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Abstract

In this study, it was aimed to investigate the effects of copper (I1) oxide (CuQO), copper zinc iron oxide
(CuzZnFe;04) and copper iron oxide (CuFe204) nanoparticle additives in synthetic diesel engine oil (5W-
40) at the fraction of 0.08 wt% on friction and wear in piston ring-cylinder liner mechanism of the engine.
In this regard, Scanning Electron Microscope (SEM) analyses of the nanoparticles were first carried out and
via a linear reciprocating tribometer, friction coefficients were determined on specimens comprised of the
same material with real engine piston ring. Subsequently, SEM analyses of the samples exposed to abrasion
were carried out to investigate the wear characteristics. In the second stage of the experimental study, oil
sump of the diesel test engine was filled with raw oil (oil without nano additives) and prepared nano oils
(oil+nano additives) separately to unravel the effects of the lubricants on engine power and carbon
monoxide (CO) emissions. According to the results, it was determined that CuzZnFe,O4 nano lubricant was
the most pronounced of all in terms of tribological performance, engine power and CO emissions. The
results depicted that, in the best case, an average increment of 15% in engine power and an average reduction

of 18% in CO emissions with CuZnFe204 nano oil were provided compared to that of the raw oil.

Keywords: Emission, engine oil, nano additive, performance, tribology.

1. Introduction

Nano additives in engine lubricants are, in general,
known with their good anti-friction, anti-wear and load
bearing capacity features [1]. Various mechanisms such
as mending effect [1, 2], polishing effect [3] and rolling
effect [4-7] have been reported. An experimental study
[8] has proved that friction between piston and cylinder
lining of an internal combustion engine causes
approximately 50% of the total power loss. Similarly,
there are several studies merely focusing on tribological
interaction between moving parts of the mechanism [9-
14]. However, this study reports the effects of
tribological enhancement on CO emissions and power
characteristics of the engine which has not been
established by other researchers before. Myriad
lubrication regimes occur on interaction surfaces and
these regimes strongly depend on sliding speed, normal
load and oil viscosity [15]. Generally, in high revs, oil
pressure between contact surfaces reaches adequate
levels to separate the piston and the substrate which also
leads to good load bearing capacity (hydrodynamic
lubrication). Low revs, high loads and high oil
temperatures effecting the viscosity of the oil in large
quantities impede necessary tribofilm formation.
Maximum metal contact (maximum wear) is expected in
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case of very thin tribofilm formation. Stribeck and
Hersey numbers (Eg.1) are used to characterize the
lubrication regimes and tribofilm formation, respectively
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S: Stribeck number, y : dynamic viscosity, o, : average
sliding speed, F: normal load

This experimental study aims to investigate the effects of
tribological improvement in power and CO emission of a
diesel engine introduced with various nano lubricants.
Ali et.al. [16] conducted a study aiming to reduce the fuel
consumption and to increase torque of an engine using
Al,O3/TiO, nanomaterials as lubricant additives.
Referring to NEDC standards, they reduced the average
fuel consumption to an extent of 4 L/100 km. On the
other hand, the peak brake power of the engine (on
motorway) was improved by 10% with nano lubricant
compared to that of the lubricant without nano particles.
In another study, Ali et.al. [17] reported that the actual
engine power and torque increased by 7-10% due to
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lower total frictional power by 6% as a direct result of
improving the anti-friction and anti-wear.

2. Materials and Methods

A reciprocating tribometer (oil heater included) with
loading capacity between 100 mN and 60 N, load
resolution of 30 mN, linear speed of 0-140 mm/s, stroke
of 0-35 mm and maximum frequency of 40 Hz was
utilized for friction analyses. The data were collected by
an acquisition system and necessary calculations were
conducted by a special software (Figure 1). This test rig
was capable of mimicking reciprocating motion of crank
mechanism of an internal combustion engine. An electric
motor drives the piston and the piston transmits the
motion to the liner specimen which is also in contact with
the piston ring specimen. The normal load was exerted
on the piston ring specimen using weights at the end of
the loading arm. All experimental trials were conducted
under 20 N normal load conditions due to excessive
abrasion and damaged surface above 20 N. A transducer
was utilized to measure the average coefficient of friction
(ACOF) between piston ring and the liner specimens
which were cut from a real engine (100 Cr6 steel, app.
62-65 HRC, E=210 GPa, v=0.35). All experiments were
conducted in triplicate and averages were taken into
account to improve accuracy. Each friction experiment
was performed under 1 m/s sliding speed, 3 different oil
temperature values (50°C, 75°C, 100°C) conditions for
10 min. For each test, each specimen was submerged in
15 mL of oil bath. A hydraulic dynamometer connected
to a 4-cylinder turbocharged diesel engine (Figure 2) was
used to determine the oil effect on engine performance
(Table 1). Viscosity measurements (Table 2) were carried
out via Saybolt viscosimeter referring to ASTM D445
[18]. The viscometer device has a temperature accuracy
of 0.005°C and working temperature of -56°C-105°C.
Raw engine oil (5W-30) was purchased from GEMA and
nano particles were purchased from (99.9% purity)
Sigma-Aldrich. Firstly, the nano particles were blended
with glycol to prevent oxidizing with air. The
nanoparticles were mixed with engine oil using
ultrasonic mixer (0.25 kW, 44 kHz) for 10 h. Due to
substantial sedimentation of nano particles in engine oil
above 0.08 wt%, this fraction was used for all
experimental trials (Figure 3). No sedimentation was
observed in all suspensions comprising 0.08 wt%
nanoparticles even after 5 days. Wear trace visualization
analyses (SEM) were conducted on specimens worn
under 75°C oil temperature (app. engine oil regime
temperature). For emission measurement, portable
engine exhaust gas analyzer with data acquisition system
was utilized which has a accuracy of +1 ppm for CO. All
engine performance and emission experiments were
conducted under wide open throttle conditions.
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Figure 1. Schematic of the friction test rig.
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Figure 2. Illustration of the engine test set-up.
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Figure 3. Concentration vs. ACOF.

Table 1. Technical specifications of the test engine.

Cylinder configuration Inline/4-cylinder

Fuel supply Direct injection
Aspiration Turbocharged
Displacement 3904 cc

Max. power 100 kW@2900 rpm
Max. torque 370 Nm @ 1600 rpm

Table 2. Kinematic viscosity measurements (mm?2/s).

1. raw oil, 2. CuO nano oil, 3. CuFe204 nano oil, 4.
CuZnFe204 nano oil)

T 1 2 3 4  ASTM D445
50°C  60.8 63.7 64.8 654 41.4-74.8
75°C 275 313 335 352 28.8-35.2
100°C 145 176 195 223 12.5-26.1
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3. Results and Discussion
3.1.  Friction Analysis

Nano particle geometry [19] and concentration in engine
oil [20, 21] are of great importance for tribological
performance. According to the results, as the ratio of
nanoparticles in the mixture increased, a significant
decrease in ACOF was observed in all nano oil
environments and at all oil temperatures. However, ratios
above 0.08 wt% caused accumulation of nano particles
on the specimen surfaces which led to increased surface
roughness and ACOF. The highest ACOF was found for
the raw oil and among nano oils, the highest ACOF was
found for CuO. According to the SEM analyses, the
distribution of CuO in the oil was not as uniform as the
others, which caused local precipitation on the contact
surfaces and increased ACOF. Furthermore, the non-
spherical geometry of CuO prevented the rolling effect.
SEM images of the nanoparticles (in 500 nm) are shown
in Figure 4.

©
Figure 4. SEM visualization of the nano particles:
(a) CuO, (b) CuFe 04, (c) CuZnFe;0y4,

On the other hand, ACOF highly depends on oail
temperature and viscosity. In general, as the temperature
decreases viscosity increases. There is a direct proportion
between Stribeck number and the viscosity for the same
load and sliding speed conditions. High viscosity
(@50°C for this study) yields maintenance of the
tribofilm between the abrasive surfaces and lower
ACOFs are expected. As the fluid temperature increases
(75°C and 100°C for this study), tribofilm formation
becomes challenging. However, nano fluid pressure

between the substrates increases depending on the sliding
speed (1 m/s for this study). This augmented pressure
reaches to adequate values to separate the surfaces and
facilitates lower metal contact and wear. The lowest
ACOF values were observed for CuzZnFe,O. nano oil
ambient and this can be attributed to the highest viscosity
of this nano oil compared to others. On the other hand,
high temperatures expedite more nano particle to melt
down and sinter the grooves on the surfaces (lower
roughness and ACOF, polishing effect), that is, low
ACOFs are attributed to the viscosity effect prevailing
under lower temperatures. This situation is explained
with rolling-polishing effects under higher temperatures.
However, the results depicted that viscosity is much more
effective than that of rolling and/or polishing effect in
terms of ACOF reduction. Thus, lowest ACOF was
observed for CuzZnFe;Os nano oil ambient at 50°C.
Variations of ACOFs with respect to experimental
duration under various temperatures are shown in Figures
5-7.

—#— Raw il ——CuQ nano oil —s—CuFe204 nano ol —a— CuZnFe204 nano oi

0,1

0,08

0,06

ACOF

0,04

0,02

Duration (min)

Figure 5. ACOF vs. test duration (@50°C).
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Figure 6. ACOF vs. test duration (@75°C).
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3.2. Wear Analysis

Depth and width of the wear tracks formed on the
specimen surfaces depend on the normal load and
tribofilm formation between the surfaces. Thicker film
leads to lower metal contact and wear. Furthermore,
lubrication regimes have substantial importance in terms
of tribofilm formation, polishing and rolling effects.
SEM visualization of the wear tracks along the sliding
direction under the load of 20 N, sliding speed of 1 m/s
and temperature of 75°C is shown in Figure 8. The
smoothest surface subsequent to friction analysis was
facilitated in CuzZnFe,O4 nano oil whereas the harshest
was determined in raw oil. It was concluded that, all nano
oil ambients provided lower wear track depths compared
to that of the raw oil. However, the best results in the
context of wear scratches were obtained for CuzZnFe;O.
nano oil among the others. Nevertheless, lowest ACOF
was also provided for the same nano oil ambient.
Temperature increment had lower effect on CuzZnFe,04
suspension due to its highest viscosity. Besides, high
viscosity facilitated rapid fluid pressure increment and
separation of the abrasive surfaces.

pressi wo
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Figure 8. SEM visualizations of piston ring specimen
surfaces (for 75°C) in: (a) Raw oil, (b) CuO nano oil, (c)
CuFez04 nano oil, (d) CuzZnFe;04 nano oil.
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3.3. Engine Power and CO Emission Analyses

Frictional losses due to contact between moving parts
consume 17-19% of the total power generated by the
engine [22, 8, 23]. On the other hand, piston ring-cylinder
liner assembly constitutes 40-50% of these total frictional
losses [22, 8, 24]. Thus, tribological improvement in a
fired engine is imperative in order to enhance engine
power and reduce CO emissions. Due to the best
tribological performance of CuzZnFe,O4 nano particle,
the highest engine power (Figure 9) and the lowest CO
emissions (Figure 10) were obtained for this suspension.
Low friction provided by CuzZnFe;O4 nano oil yielded
engine to produce more power (in average) than that of
the other lubricants for the same engine speed. Also,
reduced friction led to reduced heat loss from the
combustion chambers and more power generation within
unit time. Furthermore, low wear leads to longer engine
life. In terms of engine power, an average increment of
15% was obtained with CuzZnFe,O4 compared to that of
the raw oil.

Incomplete in-cylinder combustion in a diesel engine
causes high-level CO emissions. Low combustion
efficiency leads to more fuel to be injected to generate
the same power compared to that of better combustion
characteristics. More fuel injection brings about more
carbon entrainment into the cylinder and increased CO
emissions. Therefore, less fuel introduction is crucial in
the context of CO emission reduction for the same engine
speed. Because the lowest friction values were obtained
for CuzZnFe;04 nano oil, lowest CO emissions were also
obtained, that is, due to low friction, the crank
mechanism was able to run smoother and necessitated
lesser fuel consumption and thus, lower carbon
introduction into the cylinders. This phenomenon led to
an average CO reduction of 18% for CuZnFe,Q4 nano oil
compared to that of the raw oil.
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Figure 9. Engine power vs. engine speed.



/

J

Celal Bayar University Journal of Science
Volume 15, Issue 3, 2019, p 251-256
Doi: 10.18466/cbayarfbe.453763

AC. Yilmaz

—&— Raw oil ——Cudnano oil —a—CuFe204 nano ol —a—CuZnFe204 nanooi

[=]

1200 1400 1600 180D 2000 2200 2400 2600 2800 3000 3200 3400
Engine speed (rpm)

Figure 10. CO emissions vs. engine speed.
4. Conclusion

In this study, it was depicted that nano particle
incorporated engine oil demonstrates better tribological
characteristics than that of the standard engine oil.
Enhanced tribological performance also facilitated better
engine performance and CO emission reduction
characteristics. It was concluded that, friction reduction
capacity of a lubricant is strongly dependent on the
lubricant temperature and viscosity especially under low
temperatures. Viscosity was more effective than that of
rolling and polishing effects under lower temperatures in
terms of tribofilm formation on the substrates.
Temperature increment causes viscosity reduction and
worsens maintenance of the tribofilm. However, high
temperatures facilitate more nano particle melt down and
fill the cracks on the surfaces. Reduced friction yields
more power generation and lower CO emissions due to
diminished fuel injection for the same engine power and
speed. Consequently, CuZnFe,O. nano oil depicted the
best tribological, engine performance and emission
characteristics among the others. This additive can be a
good candidate for diesel engine lubricants.
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