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Abstract: The two-stroke engine has many advantages, including low maintenance costs, a high
specific power, and a simple structure, compared to four-stroke engines. Since two-stroke engines
use a fuel-oil mixture instead of fuel alone, two-stroke engines do not need an oil pan. Unlike the
lubrication system in four-stroke engines, the moving parts are lubricated with a fuel-lubricant
mixture. As long as the engine is running, the fuel and lubricant burn together. The combustion
of this fuel-lubricant mixture can adversely affect exhaust emissions and cause excessive carbon
deposits on the spark plug. In this paper, experiments were carried out using different amounts of oil
(100:3, 100:3.5, and 100:4 vol.) in a two-stroke gasoline-powered generator. In addition, we attempted
to improve the lubricant’s properties by adding hBN (0.5% vol. or 1.3% wt.) to the lubricant. It was
observed that the flash point and pour point did not change as a result of the addition of hBN to
the lubricant, and the density and viscosity index increased linearly depending on the amount of
hBN. In a series of experiments, the generator was examined for performance and emissions. With
the addition of hBN, there was a significant decrease in the specific fuel consumption and exhaust
gas temperature, the CO; increased, and the CO and HC decreased. These results show that hBN
improves combustion. As a result, it was reported that reducing the amount of lubricant leads to
increased emissions and decreased performance. It was found that when 0.5% hBN by volume is
added to the lubricant, the lubricating property improves, and thus, the amount of oil added to the
fuel can be reduced to an acceptable level (from 100:4 to 100:3.5) without causing mechanical failure

in the engine.
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1. Introduction

Although the popularity of internal combustion engines has decreased due to the
tendency toward electrification in vehicles, internal combustion engines are predicted to be
used for many more years due to their widespread use. In addition to vehicles, internal
combustion engines are used extensively in agricultural systems, industrial systems, and
electricity generation systems. Although the share of two-stroke engines in all internal
combustion engines is not exactly known, their value to the world economy is estimated to
be tens of billions of US dollars.

Two-stroke engines, which have been used since the 1880s, have many advantages,
such as low maintenance costs, a high specific power (power-to-weight ratio), and the
ability to operate in different positions (vertical or horizontal) [1,2]. Two-stroke engines are
frequently preferred for simple agricultural machines that are used in processes such as
lawn mowing, sawing, spraying, and trimming; electric generators (especially with a low
power capacity); and transportation vehicles such as mopeds. These types of two-stroke
engines are generally crank-compressed, gasoline-powered, carbureted, air-cooled, and
naturally aspirated [3,4]. Since the moving parts of two-stroke engines are lubricated with
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lubricant that is added to the fuel, they do not need an oil pan (sump) like four-stroke
engines [5]. As long as the engine is running, the fuel and lubricant burn together. The
combustion of this fuel-lubricant mixture can cause excessive carbon deposits on the spark
plug and adversely affect exhaust emissions [6,7].

Two-stroke engine lubricant directly affects exhaust emissions and engine perfor-
mance since it is mixed into the fuel and burned together with the fuel. For this reason,
two-stroke engine lubricants must have different characteristics than four-stroke engine
oils. When four-stroke engine lubricant is mixed with gasoline, gumming occurs within
a few days [8,9]. However, the stickiness requirement is different in two-stroke engine
lubricant than in four-stroke engine lubricant. The recommended fuel/lubricant ratio for a
two-stroke engine varies based on the engine manufacturer and the type of lubricant and
is usually between 16:1 and 100:1. When a fuel/lubricant ratio that is different than the
recommended one is used, it has negative effects on the engine life, engine performance,
and exhaust emissions [1,8]. Compared to four-stroke engines, two-stroke engines have a
higher lubricant consumption. Lubricant consumption in four-stroke engines increases or
decreases depending on the usage characteristics of the engine. However, in two-stroke en-
gines, the oil added to the fuel is ejected from the exhaust whether it burns or not. Therefore,
lubricant consumption in two-stroke engines is not related to the operating characteristics
of the engine. For this reason, it is desirable to use the least possible amount of lubricant in
two-stroke engines [1]. Two-stroke engine lubricant can be mineral, semi-synthetic, or fully
synthetic. Although fully synthetic lubricants are recommended for high performance in
two-stroke engines today, mineral or semi-synthetic lubricants are often preferred because
they are cheaper than fully synthetic ones. In addition, the amount of lubricant to be mixed
into the fuel varies according to the preferred lubricant type.

Although the addition of lubricant to two-stroke engines negatively affects emissions,
various fuel injection strategies, air humidification, and various gas exchange strategies, as
well as systems that are similar to the lubrication system in four-stroke engines, are being
developed to minimize this environmental problem. Despite all these efforts, two-stroke
engines operating with fuel-lubricant mixtures are still widely used [1,2]. For this reason, in
addition to the development of existing engine technology, the development of lubricants
that regulate emissions or have better lubricating properties in two-stroke engines should
also be considered an important research topic.

As an alternative to today’s engine lubricants, rapeseed [10], jatropha [11,12], palm [13],
and wild mustard [14] non-edible and/or eco-friendly plant-based bio-lubricants are being
produced, and efforts are being made to improve their parameters and characteristics,
such as spark plug fouling [6], emissions [6,10,13], thermal aging [11,12], friction [11,12],
wear [12,13], viscosity [13], foaming characteristics [13], engine performance [10,13], and tri-
bological behaviors [12]. However, in order to improve the properties of the existing engine
lubricant, the use of nano-additives such as Al,O3 (aluminum oxide) [15-17], TiO, (tita-
nium oxide) [15-17], MoS; (molybdenum disulfide) [18,19], WS, (tungsten disulfide) [18],
CryAIC (chromium aluminum carbide) [19], La(OH)3; (lanthanum(Ill) hydroxide) [20],
graphene oxide [20], ZnO (zinc oxide) [21], CuO (copper oxide) [22], and hBN (hexagonal
boron nitride) [23—42] is becoming widespread. Each of the additives listed here improves
certain properties of the lubricant and may have advantages or disadvantages over each
other. hBN is an additive with significant potential to improve the properties of lubricants.
The use of nano-additives such as BN (boron nitride) [23—-42] is also becoming widespread.
It was reported that, thanks to these nano-additives (hBN and others), the tribological and
thermo-physical properties of the oil, such as the anti-wear performance, friction coeffi-
cient, viscosity, and thermal conductivity [15,19-22,24,26-28,34-37,41,42], are improved.
On the other hand, it was stated that nano-additive oil has effects such as a reduction in
the total friction power losses, an increase in the mechanical efficiency, an improvement
in fuel economy, and increased engine torque in internal combustion (gasoline or diesel)
engines [13,14,16-18,26,43]. The sizes of these nano-additives are in the range of 10-120 nm,
and 0.2-3% by volume is added to the oil [15,24,31,43].
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In general, nano-additives added to lubricants can be successfully separated for reuse
via various mechanical and chemical methods after the life of the lubricant is completed.
However, some of the internal combustion engine oils are discharged to the environment
from the exhaust line during use in the engine. Since the fuel-lubricant mixture is used in
two-stroke engines, almost all of the lubricant is discharged to the environment from the
exhaust line. In particular, the need to separate nano dimensional metal and its derivative
materials, whose environmental effects are unknown, may occur before they are discharged
from the exhaust line to the environment. In this case, it may be possible to physically or
chemically collect/dispose of these nano-sized materials by developing systems such as
various filters and catalytic methods [44,45].

Today, there are many studies on the use of hexagonal-shaped BN (hBN) nano-
powders as additives in lubricants [19,23-31,33,38-43,46—-49]. hBN is commonly produced
as 30-100 nm particles. The hexagonal nature of BN particles gives this material an ex-
cellent lubricating property. hBN is also called “white graphite” due to its similar and
superior properties when compared to graphite. Some of the superior features of hBN are a
low friction coefficient, thermal expansion, and a high thermal conductivity, temperature
stability, and load capacity [23-26,28,31,46,49]. When the tribological properties of the
lubricant are examined by blending the 70 nm hBN with the engine lubricant at a certain
rate (usually 0.5 vol.% or 1 wt. %), it is known that the friction coefficient decreases by
approximately 50%, and the viscosity index increases by approximately 3% [40,41]. In order
to prevent sedimentation, a certain amount of oleic acid (usually 0.3% vol.) is used together
with hBN as a surfactant. However, a visible sedimentation was observed when hBN added
to engine oil was kept at room temperature for approximately 720 h [23,24,34]. When the
effect of adding hBN to lubricant on the performance of internal combustion engines was
examined, it was determined that 0.5 vol. % of hBN achieved the best results [43]. It is
extremely important to consider the nanoparticle additive in the lubricant and to exam-
ine its effect on the tribological and performance properties of mechanical systems. This
was characterized via UV spectroscopy and differential scanning calorimetry by adding
0.5-1% (wt.) hBN for a diesel engine lubricant. As a result of the characterization, it was
reported that 1% wt. hBN was stable. However, it is an important result that there is a
significant improvement in the performance and emission characteristics of the engine
with the addition of 1% wt. hBN to the lubricant [26,27]. In an experimental study on the
addition of hbN to lubricant for steel/steel friction, it was observed that the addition of 0.7%
wt. hBN significantly reduced the friction coefficient and the wear scar diameter [37,40].
The amount of hBN added to the lubricant is also an important parameter. In this study;,
in four different dimensions, the proposed parameter to define the particle cluster is not
only the average particle size, but also the exact particle size distribution [29]. Among the
studies on hBN, the effects of adding 3% wt. 60 nm hBN and 1% wt. 500 nm hBN into the
grease lubricant were compared. In experimental studies, it was observed that there is a
decrease of approximately 20% in the diameter of the wear scar and the friction coefficient
decreases somewhat [30]. There are not only studies on conventional lubricants. The issue
of the usability of vegetable oils as base oils is still current due to the ecological damage
caused by mineral oils. In a study on the effect of hBN on the tribological properties of
palm oil, 70 nm hBN nanoparticles were blended at various concentrations ranging from
0% to 0.5% (vol.), the obtained lubricants were evaluated tribologically, and a characteristic
improvement was reported [31]. Especially in machine manufacturing, various sustainable
production techniques are applied to make processes more environmentally friendly. For
example, cutting fluid is used to facilitate the cutting process during the processing of
difficult-to-cut materials such as titanium alloys. The authors investigated the effects on
cutting quality by adding different concentrations of hBN to conventional cutting fluid,
and the minimum amount of cutting fluid was determined. As a result, it was proven that
using the minimum amount of lubrication with hBN nanoparticles can reduce both the
shear force and the surface roughness [32]. Instead of only adding hBN to the lubricant,
materials such as graphene, graphene oxide, molybdenum disulfide, copper, and carbon
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fiber can also be used with hBN. Such applications are applied to improve the tribological
behavior of both petroleum-based and bio-based lubricants [33-39].

Researchers’ consideration for the effects of hBN on lubricants can be reviewed. Be-
fore starting this study, the effect of hBN on lubrication rates was investigated. Internal
combustion engines also work with metal-metal contact. In addition to this metal-metal
contact, the thermal effect can play an undeniably active role. For metal-metal contact,
synergistic analysis (worn surface observation, surface wettability test, and Stribeck stress)
is generally preferred. The viscosity of the mixture is determined with a viscometer. A ball
tribometer is used to determine the tribological properties. The point to be considered here
is to prevent agglomeration [40].

Although hBN structurally resembles graphite and alumina in appearance, it has some
superior properties. Compared to ceramic materials, it has a very low density. In addition,
since it is an inert material, it does not enter into chemical reaction, it is resistant to high
temperatures, it has good lubricating properties, and it is not toxic, which is an important
reason for this study. However, many researchers have examined the lubricating properties
of hBN so far [23,24,41-43].

Previous studies have shown that hBN as a nano-additive improves the tribological
properties of lubricants, and when these lubricants are used in internal combustion engines,
it provides improved engine performance and reduced emissions. However, although
two-stroke engines are widely used around the world, the effect of using hBN as a nano-
additive on engine performance has not been sufficiently mentioned in the literature until
now, because the lubricant is also a part of the combustion process in two-stroke engines.

The fuel and lubricant used in internal combustion engines are generally petroleum
based. The main environmental threat in internal combustion engines is the pollutant
gases that form as a result of combustion. Various technologies are being developed for the
disposal of these polluting gases. In addition, sustainable biofuels using plant or animal
sources are also produced, and there are many studies on this topic in the literature [50-53].
Similarly, studies on bio-lubricants use plant or animal sources [54-56]. However, this paper
is focused on investigating the ability to reduce the amount of lubricant that should be
used without sacrificing engine performance with the nano-additive used in the lubricant,
and thus, the ability to reduce the environmental impact caused by two-stroke engines.

2. Experimental Setup and Procedures
2.1. Experimental Setup

A gasoline two-stroke power generator, the specifications of which are given in Table 1,
is used for the experiments.

Table 1. Technical specifications of the power generator [57].

220 VAC, 50 Hz, Single Phase

Generator Output 750 W (0.8 kVA) Rated
800 W (1.0 kVA) Maximum
Power Factor (Cos ¢) 1.00
Engine Displacement 63 cc
Engine Output Power 1490 W maximum

Engine Rotation

Counterclockwise

Engine Type Horizontal, single cylinder, 2-stroke, naturally aspirated
Engine Cooling System Forced air
Engine Fuel 87+ octane mixed with lubricant oil
Lubricant Type Designed specifically for mixing with gasoline
Gasoline-to-oil ratio
Lubricant Oil 100:2 vol. for full synthetic oil

100:4 vol. for mineral oil

Sound Level

56 dB at 7 m




Sustainability 2023, 15, 14605

50f17

In the experimental setup, shown schematically in Figure 1, an airbox with a volume
of 0.006 m® (approximately 100 times the stroke volume) was used for the measurement of
air consumption. K-type thermocouple was used for exhaust gas temperature measure-
ment. Fuel consumption measurement was made volumetrically, and a simple setup was
created using level sensors for measurement. The weather sensors were used to measure
atmospheric and airbox conditions (humidity, temperature, and pressure). An exhaust gas
analyzer was used for exhaust gas analysis (HC, CO, and CO;) [58]. In order to operate
the generator under different load conditions, a resistive load bank and a power meter
were used to keep electrical values such as frequency, current, voltage, and power under
control. For the instant recording of experimental data, the LattePanda development board,
which contains both a microprocessor (Intel Cherry Trail Z8350, Quad Core, 1.8 GHz, 64 bit)
and a microcontroller (Atmega 32u4, 16 MHz, 8 bit, 26 GPIO), was programmed and used
as a data logger [59]. The schematic of the experimental setup is given in Figure 1, the
characteristics of the emission device used in the experiments are given in Table 2, and the
characteristics of the instruments used in the experimental setup are given in Table 3.

Fuel Tank
{ Acoustic Emission (Noise) |
L_J_“| é O—lAmbient Conditions (Humidity, Temperature and Pressure)

{ Fuel Consumption
Generator - —
il === |—| Airbox Conditions |—|->
1

1
i ! (5 Data Logger and
: Alternator 2 Stroke Gasoline < Airbox Monitoring
1 .
! 0.8 kW Engine AA AA
' 220V 63 cc
! 50Hz 1.49 kW
:
1
T _l ______________________ Cylinder Wall Temperature
Resistive Exhaust
UHC, CO, CO,, NOy, Xl—
Load Bank A leas ) _I 2
0-980 W natyzer
220/\VAC Exhaust Gas Temperature [———
Power Meter Exhaust 1
| Vibration |

{ Frequency, Current, Voltage, Power |—————

Figure 1. Schematical view of the experimental setup.

Table 2. Technical specifications of the exhaust gas analyzer [58].

Measurement Operating Range Resolution Accuracy
Lambda 04 0.001% +0.2%
CO (%) 0-14 0.001% +0.2%
CO; (%) 0-18 0.01% +1%

HC (ppm) 0-9999 1 ppm +10 ppm
O (%) 0-25 0.01% +0.2%

A number of modifications were made to the power generator in order to position
the measuring equipment. In order to measure the exhaust emission, the exhaust muffler
was removed from the exhaust pipe, and a part was added that allows for the emission
device probe and exhaust temperature thermocouple to be attached instead. Again, the
filter assembly on the intake air inlet was removed, and the airbox assembly was placed
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in its place. A fuel consumption measuring device is located instead of the fuel tank. The
power generator was run in factory settings.

Table 3. Some properties of the instruments used in the experimental setup [59-64].

Measurement Instrument Used Operating Range Accuracy
(Accuracy)
Exhaust MAX 6675 with K-Type 273-1300 K 11K
temperature Thermocouple
Conditions of the Pressure: 30-110 kPa +1kPa
ambient and Bosch BME680 Humidity: 0-100% +3%
the airbox Temperature: 233-358 K +1K
. Volumetric Measurement with
Fuel consumption XKC-Y25 0-100s/40 cc +0.55/40 cc
Power meter Haseman PRM-10 Power: 0-999.9 W +0.1W
(True RMS) Frequency: 10-99.9 Hz +0.1Hz

Engine speed

Omron E6A2-C

360 pulse/rotation

2.2. Lubricant and Fuel-lubricant Mixture Preparation

In this part, first of all, the hBN was mixed with the lubricant and then the prepared
lubricant was mixed with the fuel and made usable in the engine. For this study, a 70 nm
hBN nano-powder (Table 4) was mixed with mineral two-stroke lubricant (Table 5). Oleic
acid (Table 6) was used as a surfactant to prevent sedimentation of the hBN nano-powder
in the lubricant. The sonication method was used to prepare this mixture.

Table 4. Properties of the hexagonal boron nitride [65].

Properties hBN Powder
Average Diameter Particle Size ~70 nm
Real Density 2250 kg'm 3
Bulk Density 375 kg:m~3
Thermal Conductivity 29 W-m~1.K!
Molecular Weight 24.82 g-mol !
Melting Point 2973 K
Specific Heat 840 kg 1.K~1
Friction Coefficient 0.17 to 0.70
Table 5. Properties of the mineral 2-stroke lubricant [66].
Properties Method Value
Density at 298 K ASTM D 4052 857 kg:m~3
Kinematic Viscosity at 373 K ASTM D 445 9.00 cSt
Kinematic Viscosity at 313 K ASTM D 445 62 cSt
Viscosity Index ASTM D 2270 117
Flash Point ASTM D 93 384 K
Pour point ASTM D 97 301K
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Table 6. Properties of the oleic acid [67].

Properties Oleic Acid
Chemical Formula C1sH340;
Molecular Weight 282.46 g-mol !

Density 899 kg-m 3
Melting Point 287 K
Boiling Point 633 K

Purity >99%

hBN nano-powder was purchased from a local supplier in Ttirkiye, and the nanoparti-
cle’s morphology is hexagonal, as shown in Figure 2, with an average particle size of 70 nm.
A Zeiss Supra 40VP Field Emission Scanning Electron Microscope was used to capture the
image in Figure 2.

Mag= 70.00KX 200 nm* WD = 10.5 mm EHT = 15.00 k¥ Signal A = SEZ
SUPRA 40V/P-41-14 Noise Reduction = Line Int. Done Chamber Status = Pumping (HY)

Figure 2. The nanostructure of hexagonal boron nitride.

In this experiment, 5 mL (11.25 g) of hBN and 3 mL of oleic acid were used per liter
of lubricant. The amounts of hBN and surfactant to be added to 1 L of lubricant were
determined by compiling amounts from previous studies [15-26,29-47]. Lubricant, hBN,
and oleic acid were mixed first with a magnetic stirrer (Thermomac TM12, 650 rpm) for
12 h and then with an ultrasonic homogenizer (Bandelin RK-100, 35 kHz, 80 W) for 30 min.

Various tests were applied to examine the effect of hBN additive on the properties of
the lubricant. As a result of these tests, it was determined that the flash point and pour point
did not change with the addition of hBN, and the density and viscosity index increased
linearly depending on the amount of hBN (Figure 3). The sedimentation of hBN in lubricant
is a known problem that was noted in previous studies [24-26,29]. It was observed that
there was no visible sedimentation when the mixtures prepared for the experimental study
were kept at room temperature for 120 h. In fact, when previous studies were examined,
it was seen that the reasonable time for sedimentation observation is 720 h. In practice, it
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is not possible to keep the prepared mixture for such a long time. Even if precipitation
occurs during this period, it is insignificant for the scope of this study. However, since the
lubricant obtained in this study is used by mixing with the fuel right after it is prepared and
the lubricant is not stored in any oil pan (sink) as in four-stroke engines, it was assumed
that sedimentation did not occur.

0 0.2 0.4 0.6 0.8 1

862 +—+—+—+—+—+—+——+—+— 124
861 1 £ 123
_ 860 7 +£ 122 y
£ 8591 1213
sp 858 3 k=

i) 1 + 120
E‘857 - 119 g
] + %)
856 1 E 0 8
2 855 1 T8 e
854 T //A —o6— Density E 117
853 &~ --A-- Viscosity Index |F 116
852 t } t } t } t } t F 115

0 0.2 0.4 0.6 0.8 1
hBN (% vol.)

Figure 3. Variation of density and viscosity index depending on amount of hBN in lubricant.

A UV spectrometer (Optizen, 190-1100 nm) was used for the dispersion stability
analysis of the reference lubricant (lubricant) and prepared lubricant (lubricant + hBN).
The result of the UV spectroscopy analysis is shown in Figure 4. It was noticed that the
lubricant and the lubricant with hBN showed a higher absorbance value of 4 (a.u). However,
the absorbance trend of the reference lubricant started decreasing from the wavelength
of 550 nm and reached up to 0.2 (a.u). In addition, it was observed that the absorbance
values for the prepared lubricant were stable for up to 580 nm in wavelength and started to
decrease up to 1.8 (a.u). The researchers of [26] said that the absorbance value of any fluid
is directly associated with the dispersion stability of nanoparticles in the particular fluid;
hence, the prepared lubricant showed a stronger dispersion stability and was observed to
be well dispersed.

N I p— e
1 reference |
—~ 4
5
S
83
=
©
<2
2
8
<1
0 T T T T T T T T T T T T T T
250 500 750 1000

Wavelength (nm)

Figure 4. UV spectroscopy analysis of lubricants (reference and prepared).

Lubricants were mixed with 95 RON regular gasoline at ratios of 100:4, 100:3.5, and
100:3 (vol). Accordingly, six experimental fuel-lubricant mixtures were obtained, three of
which added hBN. The fuel-lubricant mixture was prepared via mixing with a mechanical
stirrer (Isolab, 800 rpm) for 10 min.
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2.3. Experimental Procedure

A constant speed generator (50 Hz, 3000 rpm) was used in the experiments for this
study. The voltage and current curves of the alternator of a power generator for the resistive
load are shown in Figure 5.

0 (rad)
Oom 1m 2m
400 |+ 3
300 /\ Peak Voltage, V=V, ,, 5
200 / Effective Voltage, V
— " Positive +1
=100 alternation <
& =
g 0 0 5
2 Half Period E
-100 Negative T _1U
-200 Voltage -,3}ternat1(i-1?, / 1
......... Current T 2
-300 . T
< One Period !
-400 + -3
0.000 0.005 0.010 0.015 0.020
Time (s)

Figure 5. Voltage and current waveforms of power generator alternator for resistive load.

Here, the peak voltage is the voltage value displayed with the oscilloscope. Electrical
devices are generally labeled with effective voltage, and thereisa V), = V2V relationship
between the peak voltage and effective voltage. The effective voltage of the power generator
used is 220 VAC. Accordingly, the power expression for the resistive load can be calculated

as follows: ,

\%
Py =V Icosp = R—cosq) 1)
r

Here, cos ¢ = 1 can be accepted, and P,; is the electrical power. In the generator, there
is a mechanical connection between the alternator and the internal combustion engine. It is
known that the mechanical efficiency here is #;,.c = 0.92. Accordingly, the engine power

can be calculated as follows:

P
Pice = alt @

Nmec

For example, when R, = 350 Q), P;;; = 138 W, and P, = 150 W. According to
the standard document [68], the environmental correction factor («) should be calculated
depending on external factors (humidity, pressure, and temperature) in internal combustion

engine tests.
1.2
T 0.6
o= 99 ( exp) (3)
Pexp,dry — Pv 298

Do & $0.6479 0:0622(Texp—273) @)

Here, pexp,arys Texp, and ¢ are the dry pressure, temperature, and relative humidity
of the air in the experimental environment, respectively. It is desirable that the « value
calculated here is in the range of 0.93-1.07. Accordingly, the corrected power for the internal
combustion engine is expressed as follows:

P = “Pice (5)

ce
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The specific fuel consumption (b) is expressed as the ratio of fuel consumption (B) to P7,.

B

ice

be

(6)

In this study, three different fuel-lubricant values were experienced for five differ-
ent electrical power values, and the effects of hBN on emission and performance were
investigated. The engine speed was adjusted by controlling the alternator frequency for
each power value. In addition, the stable load conditions are provided by the external and
continuous cooling of the resistive load bank.

3. Results and Discussion

The oleic acid used here is actually a boundary lubricant and is frequently encountered
in the literature [23,24,26]. In order to determine whether it has an effect on the performance
change in engine tests, only oleic acid was added to the lubricant and compared with the
reference lubricant. In the experimental study, it was reported that the addition of oleic
acid did not have a significant effect on the engine performance. Therefore, the effects of
hBN on engine performance could be tested in this study.

The fuel consumption change depending on the load Is shown in Figure 6. Fuel
consumption increases with the load. However, although hBN is used as a lubricant
additive, the lubricant is also burned with the fuel in two-stroke engines. Therefore, it is
seen that hBN has a reducing effect on fuel consumption. In addition, as the lubricant ratio
in the fuel is reduced, the fuel consumption increases. However, it seems possible to use
a lower ratio of lubricant with the addition of hBN to the lubricant. In other words, it is
possible to use the ratio of 100:3.5 by adding hBN to the lubricant instead of the reference
ratio of 100:4.0. This means that oil consumption can be reduced by 12.5% thanks to hBN,
provided that it provides the same performance under the same conditions. For low engine
loads, the effect of hBN on fuel consumption appears more clearly.

080 - —©— 100:4.0, std.
—*— 100:3.5, std.
0.75 4+| —&— 100:3.0, std.
= --r--- 100:4.0, hBN
~ 0.70 | - 100:3.5, hBN
= ---2%--- 100:3.0, hBN
5 065
o
o
g 0.60
2
5 0.55
()]
T 050 T s
Y O St A —
045 £ wezzzzsr
0.40 1 , , } :
150 300 450 600 750
Load (W)

Figure 6. Fuel consumption change depending on load.

The specific fuel consumption is a fundamental expression of efficiency for internal
combustion engines, and it is desired to be as low as possible. The specific fuel consumption
tends to increase as the maximum torque and maximum power conditions are approached.
The specific fuel consumption change depending on the load is shown in Figure 7. As
the load increases, the specific fuel consumption decreases. However, as the amount of
lubricant in the fuel decreases, the specific fuel consumption increases. When hBN is added
to the lubricant, the specific fuel consumption is reduced. The probable reason for this is
that the hBN additive improves the lubrication, thus increasing the engine performance.
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In addition, it seems possible to use a lower ratio of lubricant with the addition of hBN to
the lubricant.
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Figure 7. Specific fuel consumption change depending on load.

An increase in the excess air ratio means that the in-cylinder mixture becomes poorer,
that is, the amount of fuel (hence the amount of lubricant) in the air decreases. This value
changes depending on the power demand of the user. Since the lubricant in two-stroke
engines is also a component of the combustion process, the variation in the excess air
coefficient can also be used to comment on the combustion process. The change in the
excess air ratio depending on the load is shown in Figure 8. According to Table 1, the
maximum power of the internal combustion engine is 1490 W. However, this power value
can be reached at operating conditions higher than 3000 rpm. Therefore, the engine is
operating under partial load conditions. As the engine load increases, the excess air ratio
increases. However, as the amount of lubricant in the fuel decreases, the excess air ratio
increases. It is observed that the excess air ratio increases significantly when hBN is added
to the lubricant. With the addition of hBN, the engine operating conditions become closer
to full combustion conditions. With the addition of hBN to the lubricant, the engine also
operates with a high excess air ratio. At the same load conditions, it is seen that hBN has a
positive effect on combustion and, therefore, on engine performance.
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Figure 8. Excess air ratio change depending on load.

The variation of the exhaust gas temperature depending on the load is shown in
Figure 9. As the load increases, the exhaust gas temperature rises. It can be stated that the
addition of hBN has a lowering effect on the exhaust gas temperature, especially in high
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load conditions. Reducing the amount of lubricant in the fuel increases the exhaust gas
temperature. Based on the graphs above, it can be said that the addition of hBN not only
improves the properties of the lubricant, but also improves combustion.
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Figure 9. Exhaust gas temperature change depending on load.

The engine performance results here show that the addition of hBN to the lubricant
not only improves the tribological properties of the lubricant, but also partially improves
the engine performance. This situation is compatible with the results in the literature,
e.g. [23,24,26,28,43].

In this paper, the CO;, CO, and HC values were measured as exhaust emissions. In
Figure 10, the change in CO, depending on the load is examined. As it is known, the high
CO; level in a combustion event is an indication that complete combustion is approaching.
In general, it is seen that the CO; value tends to increase as the load increases. However, as
the ratio of lubricant in the fuel decreases, the CO, value increases. This shows that the
lubricant has a negative effect on the combustion characteristics. However, the addition
of hBN to the lubricant causes an increase in CO,. In addition, it seems possible to use a
lower ratio of lubricant with the addition of hBN to the lubricant.
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Figure 10. CO, emission change depending on load.

In Figure 11, the change in CO depending on the load is examined. As it is known,
CO is a product of incomplete combustion. As the load increases, the CO value tends to
decrease. As the ratio of lubricant in the fuel decreases, the CO value decreases. In addition,
the addition of hBN to the lubricant causes a decrease in CO emissions. In addition, it
seems possible to use a lower ratio of lubricant with the addition of hBN to the lubricant.
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Figure 11. CO emission change depending on load.

In Figure 12, the change in the unburned HC depending on the load is examined. As
the load increases, the HC tends to decrease. As the lubricant ratio in the fuel decreases,
the HC decreases. In addition, the addition of hBN to the lubricant causes a decrease in HC
emissions. In addition, it seems possible to use a lower ratio of lubricant with the addition
of hBN to the lubricant.
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Figure 12. HC emission change depending on load.

In general, the addition of hBN to the lubricant improves both the characteristics
of the lubricant and the combustion. Thus, it was observed that both the performance
and emissions were reduced. In general, it is desirable to increase CO, emissions and
decrease HC and CO emissions in an internal combustion engine. Here, the parameter that
affects the emission values is definitely the amount of lubricant in the fuel. It is clearly
seen that with the reduction in the amount of lubricant, there is an improvement in the
emissions. When talking about emissions here, it should be taken into account that hBN is
also exhausted into the environment. However, considering that the amount of lubricant
in the fuel is 4% and the amount of hBN in the oil is 0.5%, there is 0.45 g of hBN in each
liter of fuel. It is currently unpredictable whether this amount will cause environmental
and health problems if it is released into the environment. However, since it is known that
hBN is not toxic and does not react chemically, this value was ignored for this study, and
a study was not conducted on it. Today, mechanical or chemical systems in which these
nanoparticles can be selected /collected from the exhaust gases are developed, e.g., [44,45],
and thus, recovery can be applied. However, such a system was not used in this study.



Sustainability 2023, 15, 14605 14 of 17

4. Conclusions

In this study, the effect of adding hBN (70 nm) to the lubricant substance (mineral
oil) of two-stroke engines in terms of emissions was experimentally investigated. For this,
the experiments were carried out using different amounts of lubricant (100:3, 100:3.5, and
100:4 vol.) in a two-stroke power generator. In addition, we tried to improve the lubricating
properties by adding hBN (0.5% vol. or 1.3% wt.) to the lubricant. In a series of experiments,
a power generator was examined for its performance and emissions. The experiments were
carried out under constant velocity—variable load conditions. A fuel-oil mixture is used in
two-stroke engines, and the amount of oil that is used directly affects the emission values.
Using less lubricant than necessary causes mechanical problems, and using too much
lubricant causes environmental problems. For this, it is necessary to use the least possible
amount of lubricant in order to reduce the environmental problems caused by two-stroke
engines without sacrificing performance. In this study, it was experimentally proven that
by adding 0.5% hBN, the lubricating properties of the lubricant can be improved, and
less lubricant can be added to the fuel. When adding hBN to the lubricant, precipitation
was prevented for up to 120 h by using oleic acid as the surfactant. As a result of the
addition of hBN to the lubricant, it was observed that the flash point and pour point did not
change, and the density and viscosity index increased linearly depending on the amount
of hBN. The engine performance improves slightly when the amount of lubricant used is
reduced. Thus, adding hBN to the lubricant indirectly contributes to fuel economy. As a
general evaluation, by adding hBN to the lubricants of two-stroke engines, the engine needs
less lubricant without sacrificing performance, and thus, the emission from the lubricant
can be reduced. In addition to the results in this paper, topics such as the long-running
performance of the engine, the in-cylinder pressure, the cylinder surface wear, spark plug
fouling, and the performance at variable engine speeds can be studied. In addition, in
this study, the experiments were carried out for the most preferred hBN ratio according to
the information in the literature. The amount of hBN can be optimized by repeating the
experiments for different hBN ratios.
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