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Abstract: The performance assessment and vehicle verification of nano-alumina (Al,O3) engine oil
(NAEO) were conducted in this study. The NAEO was produced by mixing Al,O3 nanoparticles with
engine oil using a two-step synthesis method. The weight fractions of the Al,O3; nanoparticles in
the four test samples were 0 (base 0il), 0.5, 1.5, and 2.5 wt. %. The measurement of basic properties
included: (1) density; (2) viscosity at various sample temperatures (20-80 °C). A rotary tribology
testing machine with a pin-on-disk apparatus was used for the wear test. The measurement of
the before-and-after difference of specimen (disk) weight (wear test) indicates that the NAEO with
1.5 wt. % Al,O3 nanoparticles (1.5 wt. % NAEO) was the chosen candidate for further study. For the
scooter verification on an auto-pilot dynamometer, there were three tests, including: (1) the European
Driving Cycle (ECE40) driving cycle; (2) constant speed (50 km/h); and (3) constant throttle positions
(20%, 40%, 60%, and 90%). For the ECE40 driving cycle and the constant speed tests, the fuel
consumption was decreased on average by 2.75%, while it was decreased by 3.57% for the constant
throttle case. The experimental results prove that the engine oil with added Al,O3; nanoparticles
significantly decreased the fuel consumption. In the future, experiments with property tests of other
nano-engine oils and a performance assessment of the nano-engine-fuel will be conducted.

Keywords: nanofluid; Al,O3; wear performance; engine oil

1. Introduction

Enhancing material performance by using nanoparticles already has considerable achievements
in the past decades. Nanoparticles (nano-additives) are added to the working fluid to form nanofluids
which have been widely used to enhance the thermal conductivity, heat transfer performance, and
tribological properties of the working fluid [1-6]. In recent years, many researchers have added
nanoparticles to oils in order to fabricate nano-oils that can improve the tribological properties of oil in
order to enhance the operating efficiency and the life of machinery.

The nano-additives in nano-oils comprise various metal oxide nanoparticles (Al,O3, CuO,
TiO,, and ZnO) [7-11], metal nanoparticles (Cu, Ag) [12-15], non-metal /metal oxide nanoparticles
(graphite, boric acid, diamond, MWCNT/multi-walled carbon nanotubes) [13,14,16-18], and hybrid
nanoparticles (MWCNT/ZnO and SiO,-MWCNTs) [19,20]. Most of the literature shows that nano-oils
can reduce friction coefficients, power losses, wear, wear resistance, and can also improve the
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tribological performance of machinery. In addition, nano-oils had high thermal conductivity, enhancing
heat dissipation caused by mechanical friction [9,21]. Therefore, adding nanoparticles into oils
to enhance their mechanical properties was expected. Many studies showed that the viscosity of
nano-oils was increased with the concentration of nanoparticles [9,11,19,20,22]. However, the effect of
nanoparticle concentration on the increasing viscosity of nano-oils is gradually reduced with increasing
nano-oil temperature [9,19]. Furthermore, the rheological properties of nano-oils exhibit Newtonian
fluid behavior at low nanoparticle concentrations, while they show non-Newtonian fluid with shear
thinning behavior at higher nanoparticle concentrations [22].

Operating performance evaluation of nano-oils in the actual operation of mechanical equipment
has included refrigerators, vacuum pumps, internal combustion (IC) engines, gear rigs, bearings, etc.
Lee et al. [23] used a fullerene nano-oil in a refrigerator, and found that the electric power consumption
was reduced by decreasing the friction coefficient and wear rate to the compressor. Jwo et al. [24] used
an Al,O3 nano-oil with various concentrations (0.1%, 0.2%, and 0.3 wt. %) in a direct-drive oil-sealed
rotary vacuum pump. The optimal condition showed that the temperatures of cylinder, case surface,
and discharge pipeline were reduced by 1.3%, 1.7%, and 3.8%, respectively. The performance of IC
engines in terms of frictional power loss, fuel consumption, oil consumption, and harmful exhaust
emissions is closely related to the friction force and wear between moving parts of the engine, such as
the piston assembly, valve train, and bearings. Generally, frictional losses in IC engines vary between
17% and 19% of the total indicated horse power [4]. Rasheed et al. [21] adopted graphene-based
nano-oil in a four-stroke IC engine to investigate the coefficient of friction and the transfer rate of the
engine. The results showed that the enhancement in thermal conductivity at 80 °C and the heat transfer
rate of the engine were 23% and 70%, with a 21% reduction in the coefficient of friction of the piston
rings by using a 0.01 wt. % graphene-based nano-oil compared to the base oil (API20W50SN/CF).
Choi et al. [13] observed that a graphite and silver nano-oil enhanced load-carrying and anti-wear
properties in the Forschungsstelle fur Zahnrader und Getriebebau (FZG) gear rig test, and also reduced
the electric power consumption by more than 3% compared to the base oil. Binu et al. [25] investigated
the influence of TiO, nano-oil on the load carrying capacity of a journal bearing. The results showed
an increase in the load carrying capacity of a journal bearing using TiO, nano-oil as compared to the
base oils without nanoparticle addition.

The main role of nanoparticles added to oils is to improve mechanical performance due to effects
such as: the rolling-sliding effect [26-28], protective film [29-31], third-body effect [26,32], mending
and smoothing effect of surface roughness [14,26,33,34], cleaning effect on surfaces [35,36], and shear
thinning of nano-oils [9,19,22] that could be adopted to mitigate mechanical friction, to enhance
anti-wear performance, and to facilitate the energy-efficient operation of machinery. The main
advantages of incorporating nanoparticles into lubricants include their sizes and shapes, which
are suitably adapted for a perfect feeding of the sliding interface, and for potentially reducing
the friction coefficient and increasing the load-carrying capacity of coupled surfaces in mechanical
systems [13,15,22,25,36-38]. Furthermore, using nanoparticles with high thermal conductivity to
enhance the heat-transfer performance of lubricants can enhance the heat-dissipation performance of a
mechanical system [21,39-41].

By literature survey, it can be found that studies of nano-oils focused primarily on the indexes
of nano-oils characteristics itself, wear, friction coefficient, power consumption in the past. However,
studies of IC engines with nano-oils for fuel efficiency (consumption) were rarely seen. In this study,
ultrafine alumina (Al,O3) nanoparticles were added to engine oil (EO), and a stable suspension was
maintained to form nano-alumina (Al,O3) engine oil (NAEO). The density, viscosity, specific heat, and
tribological performance of the NAEO with various weight fractions of Al,O3 (0 wt. %, 0.5 wt. %,
1.5 wt. %, and 2.5 wt. %) were evaluated to assess the relevant characteristics. Finally, we conducted
various real engine operation tests with the EO and NAEO to evaluate the practicability of NAEO in a
125 c.c. spark ignition engine of a scooter in a ECE40 driving cycle by analyzing the fuel consumption
of a scooter using those oils.
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2. Basic Properties and Wear Test

2.1. Basic Properties

The NAEO was produced by mixing the Al,O3; nanoparticles (gamma phase, spherical shape,
average particle size of 15 nm) with the EO (SAE15W /40, API SL, GP, KYMCO, Kaohsiung, Taiwan)
using a two-step synthesis method without any stabilizer. The weight fractions of the Al,O3
nanoparticles in the four test samples were 0 wt. % (base oil), 0.5 wt. %, 1.5 wt. %, and 2.5 wt. %.
The stirring and mixing devices of the two-step synthesis method consisted of a magnetic stirrer
(PC420D, Corning, NY, USA), an ultrasonic bath (5510R-DTH, Branson, Danbury, CT, USA), and a
high-speed homogenizer (YOM300D, Yotec, Hsinchu, Taiwan) for NAEO. The suspension performance
of NAEO was evaluated by a static testing method (static position) for 15 days. The basic properties of
NAEO include: (1) density; (2) viscosity; (3) specific heat at various sample temperatures (20, 30, 40, 50,
60, 70, and 80 °C) with various weight fractions of Al,O3. The constant temperature of test samples
for density and viscosity tests was controlled by a thermostatic bath (P-20, YSC, Hsinchu, Taiwan).
For the densities with different weight fractions of Al,O3, the weight of a sample was measured by
an electronics balance (X5-1220M, Precisa, Dietikon, Switzerland) with an electronic pipette (5 mL,
Eppendorf, Germany) to measure the sample weights of a fixed volume (5 mL) to determine the
densities of test samples. For viscosity tests, a resonant viscometer (VL700-T15, Hydramotion, Malton,
UK) was used to test the viscosities of all samples. The specific heat of the sample was measured
using a differential scanning calorimeter (DSC, Q20, New Castle, TA, USA) equipped with a vapor
compression refrigeration system (RCS40, New Castle, TA, USA) filled with high-purity nitrogen (5 N)
atmosphere. The specific heat test method was a standard reference approach, in which the standard
reference was sapphire (TNS, 61.48 mg) [42].

2.2. Wear Test

A rotary tribology testing machine with a pin-on-disk apparatus conducted a wear test to evaluate
the anti-wear performance of each sample (EO and NAEO). In Figure 1, the testing machine (7085,
Sensetek, Kaohsiung, Taiwan) was at the left-hand side, where the test procedures referred to [43-45].
The control panel was in the middle, where the chamber temperature, normal force, and rotational
speed of the platform could be set and controlled. An electronic balance (XS-125A, Precisa, Dietikon,
Switzerland) was used to measure the weight difference of the disk (wear loss) before and after the
wear test. Figure 2a shows the pin-on-disk chamber, while in Figure 2b, the disk (22 &+ 0.5 g) was
composed of bearing steel (¢ = 32 mm, SUJ2) and three carbon steel balls (6 mm, AISI 1045) that were
fixed to the turntable as the pin. The pin-on-disk apparatus was fixed on the rotary tribology testing
machine to perform the wear test. The disk has a flange to prevent the outflow of EO or NAEO of
test samples, and therefore it could minimize the starvation effect in the wear test. The 0.5 c.c. test
sample was dropped onto the disk, and then the wear test was conducted at various rotating speeds
(500-1000 rpm) and normal forces (200-450 N). The total number of rotations was fixed at 10,000.
The wear loss between the original disk and the final one can be derived to evaluate the anti-wear
performance of EO and NAEO.
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Figure 2. Inside the chamber: (a) chamber and (b) pin-on-disk apparatus.

3. Real Scooter Test

After the wear loss test, the optimal wear performance of NAEO is the best candidate to prevent
high friction between the cylinder wall and the piston in a 125 c.c. scooter spark ignition engine.
In Figure 3, a scooter was equipped on a chassis dynamometer. An auto-pilot machine was used to
clamp the handlebar (throttle actuator), which was controlled by a servo motor. In the experiments,
three test scenarios were conducted. The first was the constant vehicle speed test (50 kph), the second
was the time-variant test (driving cycle), and the third was a test of four constant throttle positions.
As shown in Figure 4, a common time-variant driving test scenario for light-duty vehicles—the ECE40
driving cycle—was selected. It includes three acceleration periods, and the maximal speed is 50 kph.
The real vehicle speed must track the demanded vehicle speed well at each sampling time so that the
retrieved data is convincing. This is because the values of consumed power (energy) for all tests are
consistent. Before and after the standard driving cycle test, the difference of fuel weight was measured
by the electric balance. Figure 4 shows that the tracking performance was good and confirms the
applicability of the dynamometer test.
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Figure 3. Dynamometer test for a scooter with a 125 c.c. engine.
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Figure 4. Demanded speed and tracking speed of the ECE40 driving cycle.

4. Results and Discussion

From Figure 5a, the higher the density of the test sample at the higher weight fraction was due to
the higher density of the nanoparticles themselves. With higher test sample temperatures, the density
dropped because of increased volume expansion. From Figure 5b, with more nanoparticles added,
the viscosity was higher due to the interfacial relationship between the solid particles and the liquid
molecules. In Figure 5¢, the lower specific heat of the test sample at the higher weight fraction was due
to the lower specific heat of the nanoparticles themselves.
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Figure 5. Basic properties of engine oil (EO) and nano-alumina engine oil (NAEO): (a) density;
(b) viscosity; and (c) specific heat.

The influence of specific heat and density of the NAEO at various weight fractions was not
significant, because the added weight fraction was low based on the concept of a solid-liquid mixture.
Therefore, the effect of the specific heat and density of the NAEO on the wear performance and loading
of the mechanical parts should be relatively small. However, the viscosity of the 2.5 wt. % NAEO was
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significantly higher than the EO. It is noteworthy that the higher weight-fraction Al,O3-NAEO with
higher viscosity did not flow easily; therefore, the highly-viscous NAEO was difficult to clean from the
surface of the disk. Consequently, the inability to remove debris from the disk surface may cause an
increase in interface roughness between the fixed and movable elements, causing an increase in wear
weight loss. However, the shear thinning behavior of the NAEO at high rotating speeds may partly
solve the problems described above [9,19,22]. Therefore, the search for the optimal weight fraction of
NAEO must include a wear test to confirm the optimal performance of the specific weight fraction.

Figure 6 displays the wear loss of the NEAO with various weight fractions and normal forces
at constant rotating speeds of 500 and 1000 rpm. For the weight fractions, it shows that the 1.5 wt. %
has better anti-wear performance. This is because at lower weight-fraction NAEO (<1.5 wt. %),
the amount of nanoparticles decreases so that the protection and anti-wear effects decrease, causing
the wear loss to increase. With a higher weight-fraction NAEO (>1.5 wt. %), though the amount of
nanoparticles increases, debris will be trapped near the surface and cannot be released because the
higher weight-fraction NEAO has higher viscosity. Therefore, the wear loss also increases. Overall,
higher rotational speeds will indeed result in higher wear loss.
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Figure 6. Wear loss with various weight fractions and normal forces at (a) 500 rpm and (b) 1000 rpm.
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Figure 7 illustrates the wear loss at four weight fractions of the Al,O3; nanoparticles at various
rotating speeds with a constant normal force of 350 N. For the weight fractions, it shows that the
1.5 wt. % has better anti-wear performance, because in a lower weight-fraction NAEO (<1.5 wt. %),
the amount of nanoparticles decreases so that the protection and anti-wear effects decrease, causing
the friction to increase. With a higher weight-fraction NAEO (>1.5 wt. %), though the amount of
nanoparticles increases, the debris will be trapped near the surface and cannot be released. Therefore,
the wear loss also increases. Overall, higher normal force will indeed result in higher wear loss.
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Figure 7. Wear loss with various weight fractions and rotating speeds at (a) 350 N and (b) 450 N
normal forces.

Since 1.5 wt. % NAEO had the best anti-wear performance (see Figures 6 and 7), the wear loss
of 0 wt. %, 1.5 wt. %, and 2.5 wt. % NAEO at various rotating speeds and normal forces is shown
in Figure 8. Figure 8 shows that with higher speed (at the same normal force on the disk), the wear
effect is more obvious. Similarly, at higher normal force and with the same rotating speed of the disk,
the wear increases. This is because with either higher normal force or rotating speed, the amount
of debris from the disk surface caused an increase in interface roughness between the pin and disk;
thereby, it caused an increase in wear loss. Experimental results displayed in Figure 8 further confirm
that the 1.5 wt. % NEAO had the best anti-wear performance.
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Figure 8. The wear loss of (a) 0 wt. %; (b) 1.5 wt. %; and (c) 2.5 wt. % nano-alumina (Al,O3) engine oil
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Regarding the anti-wear performance of test samples from Figures 6-8, the wear loss of the
disk was lower for the 1.5 wt. % NAEO than for the EO. However, the NAEO with a higher weight
fraction of Al,O3 did not guarantee a more favorable anti-wear performance. This phenomenon
primarily occurred because the higher weight fraction NAEO with higher viscosity flows more uneasily.
Therefore, the highly-viscous NAEO was difficult to clean from the surface of the disk; consequently,
the inability to remove debris from the disk surface caused an increase in interface roughness between
the pin and disk. This then caused an increase in wear loss. However, the nano-oils may reduce wear
loss by the the rolling-sliding effect, by providing a protective film, by third-body effect, by the mending
and smoothing effect of surface roughness, by shear thinning, and by the high thermal conductivity
of nano-oils. The effects mentioned above can reduce the wear loss of test samples. These effects,
combined with the effect of viscosity, thereby determine the optimal nanoparticle weight fraction in
nano-oils. Therefore, the optimal tribological performance was observed in the NAEO with 1.5 wt. %
AlyO3 nanoparticles; moreover, the wear loss of the 1.5 wt. % Al,O3-NAEO was lower than that of the
EO. Therefore, the 1.5 wt. % NAEO and EO were selected as the test samples for the dynamometer test.

For the real scooter test on the dynamometer, each experimental item was tested three times for the
average value. The experimental results of fuel consumption are shown in Figure 9. For the constant
speed test (50 km/h), the fuel consumption of the EO was 58.10 km/L, while the fuel consumption of
the NAEO was 59.35 km /L. This shows that the improvement in fuel consumption comparing the
NAEO to EO is 2.15%. For the ECE40 driving cycle, the fuel consumption of the EO was 38.35 km/L,
while the fuel consumption of the NAEO was 37.23 km/L. The improvement of fuel consumption
comparing the NAEO to the original engine oil is 3.01%. The average fuel consumption is defined as:

FCpyg = 1/(0.6/FCgcg + 0.4/ FCeonst) 1)

where FCyyg, FCgcg, and FCeopst represent the average fuel consumption, fuel consumption of the ECE
cycle, and the fuel consumption at constant speed, separately. The average fuel consumption for the EO
is calculated to be 43.48 km /L, while it was 44.67 km /L for the NAEO case according to Equation (1).
Therefore, the fuel consumption improvement for the NAEO was calculated to be 2.75%. Figure 10
illustrates the comparison of the original EO and NAEO at four constant throttle positions (20%, 40%,
60%, and 90%). Each experimental item was tested three times. For throttle position at 20%, the fuel
consumption for EO was 54.35 km/L, while it was 55.62 km /L for the NAEO case. The improvement
was 2.28%. For throttle position at 40%, the fuel consumption for EO was 56.20 km /L, while it was
58.95 km/L for the NAEO case. The improvement was 4.66%. For throttle position at 60%, the fuel
consumption for EO was 54.32 km/L, while it was 56.95 km/L for the NAEO case. The improvement
was 4.62%. For 90% throttle position, the fuel consumption for EO was 53.45 km/L, while it was
55.63 km/L for the NAEO case. The improvement was 3.92%. The average fuel improvement for
the four throttle positions was 3.87% ((2.28 + 4.66 + 4.62 + 3.92)%/4). The above experiments prove
that the 1.5 wt. % NAEO truly improves the wear performance, and the fuel consumption either
in transient dynamics or in steady-state simulation while operating the spark ignition engine of the
scooter was decreased. For future studies, experiments with property tests of other nano-engine oils
and a performance assessment of the nano-engine fuel (or EO) will be conducted.
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Figure 9. Comparison of fuel consumption between the engine oil and the NAEO (driving cycle and
constant speed).
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Figure 10. Comparison of fuel consumption between the engine oil and the NAEO (throttle position at
20%, 40%, 60%, and 90%).

5. Conclusions

This study conducted a performance evaluation of NAEO for use in the spark ignition (SI) engine
of a scooter. The academic and industrial contributions are as follows:

(1) Basic properties of NAEO: four test samples with weight fractions were set at 0 (non-additive),
0.5 wt. %, 1.5 wt. %, and 2.5 wt. %. The experimental evaluation of density and viscosity at
various sample temperatures (20-80 °C) was conducted.

(2) Wear test on the platform of NAEO: A tribology testing machine with a pin-on-disk apparatus
was established for the wear test. Results prove that NAEO with 1.5 wt. % Al,O3 nanoparticles
(1.5 wt. % NAEO) demonstrated the best wear performance.

(3) Real scooter implementation: the 1.5 wt. % NAEO was added to the SI engine of a scooter.
A dynamometer test emulated the road load to evaluate the performance. The ECE40 driving
cycle, the constant speed case, and four cases of constant throttle position were conducted. Results
proved that the fuel consumption for ECE40 and constant speed was decreased on average by
2.75%, while a reduction of 3.87% was seen for the constant throttle position cases.
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For future works, experiments with property tests of other nano-engine oils and a performance
assessment of the nano-engine fuel will be conducted.
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