contacting metallic surfaces, enhancing
tribo-film growth and preventing metallic surface contact, leading to a lower friction and
surface wear [21,23]. It is confirmed that an increase in the chain length and the presence
of the unsaturated compounds improve the lubricity of alcohols [19]. For example, the
OH and C = O groups in alcohols and ketones make the tested samples more effective as
wear protectors [21,28]. In addition, increasing the molecular weight of the straight-chain
alcohols increases the polarity, chain-length, viscosity and boiling point, leading to lubricity
improvement [11,20].

3.3. Wear and Lubrication Mechanisms

The wear scars on the upper and lower specimens (ball and disc) were investigated in
detail using SEM and EDS. For example, SEM and topography micrographs of the discs
tested in the neat fuels are presented in Figure 2. SEM images of the lower specimen were
presented in two different resolutions (i.e., full image of the worn disc: ×70, 200 µm, and
zoomed image for topography analysis: ×400, 50 µm). There is a partial corrosion field at
the junction of the worn and non-worn surfaces, particularly in the samples where the fuel
molecules adsorbed on the wear surface to assist with the lubrication. It is believed that the
magnetic media during the sliding and friction process led to the formation of a lubrication
boundary. The optical observation of the disc specimens tested in various oxygenated
compounds displays a trend similar to that of the scar size results. The specimen tested
with the neat gasoline had a large wear scar with lots of abrasive, dense grooves and
material losses in the wear area due to the poor lubricity and higher friction coefficient
of gasoline. This catalysed process can be due to the formation of different acids during
the sliding process, which increases the corrosive wear. The close observation of the worn
surfaces shows that samples with smaller wear scar sizes have a smooth surface with little
and slight furrows.

Some slight, dense furrows and few pits can be seen in the SEM images (i.e., ×400,
50 µm) for the lower specimen. Fuel pits are like tiny dots, which can be seen in the
images, and parallel furrows are presented clearly as lines. Slight furrows appeared on
cyclopentanone and cyclopentanol with smaller wear scar sizes. The formation of the
protective lubrication film, composed of adsorbed and tribo-reacted organics on worn
surfaces during the lubricity test, have minimised the wear damage and created small
furrows [30]. These smooth worn surfaces in the SEM images are due to the strong
polarity of the compounds, which leads to the creation of a robust lubrication regime
and protects the metal surface from wear. A large amount of ferrite in poor lubricity
samples around the carbide particles is due to the carbide particles’ detachment from
the surface and the formation of delamination (e.g., for gasoline, butanol and pentanol).
These micrographs show a surface damage that is in good agreement with other measured
tribological behaviours.
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The element contents of the worn surface analysis with EDS confirmed the findings of
the lubrication investigation. The EDS analysis indicated that the deposits formed on the
disc’s surface were mainly iron (Fe), carbon and oxygen. These are the oxidation reaction
products that occurred during the sliding process between the ball and the disc. Fuel
hydrocarbons‘ adsorption and chemical reaction formed carbon when sliding the ball over
the disc in the HFRR. The carbon content is more visible on the edge of the wear scar surface
than on the middle area [31]. In the SEM images of the surfaces that show severe damages
and grooves, such as the tested gasoline fuel, the carbon content significantly increased,
and the Fe content decreased. The increase of carbon is expressed as organic deposits,
including oxides on the worn surfaces. In addition to the corrosion effect, the lubrication
film caused a reduction of the Fe content in the sampling area. These illustrations confirm
the result of the friction coefficient and WSD values from the HFRR.

During the HFRR tests, the materials were transferred between samples and then
oxidised and detached as a fine brown powder (either as Fe2O3 (hematite) or Fe2O3·nH2O
(hydrohermatite)) [32]. The oxidation process in sliding materials is seen in the tested fuels
due to the presence of oxygen associated with the formation of inorganic oxides (Fe3O4
and Fe2O3), which help create a protective lubrication film and reduce the dimensions of
the worn surface [33–35].

3.4. Surface Topography

The lower disc sample wear scar depth values created during the lubricity test can
be seen in Figure 3a. This figure shows the average of at least three profile measurements
perpendicular to the sliding direction. The wear scar depth profile follows the same pattern
for the wear scar diameter for most tested samples. For the neat fuels, the wear scar
diameters are higher for butanol > pentanol > gasoline > cyclopentanone > cyclopentanol.
The wear scar depths are higher for butanol > pentanol > cyclopentanone > gasoline
> cyclopentanol. The depth of the wear scar for diesel is 10.2281 µm, decreasing by
approximately 38% for cyclopentanol and 22% for cyclopentanone. These trends increased
by 13% for butanol and 5% for pentanol, compared with diesel. The addition of 20 vol%
of pentanol, butanol and cyclopentanone to diesel shows the same trend for scar depth,
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reducing by 9% with the addition of 20 vol% of cyclopentanone to diesel. Gasoline and
cyclopentanol had a small difference. In contrast, with the addition of 40% (% v/v) of
fuels to the diesel, only the cyclopentanol patterns for depth and diameter remained the
same. This difference is due, in some cases, to the deformation of the upper specimen ball
during lubricity testing, as the steel material is removed, especially in less lubricious fuels
like gasoline.
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Figure 3. (a) Wear scar depth and (b) surface roughness of the disc tested in the neat fuels and their blends with diesel
(i.e., 0: neat diesel, 100: neat alternative fuel).

The surface roughness for all the tested sample discs is shown in Figure 3b. These
results confirm the findings of the SEM studies. An increase in the oxide layer thickness and
metallic oxide wear particles increases the wear diameter, depth and surface roughness [20].
All tested samples’ surface roughness is less than for diesel, except for neat gasoline and
its blends and 20% butanol. This lower surface roughness could be due to the oxide layer
discussed in Section 3.3. In most cases, diesel’s wear scar diameter and depth are lower
than for other fuels, but its surface roughness is higher, which could be due to impurities
in its structure.

In summary, the worn surface analysis by SEM, EDS and Alicona confirms the HFRR
tests findings. In general, cyclopentanol and cyclopentanone’s wear scar diameter, scar
depth and worn surface roughness show a slight enhancement in lubricity compared with
diesel. Pentanol shows a better tribological performance than butanol. The optimum
fuels in minimising wear are CP20 and CPK20, which have a lower wear scar diameter
and depth, applicable roughness and a less corroded area. They would be suitable for an
engine’s fuelling system, with great potential for advanced combustion techniques due to
the low cetane number of blends [27].

4. Conclusions

The tribological performance of butanol, pentanol, cyclopentanol, cyclopentanone,
gasoline and their blends with diesel was comprehensively investigated. Fuels with cyclic
structures have better lubricating characteristics than other alternative fuels due to the
significant effect of the functional group’s polarity and the higher degree of unsaturation
when forming a lubrication film on the sliding areas. Regarding the wear scar diameter and
depth, cyclopentanone and cyclopentanol show a better lubrication performance than the
others. The presence of oxygen and the cyclic structure help form a protective lubrication
film and reduce the wear scar dimensions. Pentanol with a longer carbon chain length
shows better lubricity than butanol. The influence of the molecular structure of oxygenated
compounds blended with diesel on enhancing lubricity can be ranked as follows: cyclic
hydroxyl > cyclic carbonyl > straight hydroxyl. The addition of 20% of cyclopentanone
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to diesel shows the best lubrication performance due to the solid protective lubrication
film formation on the moving worn surfaces. The significant dipole moment, due to the
carbonyl group in the ketones having electronegative oxygen, could be a reason. When
using different blends of fuels, surface roughness has the same trend as the wear scar sizes
for the neat fuels. All tested oxygenated alternative fuels in the neat form show a lower
roughness than the neat diesel, which is hypothesised to be due to the protective oxide layer.
All of the characterisation methods confirm that manipulating the molecular structure
of the fuel affects the lubrication and tribological mechanics. This research presents the
ecological benefits of biomass-derived bio-alcohols and bio-ketones for a high-pressure
fuelling system for low emission vehicles.
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Abbreviations

B Butanol
B20 Butanol 20% + Diesel 80% (v/v)
B40 Butanol 40% + Diesel 60% (v/v)
C Atomic carbon
CFPP Cold filter plugging point
CH3OH Methanol
C2H5OH Ethanol
C4H9OH Butanol
C5H11OH Pentanol
CI Compression ignition
CP Cyclopentanol
CP20 Cyclopentanol 20% + Diesel 80% (v/v)
CP40 Cyclopentanol 40% + Diesel 60% (v/v)
CPK Cyclopentanone
CPK20 Cyclopentanone 20% + Diesel 80% (v/v)
CPK40 Cyclopentanone 40% + Diesel 60% (v/v)
D Diesel
EDS Energy dispersive spectrometer
EN European Standards
EU European Union
G Gasoline
G20 Gasoline 20% + Diesel 80% (v/v)
G40 Gasoline 40% + Diesel 60% (v/v)
G60 Gasoline 60% + Diesel 40% (v/v)
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G80 Gasoline 80% + Diesel 20% (v/v)
GCI Gasoline compression ignition
H Atomic hydrogen
HCF Humidity correction factor
HFRR High-frequency reciprocating rig
ISO International Standard Organization
O Atomic oxygen
O2 Oxygen
OH Hydroxyl radicals
P Pentanol
P20 Pentanol 20% + Diesel 80% (v/v)
SEM Scanning electron microscope
SI Spark ignition
ULSD Ultralow sulphur diesel
WSD Wear scar diameter
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