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Abstract: In this study, the effect of a thermal barrier coating with yttria-stabilized zirconia (YSZ)
and aluminum silicate (Al,O03-5i0,) alongside an NiCrAl bond coat on the engine performance and
emission analysis was evaluated by using conventional diesel and pure palm oil biodiesel. These
materials were coated on the piston alloy via plasma spray coating. The findings demonstrated
that YSZ coating presented better engine performances, in terms of brake thermal efficiency (BTE)
and brake-specific fuel consumption (BSFC) for both fuels. The piston with YSZ coating materials
achieved the highest BTE (15.94% for diesel, 14.55% for biodiesel) and lowest BSFC (498.96 g/kWh
for diesel, 619.81 g/kWh for biodiesel). However, Al;03-SiO, coatings indicated better emission
with lowest emissions of NO, CO, and CO; for both diesel and biodiesel. For the uncoated piston,
the results indicated that the engine clocked the highest torque and power, especially on diesel fuel
due to the high viscosity and low caloric value, and it recorded the lowest hydrocarbon emission
due to the complete combustion of fuel in the engine. Hence, it was concluded that the YSZ coating
could lead to better engine performance, while Al,O3-5i0, showed promising results in terms of
greenhouse gas emission.

Keywords: thermal barrier coating; palm oil biodiesel; diesel engine

1. Introduction

There has been continuous improvement in the combustion chemistry and desired
product of combustion over the years. For instance, the discovery of alternative liquid fuels
as one of the optimum solutions to improve combustion. The geometrical or mechanical
aspect of the combustion chamber should be critically considered in order to achieve better
performance and less emissions. Malaysia is generally one of the world’s main producers
of palm oil. Palm oil has been identified as one of the reliable sources of alternative fuels in
Malaysia. Numerous matured palm oil biodiesel factories in Malaysia have been operating
successfully and have managed to sell their products to local and global users [1,2]. The
use of palm biodiesel in the compression ignition (CI) engine typically reduces brake
thermal efficiency (BTE), unburned hydrocarbon, and carbon monoxide and increases
brake-specific fuel consumption (BSFC) and nitrogen oxide [3]. In the CI engine, the use
of a piston bowl significantly influences the mixing of fuel and air. In the case of a direct
injection CI engine, the use of a piston of the deep troidal bowl type provides a better and
faster swirl of air intake with a proper mixture ratio, better firing, and complete burns and
improves the torque value by 3-5%. Based on simulation results, the troidal bowl piston
has been found to reduce the BSFC of the engine [4].

The thermal barrier coating (TBC) is a common term in the industry that describes
the coating advantages of improved thermal efficiency. Coating technologies have their
own ways to enhance green technologies with proven results of improvement in BSFC
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and lower emissions and smoke opacity [5]. The thermal barrier coating of a piston
crown is commonly made of ceramic material, but most studies have focused on the
stabilized zirconia with various compositions, such as zirconia oxide (ZrO,), partially
stabilized zirconium (PSZ), yttria-stabilized zirconia (YSZ) [5], magnesia-stabilized zirconia
(MSZ) [6], and PEO (Al,O3-ZrO,-5i0,) [7,8]. YSZ is considered as a good choice for thermal
barrier coatings as this coating material offers several advantages, such as a high thermal
expansion coefficient, low thermal conductivity, and high thermal shock resistance [9].
YSZ is commonly used in the industry to coat blades in gas turbine engines in order
to achieve better thermal efficiency [10,11]. Some of these ceramic coatings for diesel
engines were tested using Pongamia oil [12], cotton seed o0il [13], crude Jatropha oil with
carbureted oil [14], and diesel fuel [15], which revealed significantly improved thermal
efficiency. Nanoscale or topographic characterization of three-dimensional surfaces enables
modeling of the surface behavior of the coated piston [16]. It has been determined that
fractal analysis is important in understanding the growth of structures during different
manufacturing processes and developing fractal-like structures for enhanced performance
in coating applications [17].

The present study focused on the research gaps found in the literature on alternative
fuels in the automotive field, with the aim to improve, enhance, or eliminate these gaps
using an engineered mechanical solution, specifically through the adoption of coating
technologies enhancement in the diesel engine. There are several disadvantages of biodiesel,
such as higher viscosity and low calorific value—in this case, more fuel for burning is
required in order to achieve the same performance as the other conventional fuels [18].
Furthermore, the oxygen content in vegetable oils increases the exhaust NOx level [19].
Generally, the application of biodiesel as fuel offers several advantages, such as being a
renewable resource, having a high cetane number, possessing lower content of sulphur
and aromatic compounds, and emitting lower content of carbon monoxide (CO), unburned
hydrocarbons, and particulate matters [20]. The NO values in relation to the thermal
barrier coating were found to be higher than those of uncoated piston, which indicated the
need for research to address this gap. The NO value typically increases with the increase
of heat. Hence, for this experimental work, only the piston crown was coated and the
NO value was expected to be reduced since heat was partially contained. Meanwhile,
the combination of triphase composite ceramic coating, Al,O3-ZrO;, and a small amount
of SiO, (SiASZ) presents good thermal shock resistance [8]. However, the Al,O3-SiO;
coating for the engine was never tested and the outcomes of Kubota RT125 engine (Kubota,
Osaka, Japan) performance and emission analysis were never evaluated for B100 palm oil
biodiesel. This particular coating material was expected to further improve the emissions,
as it possesses high thermal insulation capability and its combination with SiO; potentially
improves the NO emission. This experimental work aimed to evaluate the effect of a piston
crown coating with YSZ and Al,O3-5iO; on the engine performance and exhaust emissions.

2. Materials and Methods

Figure 1 shows the schematic view of the experimental test setup, which included a
single-cylinder, four stroke, direct injection diesel engine. The details of the test engine
(Kubota RT 125, Kubota, Osaka, Japan) are presented in Table 1. Figure 2 indicates the
experimental setup, which included an eddy current dynamometer to alter or tune the
engine load. For this experimental test setup, a generator-type dynamometer was included
to hold the engine load and speed. The function of the eddy current dynamometer is to
provide brake power [21]. Besides that, this experimental test setup was also equipped with
a data acquisition system to collect data and analyze the performance of the tested fuels
according to various types of piston coatings. The injection system used for this experiment
was a direct injection combustion system (KUBOTA RT125DI-ES, Kubota, Osaka, Japan)
and the details are shown in Table 1. Besides, the coating on the piston was a 400 um thick
thermal barrier coating with an 100 um lining layer of NiCrAl [13].



Coatings 2021, 11, 885 30f19

1 6 5
Fuel Fuel Bosch Data Collection System
Tank Tank —  Gas
Diesel Biodiesel Analyzer i
Dynamometer
controller

1 Fuel tank (diesel & biodiesel)
2 Test Diesel Engine

) 3 Eddy Current Dynamometer
2 3 Eddy Current 4 Dynamometer controller

5 Data Collection System

6 Bosch Gas Analyzer

Test Diesel Engine Dynamometer

Figure 1. Schematic diagram for the experimental setup.

Table 1. Engine Specification.

Model RT125DI-ES
Type Water cooled 4 stroke horizontal diesel engine

Cylinder No 1

Bore x Stroke 94 mm x 96 mm

Displacement 666 cc

Max Output 9.2 kW /2400 rpm
Compression Ratio 18:1

Max. Torque 4.7 kgf-m/1600 rpm
Combustion System Direct injection

Piston Material High Strength Aluminum Alloy JIS ACSA

Figure 2. Kubota RT-125 diesel engine experimental setup.

For the loading of the engine, an electric dynamometer (KAMA, Fuzhou, China),
which can operate at 26 kW, 80 Nm torque, and max 5000 rpm (£50), was used. The
data obtained during the engine tests were recorded to the computer by the interface of
the engine test device depending on the time. Simultaneously with these measurements,
emission values were measured from the emission device (BOSCH, Gerlingen, Germany)
and recorded by printing them out.
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The experimental test was conducted at a temperature of 32 °C and humidity of 61%,
according to different speed settings under a fully loaded engine operation condition.
According to the manufacturer, the full load engine speed can be achieved at the lowest
engine speed of 1000 rpm. However, for safety reasons, the lowest engine test speed in
this experimental test was reduced to 1200 rpm since the engine vibration was excessively
high during the full load condition. Besides that, the fuel throttle of the engine was set
at the maximum condition. Following that, the engine speed was gradually reduced at
intervals of 200 rpm from 2400 rpm to 1200 rpm. Expectedly, the dynamometer increased
the load applied to the engine in order to achieve the desired speed as the speed decreased.
A similar step was repeated for each coated piston and fuel type. Furthermore, each
experimental test was repeated three times to obtain the average value. With that, the
consistency of the recorded values was ensured with minimal measurement errors. The
recorded data were transformed into graph format to facilitate the analysis and observation.
Prior to taking each reading, the engine was operated at a steady condition for 5-7 minutes
for all tested pistons and fuel types. Data of fuel consumption, torque, power, hydrocarbon,
carbon dioxide, oxygen, nitrogen oxide, and carbon monoxide were recorded. All testing
and data collection processes were performed using the controller and recorded on the
computer. The exhaust emission test was conducted using the BOSCH model emission
analyzer (BOSCH, Gerlingen, Germany). This device is equipped with a NO sensor and can
measure the smoke opacity with the use of additional probe that is linked to the opacimeter
unit. Meanwhile, gravimetric type fuel consumption meter (Kobold, Nordring, Germany)
was used to measure fuel flow rate.

This experimental test involved three types of pistons, which included an uncoated
piston, YSZ.coated piston crown, and Al,Os-5i0;-coated piston crown. The thermal barrier
coating was built on the piston crown using the plasma spray technique. A small amount
of 5i0; was introduced and blended into the Al,O3 coating. NiCrAl was used to bond the
thermal barrier coating with the surface of piston crown. Figure 3 presents a schematic
diagram for the thermal barrier coating, whereas Figure 4 shows the thermal barrier coating
of YSZ and Al,O3-5i0; on the piston crown.

TBC - YSZCoat [N TBC - Al, O; -SiO; Coat
BC - NiCrAl Coat BC - NiCrAl Coat

Figure 3. Thermal barrier coating layer on a piston.
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(a) (b)
Figure 4. Piston coated with (a) YSZ and (b) Al;O3-5i0;.

Both the YSZ and Al;03-5i0; were in powder form. By applying plasma spray,
the abrasive powder was melted in ionized gas on the piston surface, resulting in the
formation of a coating layer on the piston crown. The plasma spray was equipped with
a powder feeder, gas supply, spray gun, power unit, controller, cooling unit, and holder.
The ceramic coating materials of YSZ (purity 99.9%) and Al,O3-5i0; (purity 99.9%) used
in this experimental test were readily available. Prior to the application of coating, acetone
was used to clean the surface of the piston and the process proceeded with grit blasting to
increase its surface roughness in order to enhance the grip of the coating to the surface of
the piston.

Al,O3-5i0; is a fused and crushed material developed specifically for application
using plasma spray as part of a TBC. The SEM of Al,03-5i0, powder morphology and
microstructure are shown in Figures 5 and 6, respectively. The typical material characteristic
of Al,O3-5i0; is presented in Table 2. Al,O3-5iO; has lower thermal expansion compared
to YSZ. Furthermore, Al,O3-5i0; also delivers low thermal conductivity, is superior in
abrasion resistance, and has higher phase stabilization through the life span of the coating,
with an allowable operating temperature in combustion engine operations.

Figure 5. SEM photomicrographs (1000 x of magnification) of Al,O3-5i0, powder morphology [22].
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Figure 6. SEM photomicrographs of Al;O3-5i0; microstructure [22].

Table 2. Al,03-5i0, Material (Oerlikon Metco, Shanghai, China) Characteristics.

Classification Ceramic, Aluminum Silicate
Chemistry 3A1,05-25i0,
Manufacture Fused & Crushed
Morphology Irregular
Thermal Expansion Coefficient 5-6 x 1076/°C
Thermal Conductivity 2.5-3.5 W/mK
Service Temperature <1300 °C
Chemical Composition Weig(itof:;f;r;tage A51120023 B;?Egge
Other Oxides 1 max
Nominal range (um) —45+5
Powder Characteristics ggg ;gjg
D10 10-15

The YSZ was fused, pre-alloyed and crushed into a powder form with consistent
sizing before being sprayed dry. The spheroidal shape, as per Figure 7, promotes chemical
homogeneousness, structural stability, and exceptional flow that enhances life span and
reliability of TBC. The typical material characteristic of YSZ is presented in Table 3 and
TBC working parameters are presented in Table 4. Powders formed with fine particle
distributions, such as YSZ compared to Al,O3-5i0O,, archetypally produce dense coating
microstructures that show better material deposit characteristics for TBC.
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Figure 7. SEM photomicrographs (1000 x of magnification) of YSZ powder morphology [23].

Table 3. YSZ Material (Oerlikon Metco, Shanghai, China) Characteristics.

Classification Ceramic, Zirconia Based
Chemistry Zr0,-8Y,03
Manufacture Agglomerated & HOSP™
Morphology Spheroidal
Thermal Expansion Coefficient 10 x 10~6/°C
Thermal Conductivity 0.8-1.3 W/mK
Service Temperature <1250 °C
710, Balance
Y,03 7.0-9.0
5i0, 0.7
Chemical Composition TiO, 0.2
Al,O3 0.2
Fe203 0.2
Monoclinic Phase ~6
Nominal range (um) —125+11
.. D90 93-103
Powder Characteristics D50 50-57
D10 21-25
Table 4. TBC Working Parameters.
Parameter YSZ Al,03-Si0O,
Voltage 20kV 20kV
Working distance 15 mm 15 mm
Rotating Speed 25 rpm 25 rpm
Temperature 800 + 50 °C 800 £+ 50 °C
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In addition, the tested fuels were the commercial diesel and B100 palm biodiesel.
Table 5 lists the thermal barrier coatings used in this study, while Table 6 lists the physical
and chemical properties of the biodiesel and diesel fuels.

Table 5. List of Thermal Barrier Coating Mixtures.

Coating Mixtures Fuel Acronyms Note
Diesel P1D Piston Type 1 Diesel
Uncoated B100 Palm P1B Piston Type 1 Biodiesel
o Diesel P2D Piston Type 2 Diesel
Coated 100% YSZ B100 Palm P2B Piston Type 2 Biodiesel
Diesel P3D Piston Type 3 Diesel

Coated 100% Al,05-510, B100 Palm P3B Piston Type 3 Biodiesel

Table 6. List of the Physical and Chemical Properties of the Biodiesel and Diesel fuels.

Properties Diesel B100 Palm Biodiesel
Density at 18 °C (g/m3) 0.8210 0.8833
Kinematic viscosity at 35 °C (mm?/s) 25 4.30
Calorific value (kJ/kg) 42,950 38,108
Cetane number 46 52
Flash point (°C) 50 140

3. Results

All the equipment was calibrated by a local specialist (BOSCH, Germany). The engine
condition with wide open throttle with varied speed conditions produced the results given
in this study. The inaccuracies connected to the equipment’s “accuracy level” for measured
data were, nevertheless, reduced. The experimental test was repeated three times, and
the variation in test results was calculated to determine the amount of uncertainty. In the
Table 7, there is a sample calculation. The level of uncertainty was less than 6%, and the
error bar was well-fit for presentation in all graphs.

Table 7. Uncertainty calculation for HC emission of palm biodiesel engines for coated 100%
Al,O3-Si0;.

Three Tests Max-Min Value Analyzer Accuracy Average % Uncertainty *
Test 1 Test 2 Test 3 Max Min
ppm ppm ppm ppm ppm +1 ppm —1ppm ppm + -
83 83 79 83 79 84 78 81 3.70 —3.70
54 53 52 54 52 55 51 53 3.77 —3.77
28 27 28 28 27 29 26 27.5 5.45 —5.45
27 26 27 27 26 28 25 26.5 5.66 —5.66
21 21 22 22 21 23 20 21.5 6.98 —6.98
20 20 20 20 20 21 19 20 5.00 —5.00
23 22 23 23 22 24 21 22.5 6.67 —6.67
5.32 (5.32)

* Uncertainty value of HC emission for palm biodiesel engines for coated 100% Al,O3-SiO; + 5.32.

3.1. Exhaust Emission Analysis

Figure 8 presents the trend of hydrocarbon emissions at the variable speed for coated
and uncoated pistons. The results indicated that YSZ (P2D and P2B) yielded the lowest
hydrocarbon emissions, followed by Al,O3-5i0; (P3D and P3B) and, lastly, uncoated piston
(P1D and P1B). These results were found to be similar to the reported results of several prior
studies [24-26]. Basically, the combustion chamber and piston head in a standard engine
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generated lesser heat compared to the use of coated piston; thus, it affects the evaporation
capability of the tested fuels. The YSZ coated engine recorded a better fuel evaporation
rate due to the increased temperature in the combustion chamber and coated piston crown.
The higher combustion temperature due to the thermal barrier coating makes fuel burning
easier and effective [27]. Besides that, the thermal barrier coating initiated a faster rate of
breaking hydrocarbon into hydrogen and oxygen, then mixed with an excess of oxygen
available in the combustion chamber, therefore lowered emission of hydrocarbons were
recorded for coated piston [24]. Other factors, such as quenching distance or flammability
limit, also should be included when discussing reduction of hydrocarbon emissions when
applying a thermal barrier coating [28]. In addition, B100 palm biodiesel was found to
yield lower hydrocarbon emissions compared to the conventional diesel. At the maximum
load of 1200 rpm, P1D recorded the lowest hydrocarbon emission (61 ppm), followed
by P3D (86 ppm) and P2D (97 ppm). As for the engine operation with biodiesel, P1B
recorded the lowest hydrocarbon emission (41 ppm), followed by P3B (82 ppm), and
P2B (92 ppm). Biodiesel enhances oxygen content, resulting in better combustion and,
subsequently, lower hydrocarbon emissions [29,30]. The obtained results also revealed that
P3D and P3B yielded lower hydrocarbon content, followed by P1D, P2B, P1B, and P2D,
at the maximum speed of 2400 rpm. Referring to the decreasing trend of hydrocarbon
emissions with increasing speed in Figure 8, the study proved that the increase of speed
does affect the hydrocarbon emissions.

Hydrocarbon, HC (ppm)

120 A —@=—P1D ==@==P1B —— P2D ==k --P2B P3D P3B

100

Emissions, ppm
H [e2) [o)
o o o

N
o

1200 1400 1600 1800 2000 2200 2400
Engine Speed, RPM

Figure 8. Hydrocarbon emissions at the variable engine speeds.

The oxidation chemistry was found to be suppressed due to the limited availability
of oxygen in the air—fuel mixture at the lower speed; at the higher speed, the coated
engine, particularly the YSZ coated engine, was found to perform well for both tested
fuels. Overall, the experimental results revealed that the use of biodiesel yielded lower
hydrocarbon emissions compared to the use of diesel. Besides that, P2D and P2B were
found to maintain good stability and release the lowest hydrocarbon emissions for both
tested fuels across all engine speed settings. Unlike the uncoated piston, the Al;O3-5i0;-
coated piston demonstrated fair performance due to the presence of metal ions (aluminum)
as the base material of the piston.

Figure 9 shows the trend of NO emissions at the variable speeds for coated and un-
coated pistons. Unlike the uncoated piston, both YSZ- and Al,03-5i0;-coated pistons were
found to substantially reduce NO emissions. All pistons, with or without the coating layer,
yielded lower NO emissions as the engine speed increased. However, most prior studies
reported increased NO emissions due to the use of a thermal barrier coating [9,29]. This
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may be due to the case of high flame temperature and the shorter duration of combustion
chemistry in the combustion chamber. [25] The addition of a thermal barrier coating in-
creased the interaction of nitrogen and oxygen at high temperatures, resulting in higher
emissions of NO. The production of NO involves the reaction between the formed hydrox-
ide (OH) ions and nitrogen atoms. The increase of the duration of combustion and the use
of trapezoidal pistons were found to yield better performances in terms of NO emissions.
The trapezoidal piston extended the duration of combustion with the swirl effect, which
ensured enhanced mixing of air and fuel, resulting in complete combustion. The reduction
of flame temperature and enhancement of the complete combustion further reduced the
NO emission. In this study, the Al;O3-5i0;-coated piston recorded excellent reduction
of NO, as compared to YSZ.coated piston. As reported in numerous prior studies, YSZ
coating was found to contribute higher NO emission compared to uncoated piston [5].
However, the present study found otherwise, where the use of Al,O3-5i0, coating con-
tributed to lower NO emission, as compared to YSZ coating. On the other hand, at the
lowest speed, the load was found to be higher and NO emission was found to be higher
for biodiesel, which may be attributed to the increase in the amount of fuel (for burning) in
the combustion chamber.

Nitrogen Oxide, NO (ppm)
1000 ——@— P1D == == P1B =—p—— P2D = =4 =- P2B P3D P3B
900
800
700
600
500
400

Emissions, ppm

300
200
100

1200 1400 1600 1800 2000 2200 2400
Engine Speed, RPM

Figure 9. Nitrogen oxide (NO) emission at the variable speed.

For all uncoated and coated pistons in the case of diesel, P3D recorded the lowest
NO emission (307 ppm), followed by P2D (403 ppm), and P1D (669 ppm). Meanwhile, as
for the case of biodiesel, P3B recorded the lowest NO emission (349 ppm), followed by
P2B (414 ppm), and P1B (803 ppm). Overall, the use of biodiesel was found to perform
better in reducing NO emissions as compared to the use of diesel. Additionally, P3D and
P3B were found to maintain good stability and release the lowest NO emissions for both
tested fuels across all engine speed settings. These findings proved that the impact of the
thermal barrier coating in reducing NOx emissions, one environmental pollution source
that should be controlled [31].

There are three mechanisms that contribute to the production of NOx. The initiation
process of thermal NOx is produced through the reaction between nitrogen and oxygen at
high temperatures. Higher temperatures in the combustion chamber increase the formation
of NOx. Secondly, the rapid reaction of hydrocarbon, nitrogen, and oxygen produces
prompt NOx. Prompt NOx is potentially a primary contributor to combustion at low
temperatures. Thirdly, fuel NOx is formed along with the excess oxygen combustion of
nitrogen-containing organic compounds. The earlier adoption of a sub-stoichiometric
combustion process can reduce the formation of NOx [32].
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The trapezoidal-shaped piston provides the swirl effect and acts as a staged combus-
tion. A portion of the product of combustion from the immediate previous combustion
cycle is temporarily stored in the mixing compartment of the trapezoidal-shaped piston.
The products of combustion remain in the heated zone, as illustrated in Figure 10. This
staged combustion acts as a preheat agent that introduces the subsequent fuel and air
into the combustion chamber. The product of combustion, which mainly contains NOX,
COg,, and HC, enhances the fuel-rich condition. The combination of preheating from
staged combustion, improved mixing of combustion products, the swirl effect from the
trapezoidal-shaped piston, and the fuel-rich condition helps in the formation of combus-
tion intermediates, resulting in the destructivity of the previously formed NOx. In the
reducing environment, NO acts as an oxidizer to react with the combustion intermediates
and produce Nj.

AR FUEL

NOx 02 HC

AR

(a) (b)

Rt r\ AR o
HC

AR

AR

(o) (d)

Figure 10. Staged combustion concept: (a) primary combustion, (b) introduction of subsequent fuel, (c) heated subsequent

fuel and blend with previous traces product of combustion, (d) staged combustion of (c).

Figure 11 depicts the trend of CO emission at the variable speeds for coated and
uncoated pistons. At lower speeds, the coated pistons emitted higher CO compared to the
uncoated piston due to the lack of oxidation, lower temperature, and longer settling time.
The production of CO decreased with the increase of speed, whereas the CO emission was
suppressed to its minimum when the engine was at its optimum speed. At the maximum
load, in the case of diesel, P3D recorded the lowest CO emission (5.03%), followed by P1D
(5.82%), and P2D (6.13%). Meanwhile, in the case of biodiesel, P1B recorded the lowest CO
emission (4.42%), followed by P3B (5.38%), and P2B (5.84%). Overall, the use of biodiesel
was found to emit lower amounts of CO, as compared to the use of diesel.
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Figure 11. Carbon monoxide (CO) emissions at variable speeds.

The product of incomplete combustion is CO that is commonly found in trace quan-
tities [33]. A low amount of oxygen in the combustion chamber leads to incomplete
combustion, which leads to an increase of CO formation. Furthermore, the use of a coated
piston has demonstrated higher formation of CO formation, as compared to the use of
an uncoated piston, due to the preheat temperature. On the other hand, biodiesel has
been found to be the primary supplier of oxygen to the combustion, resulting in lower CO
emissions [29]. Besides that, air fuels ratio, compression, combustion cylinder temperature,
and amount of oxygen are vital factors for CO formation [34]. Biodiesel containing about
10% of oxygen by mass initiated complete combustion in the chamber, thus reducing
CO emissions into the environment [35,36]. The observation also showed the effect of
thermal barrier coatings on the CO emissions, with a reduction of CO emissions in coated
engines compared to uncoated engines. The thermal insulation of TBC increased the
post-compression temperature and then initiated late-phase combustion and oxidation
of CO [33]. The pre-heating and mixture of the product of combustion (from the staged
combustion) may have contributed to the slight increase of flame temperature.

Figure 12 depicts the trend of CO, emissions at the variable speeds for coated and
uncoated pistons. At the maximum load, for all coated pistons in the case of diesel, P3D
recorded the lowest CO, emission (8.10%), followed by P2D (8.52%) and P1D (9.94%). On
the other hand, in the case of biodiesel, P3B recorded the lowest CO, emission (9.34%),
followed by P2B (9.67%) and P1B (10.64%). Overall, the use of biodiesel yielded lower
CO; emissions compared to the use of diesel. Furthermore, both P3D and P3B were found
to maintain good stability and released the lowest CO, emissions for both tested fuels.
Adding to that, the results also illustrated the effectiveness of the engine in achieving
almost complete combustion for both tested fuels. Thus, as shown in Figure 12, the use of
diesel contributes to higher CO, emission, as compared to the use of biodiesel.
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Figure 12. Carbon dioxide (CO,) emissions at variable speeds.

3.2. Engine Performance

Based on the obtained results in Figure 13, the power and torque developed in the
thermal barrier coating engine were reduced for both YSZ-coated and Al,O3-5iO,-coated
pistons across all engine speed settings, as compared to the uncoated piston as the baseline.
Although the thermal barrier coating insulates the heat and prevents heat reduction for
the combustion products, the coating also significantly affects the compression ratio of the
engine, which explains the reduction of torque and power in the tested engine [30].
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Figure 13. Power (kW) produced at various engine speeds.

At the maximum load, in the case of diesel, P1D recorded the highest power (4.98 kW),
followed by P2D (4.28 kW) and P3D (3.53 kW). Meanwhile, in the case of biodiesel, P1B
recorded the highest power (5.05 kW), followed by P2B (3.62 kW) and P3B (3.59 kW).
Overall, the use of biodiesel was found to produce less power than the use of diesel (as
baseline). Similar results were reported in prior studies, where the use of biodiesel gener-
ated less power than the use of diesel due to lower heating values and higher kinematic
viscosity [34,37]. The results in Figure 14 also revealed the significant impact of coating in
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increasing power towards the increase of speed, as at 2400 rpm, P1B recorded the lower
power than P2B and P3B. Similar results were also reported in another earlier study, which
subsequently reaffirmed this observation [35].

Torque, (Nm)
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Figure 14. Torque (Nm) produced at variable speeds.

The engine performance is another important criterion when it comes to the internal
combustion engine. As presented in Figure 14, the use of biodiesel recorded lower common
trends as compared to the use of diesel (as baseline) for both coated and uncoated pistons.
Similar results were also reported in several prior studies [37]. This observation can be
explained by the combined effect of the relatively higher viscosity and lower caloric value
in palm oil biodiesel, as compared to the conventional diesel [38]. At the maximum load,
in the case of coated pistons in diesel, P1D recorded the highest torque effect (39.94 Nm),
followed by P2D (34.51 Nm) and, lastly, P3D (28.43 Nm). Meanwhile, in the case of
biodiesel, P1B recorded the highest torque effect (40.61 Nm), followed by P2B (29.13 Nm)
and P3B (28.80 Nm). As for the case of the uncoated piston, the use of biodiesel produced
a higher torque effect as compared to the use of diesel. However, for the case of coated
pistons, the YSZ-coated piston in biodiesel yielded a lower torque effect than the YSZ-
coated piston in diesel, whereas a similar torque effect was produced for Al,O3-5iO;-coated
pistons in both tested fuels. A decrease of torque effect for biodiesel was found in line with
the observation of a prior study [38].

BTE and BSFC are other significant factors that determine the performance of an
engine. In this study, BSFC was measured within the speed range of 1200 rpm to 2400
rpm for all coated and uncoated pistons under the operational conditions of both diesel
and biodiesel. Figure 15 presents the results of BSFC at variable speeds. At the maximum
load, in the case of diesel, P2D recorded the lowest BSFC (498.96 g/kWh), followed by
P3D (575.16 g/kWh) and, lastly, P1D (609.98 g/kWh). Meanwhile, in the case of biodiesel,
P2B recorded the lowest BSFC (619.81 g/kWh), followed by P1B (905.07 g/kWh) and P3B
(1229.06 g/kWh). Specifically, in the case of diesel, the results in Figure 15 revealed a slightly
higher value of BSFC, with the increase of speed for both YSZ- and Al,O3-5i0;-coated
pistons, as compared to those of uncoated pistons (as baseline). The BSFC values of coated
pistons were slightly different from the BSFC values of uncoated pistons. Furthermore,
the BSFC for biodiesel was higher than the BSFC for diesel due to lower calorific values of
palm oil biodiesel compared to conventional diesel [35]. The load on the engine increases
with the decrease in speed. Thus, at the lowest speed of 1200 rpm, where the load was at its
highest, both YSZ- and Al;O3-5i0;-coated pistons reported lower BSFC compared to the
BSFC values of uncoated pistons. The temperature in the combustion chamber increased
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due to the application of a thermal barrier coating on the piston, which caused the fuel to
evaporate easily, resulting in the reduction of BSFC [33]. A low BSFC value indicates that
the combustion engine only needs low volume of fuel to produce similar performance to
standard engine [27]. In addition, applications of coatings maintain high temperatures in
the chamber, preventing heat loss to the surroundings [39].

1600 BSFC (g/kwh)

—@—PID ==@=-P1B ——h—— P2D == =-P2B P3D P3B

r

1400

1200

1000

800

BSFC (g/kwh)

600

400

200

1200 1400 1600 1800 2000 2200 2400
Engine Speed, RPM

Figure 15. BSFC values at variable speeds.

Figure 16 depicts the trend of BTE at the variable speeds for coated and uncoated
pistons. Figure 16 shows a decreasing trend for BTE with the increase of speed for both
YSZ- and Al,O3-5i0,-coated pistons, as compared to the uncoated pistons (as baseline). At
the maximum load, in the case of diesel, P2D recorded the highest BTE (15.94%), followed
by P3D (13.83%) and P1D (13.04%). Meanwhile, in the case of biodiesel, P2B recorded
the highest BTE (14.55%), followed by P1B (9.97%) and P3B (7.34%). Overall, the use of
biodiesel recorded lower BTE than the use of diesel, which may be attributed to the poor
fuel atomization characteristics, higher flash point, and lower volatility [39-41]. The load
on the engine increases when the speed decreases. As compared to the uncoated piston,
YSZ- and Al;,O3-5i0;-coated pistons recorded higher BTE. The BTE of uncoated piston
reduces with the decrease of engine speed. At lower engine speeds, the output torque is
the highest due to the higher amount of fuel injected per cycle, resulting in the generation
of higher heat. Hence, YSZ- and Al,O3-5iO,-coated pistons in this study recorded higher
BTE due to the increase of heat for the gas expansion. This may be attributed to better heat
insulation and the staged combustion effect of the thermal barrier material that converts
more heat into useful works.
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Figure 16. BTE percentage at variable engine speeds.

4. Discussion

This study aimed to evaluate the engine performance and exhaust emissions for an

uncoated piston, YSZ-coated piston, and Al,O3-5i0,-coated piston using conventional
diesel and B100 palm biodiesel. In particular, a Kubota RT 125 ES direct engine was used
with the eddy current dynamometer. The coating of YSZ and Al,O3-5iO, was performed
using plasma spray coating. SiO; was added to Al,O3 to enhance the thermal barrier
performance. The engine performance and emissions for coated and uncoated pistons for
both conventional diesel (as baseline) and B100 palm biodiesel can be concluded as follows:

1.

For the case of diesel, the YSZ-coated piston recorded the highest BTE (15.94%).
Meanwhile, for the case of biodiesel, the YSZ-coated piston recorded the highest BTE
(14.55%). Overall, the use of diesel yielded higher BTE values than the use of biodiesel
due to its high calorific value.

For the case of diesel, the YSZ-coated piston recorded the lowest BSFC value
(498.96 g/kWh). Meanwhile, for the case of biodiesel, the YSZ-coated piston recorded
the lowest BSFC value (619.81 g/kWh). Overall, the use of diesel yielded lower BSFC
than the use of biodiesel due to the low-density value of diesel.

As for the case of diesel, the uncoated piston recorded the highest torque of 39.94 Nm.
Meanwhile, as for the case of biodiesel, the uncoated piston recorded the highest
torque of 40.61 Nm. Overall, the use of diesel yielded a higher torque effect than the
use of biodiesel due to the combined effect of relatively higher viscosity and lower
caloric value in palm oil biodiesel compared to diesel.

As for the coated pistons under the use of diesel, the uncoated piston recorded the
highest power (4.98 kW). Meanwhile, as for the coated pistons under the use of
biodiesel, the uncoated piston recorded the highest power (5.05 kW). Overall, the use
of diesel yielded higher power than the use of biodiesel, as the thermal barrier coating
recorded lower power following the change in the compression ratio.

As for the coated pistons under the use of diesel, the Al,O3-5i0,-coated piston
recorded the lowest CO, emission (8.10%). Meanwhile, as for the coated pistons
under the use of biodiesel, the Al,O3-5i0,-coated piston recorded the lowest CO,
emission (9.34%).

As for the coated pistons under the use of diesel, the Al,O3-5i0;-coated piston
recorded the lowest CO emission (5.03%). Meanwhile, as for the coated pistons under
the use of biodiesel, the uncoated piston recorded the lowest CO emission (4.42%).
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7. As for the coated pistons under the use of diesel, the Al,O3-5i0,-coated piston
recorded the lowest NO emission (307 ppm). Meanwhile, as for the coated pistons
under the use of biodiesel, thdeAl,O3-5i0,-coated piston recorded the lowest NO
emission (349 ppm). Overall, the use of biodiesel yielded lower NO emissions as
compared to the use of diesel. Unlike the uncoated piston, the thermal barrier coating
was found to yield a higher temperature for the staged combustion, resulting in the
significant reduction of NOx.

8. As for the coated pistons under the use of diesel, the uncoated piston recorded the
lowest hydrocarbon emission (61 ppm). Meanwhile, as for the coated pistons under
the use of diesel, the uncoated piston recorded the lowest hydrocarbon emission

(41 ppm).

5. Conclusions

This study produced an overwhelming result in the reduction of emissions, ranging
between 50% and 60% of NO emissions using the Al;O3-5iO, coating compared to uncoated
piston. However, the use of the Al,O3-5i0; coating produced less promising results in
regards to the engine performance. Unlike the Al,O3-5i0,-coated piston, the YSZ-coated
piston demonstrated better engine performance. Hence, it is recommended for future
research to identify the combination or blend between YSZ and Al,O3-5iO; in order to
balance the gap between both materials.
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