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Abstract

This work examines the performance, combustion, and emission characteristics of a diesel
engine coated with a ceramic thermal barrier coating and fueled with emulsified Jatropha
biodiesel blended with water and butanol. A low heat rejection (LHR) engine was prepared
by depositing a 100 µm NiCrAlY bond coat and a 200 µm of 8YSZ ceramic top coat via
air plasma spraying. B20W10Bu5, B20W10Bu10, and B20W10Bu15 ternary emulsions
were successfully produced using ultrasonic homogenization. The experimental outcomes
indicate that the ceramic-coated engine exhibited higher thermal efficiency than that of
the conventional engine. The highest performance was achieved with B20W10Bu10 fuel,
which resulted in a 7.4% increase in the brake thermal efficiency and a 7.8% decrease in the
brake-specific fuel consumption relative to the results for the conventional coated diesel
engine. Hydrocarbons, carbon monoxide, and smoke emissions decreased considerably due
to the combined impacts of oxygenated fuel composition, micro-explosions, and thermal
insulation capability. It can be seen from the discussion above that the utilization of a
ceramic thermal barrier coating and the Jatropha-based ternary emulsion fuel, especially
B20W10Bu10, shows great promise for enhancing engine performance while lowering
exhaust emissions.
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1. Introduction
The depletion of the sources of conventional fossil fuel, an increase in demand, and

strict environmental regulations have forced researchers to look for sustainable fuels that
are also environmentally friendly [1]. CI engines have continued to maintain their im-
portance in transportation, agriculture, and power generation applications because of
their high efficiencies and longevity. But CI engines contribute heavily to CO2, CO, HC,
PM, NOx, and SOx emissions, which cause various diseases in humans and damage the
environment [2]. Hence, the research community has made huge efforts to optimize fuel
and engine performance to reduce emissions.

Biodiesel has gained attention among many other alternative fuels that can be used to
replace conventional fossil fuels. The properties of biodiesel include its biodegradability,
renewable sources, increased oxygen content, and lower carbonaceous pollutant emis-
sions [3]. Jatropha biodiesel is gaining more popularity among all biodiesels because it
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can be prepared from non-edible sources and thus, does not compete with edible sources.
Moreover, Jatropha plants can be grown on sub-optimal lands with minimal agricultural in-
put, thus becoming an environmentally friendly raw material source for producing biofuel.
Nonetheless, biodiesel has higher viscosity and lower calorific value compared to those of
diesel fuel [4]. Consequently, it is likely that these properties may have a negative impact
on fuel atomization and combustion efficiency. Current scientific research indicates that
current and future fuel modification technologies, which include the use of nano-additives
and advanced biofuels, have the potential to increase brake thermal efficiency between
2.95 and 10.2%, lower brake-specific fuel consumption between 3.5 and 20%, and reduce
harmful emissions of CO (47.35%), HC (31 ppm), and smoke (30.19%) [5,6].

As a solution to these problems, scientists have studied the application of water-
based biodiesel and alcohol additives. The presence of water in fuel improves the process
of micro-explosions in the combustion chamber, promoting secondary atomization and
increasing the air–fuel mixture quality and efficiency of combustion processes [7]. Moreover,
water-based fuels contribute to the decrease in combustion temperatures and inhibit NOx

formation. However, emulsion instability is one of the most critical issues associated with
using these types of fuels. Higher alcohols like butanol have proven to be effective co-
solvents due to their good solubility in diesel, biodiesel, and water. Butanol has high energy
density and a high oxygen content, thus ensuring cleaner burning and lower emissions.
Recent research has also shown that increased blending of alcohol fuels, along with LHR
engines, enhances the efficiency of combustion through the minimization of heat losses
and compensation for the latent heat of the vaporization of alcohol fuels, thus improving
the efficiency by decreasing the BSFC by 5–7.3%, while increased NOx emissions can be
observed due to increased in-cylinder temperatures [8]. In addition, it has been found that
the use of thermal barrier coatings, along with efficient fuel blends, improves the brake
thermal efficiency by 10.2% and the BSFC by 3.5%, as well as decreases CO, HC, and smoke
emissions by 14.8%, 8.82%, and 5%, respectively [9].

Aside from fuel modification, thermal management in the combustion chamber has
also been proven to be an efficient method of improving the efficiency of diesel engines. Low
heat rejection engines utilize the thermal barrier coating of their combustion chamber parts
to minimize the amount of heat transferred to the cooling system and maximize the amount
of energy that is retained in the engine cylinders [10]. One of the most popular thermal
barrier coatings is yttria-stabilized zirconia because of its low thermal conductivity, high
melting point, thermal shock resistance, and chemical stability. Thermal barrier coatings
made of YSZ can increase the temperature in the combustion chamber, fuel evaporation,
and oxidation reactions, which results in more efficient combustion.

While several studies have individually examined the use of biodiesel fuel blends, as
well as ceramic-coated LHR engines, relatively few studies have examined both together.
It can be argued that the combustion properties of emulsion fuels comprised of water–
biodiesel–butanol are greatly affected by the combustion chamber temperature. The inter-
action between oxygenated emulsions with ceramic-coated combustion chambers might
provide synergistic results leading to improved thermal efficiency and lowered exhaust
emissions [11]. Nevertheless, studies concerning such interactions are still relatively few.

Thus, the present study focuses on the combined influences of emulsified Jatropha
biodiesel blended with water and butanol, combined with ceramic thermal barrier coatings,
on the performance, combustion, and emission characteristics of a diesel engine. The
low heat rejection diesel engine was designed with a bond coat of 100 µm of NiCrAlY
and a topcoat of 200 µm of 8% yttria-stabilized zirconia via the air plasma spraying tech-
nique. The three ternary fuels B20W10Bu5, B20W10Bu10, and B20W10Bu15 were used
and tested at different loadings on the engine. The effects of fuel composition and thermal
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barrier coatings on brake thermal efficiency, brake-specific fuel consumption, combustion
characteristics, and exhaust emissions were determined.

Novelty of the Present Study

The novelty of the present study is distinguished by the experimental investigation of
emulsified Jatropha biodiesel blended with water and butanol using a diesel engine with a
plasma-sprayed 8YSZ thermal barrier coating. In contrast to the previous studies, which
mainly involved comparison of different coatings or fuels, this study focuses on the effect
of the butanol concentration on the performance, combustion, and emissions of a diesel
engine with an identical ceramic-coated engine.

2. Materials and Methods
2.1. Biodiesel Production

The crude Jatropha oil was heated to about 60 ◦C and blended with methanol in
the presence of a catalyst of NaOH. After the reaction was completed, the blend was
poured into a separating funnel, and the layers were separated, with the cover layer being
Jatropha methyl ester (JME) and the other layer being glycerol, which is a by-product
of the reaction [12]. The biodiesel layer was then splashed with hot distilled water to
eliminate any remaining catalyst, soap, and other impurities, and then dried to obtain
purified biodiesel ready for engine use [13]. The experimental setup to produce biodiesel
through transesterification is shown in Figure 1.

 

Figure 1. Transesterification setup for Jatropha biodiesel production.

2.2. Emulsion Fuel Preparation

Ternary emulsion fuels comprising water–biodiesel–butanol were formulated with an
aim to enhance the performance of the diesel engine, in addition to lowering the exhaust
emissions. Stabilization of the emulsions was achieved using high-frequency ultrasonic
energy generated by an ultrasonic homogenizer (Hielscher UP400St ultrasonic processor
(Hielscher Ultrasonics GmbH, Teltow, Germany), which facilitated the generation of well-
dispersed water droplets in the fuel mixture. Butanol was chosen in this case due to its good
solubility in both diesel fuel and water and for its provision of extra oxygen to the fuel.

https://doi.org/10.3390/fire9070299

https://doi.org/10.3390/fire9070299


Fire 2026, 9, 299 4 of 21

The following three ternary emulsion fuels with the composition of 20% Jatropha
biodiesel, 10% water, and varying concentrations of n butanol (99% purity) were produced
by mixing the base B20 fuel with water and n butanol at concentrations of 5%, 10% and
15%, denoted as B20W10Bu5, B20W10Bu10 and B20W10Bu15, respectively.

The physicochemical properties of diesel, biodiesel blend, and the developed ternary
emulsion fuels have been studied based using the ASTM standards and are presented in
Table 1. As can be seen from the table, it is evident that an increase in density was recorded
because of the inclusion of biodiesel and water in the emulsion, while the viscosity was
decreased by the increase in the butanol percentage because of the lower viscosity of
butanol. In contrast, the lower calorific value showed a gradual decline with rising butanol
percentage, while the flash and fire point values were within permissible limits.

Table 1. Physicochemical properties of test fuels.

Properties Diesel B20 B20W10Bu5 B20W10Bu10 B20W10Bu15 Test Method (ASTM)

Density (kg/m3) 813 829 832 835 838 ASTM D4052
Viscosity at 40 ◦C (cSt) 2.8 3.3 3.25 3.15 3.05 ASTM D445

Flash Point (◦C) 52 59 57 55 53 ASTM D93
Fire Point (◦C) 56 65 63 61 59 ASTM D93

Lower Heating Value (kJ/kg) 42,100 40,900 40,200 39,800 39,300 ASTM D240
Water Content (% Vol.) 0 0 10 10 10 Blend Composition

Butanol Content (% Vol.) 0 0 5 10 15 Blend Composition

The ternary emulsion fuels were visually analyzed under laboratory conditions for
72 h following preparation. It was found that no phase separation or layers could be formed
within the stipulated time frame, and hence, the fuels exhibited sufficient physical stability
for inclusion in the experiments. This stability is mainly due to the successful dispersion
using the ultrasonic homogenizer in combination with the co-solvent of n-butanol to keep
the fuel mixture homogeneous [14]. The ultrasonic homogenizer and the Jatropha oil based
ternary emulsion fuels are represented in Figures 2 and 3, respectively.

 

Figure 2. Ultrasonic homogenizer.
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Figure 3. Jatropha ternary emulsion fuel samples.

The above fuel properties denote the average trial values and are presented according
to the determination of the respective measuring instruments.

2.3. Thermal Barrier Coating and LHR Engine Development

In the process of designing a LHR engine, the components of the combustion chamber
were coated with a TBC system. The TBC system was applied using the air plasma spray
(APS) technique. First, a NiCrAlY bond coat with a thickness of about 100 µm was applied
to improve adhesion and offer oxidation protection. Then, an 8% yttria-stabilized zirconia
(8YSZ) top layer with a thickness of 200 µm was applied [15]. This top layer acted as
the thermal barrier. The coating process was done on the piston crown, cylinder head
combustion surface, liner head area, and valves. YSZ, with its low thermal conductivity
and high temperature resistance, reduced the heat dissipated to the cooling system and
raised the in-cylinder temperature, thus improving combustion efficiency [16]. The plasma-
sprayed ceramic-coated cylinder head is depicted in Figure 4, and the ceramic-coated piston
crown is shown in Figure 5.

 

Figure 4. Plasma-sprayed ceramic-coated cylinder head.
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Figure 5. Plasma-sprayed ceramic-coated piston crown.

2.4. Experimental Setup

The experiment was conducted on a diesel engine equipped with a hydraulic loading
dynamometer. The engine was run continuously at a steady speed of 1500 rpm during
the entire experiment. The engine was lubricated using SAE 15W-40 API CI-4 grade
engine oil throughout all experiments. The fuel consumption rate was measured using
an Apex Innovations fuel consumption measuring apparatus, which consists of a glass
measuring cylinder with a differential pressure (DP) transmitter. The exhaust emissions
were measured using an AVL five-gas exhaust gas analyzer. CO and HC were measured
using the non-dispersive infrared (NDIR) technique, while NOx was measured using an
electrochemical sensor. Smoke opacity was measured using an AVL smoke meter. The
specifications of the test engine are listed in Table 2. The experimental setup used for the
experiment is shown in Figure 6.

Table 2. Specifications of the test engine.

Parameter Specification

Engine Make Kirloskar
Rated Power 3.5 kW
Speed 1500 rpm
Bore 87.5 mm
Stroke 110 mm
Compression Ratio 17.5:1
Swept Volume 661 cm3

Injection Pressure 18 MPa
Injection Timing 23◦ CA bTDC

 

Figure 6. Research setup.
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2.5. Test Procedure

Before each test, the engine was warmed up using diesel fuel to attain constant engine
operating conditions. The HC, CO, and NOx exhaust gases were analyzed using an AVL DI
gas analyzer, while the smoke opacity was analyzed with an AVL smoke meter [17]. The fuel
supply was then changed to the test fuel, and the engine was operated at BP values of 0.8, 1.7,
2.6, and 3.5 kW. All tests were performed three times under the same operating conditions to
ensure repeatability. The reported performance, combustion, and emission results represent
the average of the three experimental runs, and the corresponding standard deviation is
presented as error bars [18].

2.6. Uncertainty Analysis

The accuracy of the experimental data was assessed. The measurement accuracies of
the instruments used for the experimental investigation are summarized in Table 3. The
combined uncertainty of the calculated values was determined using the root sum square
process, which has been commonly used in experimental work involving thermofluids [19].
For a value (R) that depends on several variables x1, x2, x3 · · · xn, the total uncertainty (UR)
is expressed as Equation (1):

UR =

√(
∂R
∂x1

UX1

)2
+

(
∂R
∂x2

UX2

)2
+ . . . +

(
∂R
∂xn

UXn

)2
(1)

where ((U xi
)) represents the uncertainty associated with each measured variable.

BTE =
BP

m f ∗ CV

Table 3. Instrument accuracy and uncertainty.

Parameter Instrument Accuracy

Load Measurement VPG Sensotronics Load Cell, (VPG Sensotronics, Hampton, VA, USA) ±0.1 kg

Speed Measurement Digital Speed Indicator, (Selectron Process Controls Pvt. Ltd., Pune,
Maharashtra, India) ±10 rpm

Fuel Consumption Yokogawa Fuel Flow Transmitter (DP Transmitter), (Yokogawa
Electric Corporation, Tokyo, Japan) ±1%

Air Flow Measurement WIKA Pressure Transmitter, (WIKA Alexander Wiegand SE & Co.
KG, Klingenberg, Germany) ±1%

Exhaust Gas Temperature K-type Thermocouple, (Radix Electrosystems Pvt. Ltd., Mumbai,
Maharashtra, India) ±1 ◦C

CO Measurement AVL DiGas Analyzer, (AVL List GmbH, Graz, Austria) ±0.02% vol

HC Measurement AVL DiGas Analyzer ±10 ppm

NOx Measurement AVL DiGas Analyzer ±10 ppm

Smoke Opacity Measurement AVL Smoke Meter, (AVL List GmbH, Graz, Austria) ±1 FSN

Data Acquisition NI USB-6210 Data Acquisition System, (National Instruments,
Austin, TX, USA) ±0.5%
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The uncertainty in BTE is therefore given by Equation (2):

UBTE
BTE

=

√√√√(UBTE
BP

)2
+

(
Um f

m f

)2

+

(
UCV
CV

)2
(2)

The uncertainties of the principal measuring instruments were considered in the analy-
sis. The uncertainty in the measurement of brake power using the hydraulic dynamometer
was ±1.5%, the uncertainty in the measurement of fuel flow rate using the burette and
stopwatch combination was ±1.0%, and the uncertainty related to the calorific value was
assumed to be ±0.5%, based on standard fuel values. Substituting these values,

UBTE
BTE

=

√
(1.5)2 + (1.0)2 + (0.5)2 =

√
3.5 = 1.87% ≈ ±2%

Thus, the overall uncertainty in the measurement of BTE was found to be within ±2%.

3. Results and Discussion
A comprehensive assessment of the performance and emission behavior of the conven-

tional diesel engine and the ceramic-coated LHR engine fueled with Jatropha-based ternary
emulsion blends is provided. The impact of fuel modification and combustion chamber
thermal insulation on engine performance is discussed for varying load conditions, with a
specific focus on full load performance, for which the intensity of combustion and thermal
utilization is most relevant. The parameters of interest include BTE, BSFC, HC, CO, NOX

and smoke opacity to comprehend the joint effects of oxygenated fuel composition and
ceramic thermal barrier coating. The analysis is discussed in the context of combustion
processes such as enhanced atomization through micro-explosion, increased oxidation from
fuel-bound oxygen, and lowered heat rejection due to the thermal barrier properties of
the ceramic coating [20]. The comparative study of the conventional diesel engine and the
LHR engine identifies the complementary effects of fuel chemistry and advanced ceramic
thermal management.

3.1. Brake Thermal Efficiency

Brake thermal efficiency is a measure of the competence of fuel chemical energy
conversion to useful work [21]. As seen in Figure 7, at full load, the conventional engine had
a BTE of 29.5% for diesel fuel, while the Jatropha-based ternary emulsion blends performed
equally well, with B20W10Bu10 having the highest efficiency of 29.6%. The increase in
BTE of the biodiesel–emulsion blends in the conventional engine results primarily from
the oxygen content in the biodiesel and butanol, which increases the oxidation of fuel-rich
zones, and the water content, which causes micro-explosion effects, resulting in better
atomization and air–fuel mixing. These factors lead to increased combustion efficiency
despite the lower heating value of biodiesel. In the ceramic-coated LHR engine, as seen
in Figure 8, a substantial increase in BTE was noticed for all fuels because of the lower
heat loss and higher temperature inside the engine. The BTE of diesel fuel increased to
31.0% (an increase of 5.1%), while for B20W10Bu5 and B20W10Bu15, the increase was 5.2%
and 6.8%, respectively [22]. The maximum increase was noticed for B20W10Bu10, where
the BTE increased from 29.6% to 31.8%, an increase of 7.4%. This means that the thermal
barrier action of the ceramic coating enhances the combustion benefits of the oxygenated
ternary emulsion fuel, leading to better thermal utilization during full-load operation [23].
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Figure 7. BP vs. BTE for the conventional diesel engine.

Figure 8. BP vs. BTE for the ceramic-coated LHR diesel engine.

3.2. Brake-Specific Fuel Consumption

Brake-specific fuel consumption measures the fuel consumption per unit of BP and is a
key factor for fuel economy. As evident from Figure 9, BSFC decreased with the increase in
the load in the conventional engine due to the increase in the efficiency of combustion and
the corresponding decrease in the relative heat losses with the increase in brake power. The
BSFC for diesel fuel was 0.26 kg/kWh, whereas for the Jatropha-based ternary emulsion
fuels, the values were slightly lower or comparable. Among the fuels, B20W10Bu10 had
the lowest BSFC of 0.255 kg/kWh, which is an indication of better fuel economy [24]. The
decrease in BSFC for the biodiesel–emulsion fuels can be attributed to the oxygen content of
biodiesel and butanol, which increases the oxidation, and the micro-explosion phenomenon
of water, which improves the atomization and air–fuel mixing, thus facilitating the complete
combustion process [25].
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Figure 9. BP vs. BSFC for the conventional diesel engine.

A subsequent reduction in BSFC was also noticed in the ceramic-coated LHR engine,
as shown in Figure 10. The use of the TBC reduced the heat transfer to the cooling system
and increased the in-cylinder temperature, thus ensuring efficient combustion and energy
conversion. At full load, the diesel BSFC was lowered from 0.26 to 0.245 kg/kWh (5.8%
reduction). Similarly, the B20W10Bu5 and B20W10Bu15 fuels lowered the BSFC by 5.7%
and 6.5%, respectively. The maximum reduction in BSFC was observed for the B20W10Bu10
fuel, which decreased from 0.255 to 0.235 kg/kWh, revealing a 7.8% reduction. This clearly
indicates that the ceramic thermal barrier coating enhances the combustion benefits of
oxygenated ternary emulsion fuels, thereby providing improved fuel economy at full
load [26].

Figure 10. BP vs. BSFC for the ceramic-coated LHR diesel engine.

3.3. Hydrocarbon Emissions

Emissions of hydrocarbon (HC) indicate the amount of unburned fuel produced due
to incomplete combustion. The variation in HC emissions with BP for the conventional
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engine and the ceramic-coated LHR engine is shown in Figures 11 and 12, respectively.
From Figure 11, noted HC emissions were lower with increasing load because of the higher
combustion temperature and better oxidation. At full load, diesel fuel emitted 35 ppm of
HC, while the Jatropha-based ternary emulsion blends discharged much lower emissions.
Among them, B20W10Bu15 produced the lowest amount of HC emission of 20 ppm, which
is 42.9% lower than that of diesel fuel [27]. This is due to the oxygenated compounds of
biodiesel and butanol, which facilitate better oxidation of unburned hydrocarbons, and
the micro-explosion phenomenon of water, which improves fuel atomization and air–fuel
mixing [28].

Figure 11. BP vs. HC emissions for the conventional diesel engine.

Figure 12. BP vs. HC emissions for the ceramic-coated LHR diesel engine.

An additional decrease in HC emissions was also noticed in the LHR engine (Figure 12)
because of the increased in-cylinder temperature caused by the ceramic thermal barrier
coating. At full load, diesel HC emissions were reduced from 35 ppm to 28 ppm (20%
reduction). Likewise, B20W10Bu5, B20W10Bu10, and B20W10Bu15 showed a reduction
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of 25%, 27.3%, and 25%, respectively, when compared to their conventional engine emis-
sions [29]. The lowest HC emission of 15 ppm was observed for B20W10Bu15 in the LHR
engine, which is a 57.1% reduction compared to that of diesel in the conventional engine.
The combined effect of enhanced thermal insulation and the oxygen-rich ternary emulsion
fuel enhances combustion efficiency, thereby reducing HC emissions [30].

3.4. Carbon Monoxide Emissions

The emission of CO is a direct measure of the extent of incomplete combustion. The
change in CO emission with BP for the conventional engine and the ceramic-coated LHR
engine is shown in Figures 13 and 14, respectively. From Figure 13, it can be observed that
the CO emission reduced with the raise in load due to the higher combustion temperature
and rates of oxidation. At full load, the CO emission for diesel fuel was 0.09%, while that
for the Jatropha-based ternary emulsion fuel blends was much lower. Of the fuel blends,
B20W10Bu15 gave the lowest CO emission of 0.02%, which is a 77.8% reduction compared
to that of diesel fuel [31]. This is achieved by the oxygenated biodiesel and butanol [32].

Figure 13. BP vs. CO emissions for the conventional diesel engine.

Figure 14. BP vs. CO emissions for the ceramic-coated LHR diesel engine.
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A further decrease in CO was also noticed in the LHR engine (Figure 14) because of
the higher in-cylinder temperature created by the ceramic TBC. At full load, the diesel
CO emission was reduced from 0.09% to 0.07% (22.2% reduction). Likewise, B20W10Bu5,
B20W10Bu10, and B20W10Bu15 showed reductions of 12.5%, 16.7%, and 0% (already
minimal), respectively, compared to their conventional engine emissions [33]. The lowest
CO emission of 0.02% was also observed for B20W10Bu15 in the LHR engine, which showed
a 77.8% reduction compared to that for diesel in the conventional engine. The combined
effect of the oxygenated ternary fuel and the improved thermal retention properties of the
LHR engine enhances combustion efficiency, thereby reducing CO emissions [34].

3.5. Nitrogen Oxides Emissions

Emissions of NOx are greatly affected by the highest combustion temperature, oxygen
content, and gas residence time in the high-temperature region. The plots of NOx emissions
against brake power for the conventional engine and the ceramic-coated LHR engine are
shown in Figures 15 and 16, respectively. From Figure 15, it can be observed that NOx

emissions were higher with increasing load because of the higher combustion temperature
and pressure [35]. At full load, diesel fuel recorded 880 ppm, while the Jatropha-based
ternary emulsion fuels recorded relatively lower values. Of these, B20W10Bu5 showed the
lowest NOx emission of 620 ppm, which is a 29.5% reduction relative to that of diesel fuel.
In the case of ternary emulsion fuels, NOx emissions were the highest for B10W15Bu5, since
the effects of fuel-bound oxygen and higher combustion intensity due to the presence of
butanol outweighed the cooling effects of water. On the other hand, NOx emissions were the
lowest in case of B20W10Bu5 because the cooling effect of water in this case prevailed over
the effect of combustion enhancement by butanol. The reduction in NOx emissions for the
emulsion fuels can be credited to the water content that absorbs heat during vaporization,
thus lowering the peak flame temperature and hence, reducing thermal NOx emissions.
Although biodiesel and butanol provide additional oxygen, the cooling effect of water is
more pronounced in the conventional engine, thus lowering NOx emissions [36].

Figure 15. BP vs. NOx emissions for the conventional diesel engine.
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Figure 16. BP vs. NOx emissions for the ceramic-coated LHR diesel engine.

Conversely, NOx emissions rose in the LHR engine (Figure 16) because of the increased
in-cylinder temperature from the ceramic thermal barrier coating. At full load, diesel
NOx emissions rose from 880 ppm to 950 ppm (8.0% increase). Likewise, B20W10Bu5,
B20W10Bu10, and B20W10Bu15 increased by 11.3%, 10.9%, and 12.3%, respectively, over
their conventional engine emissions. The maximum NOx emission of 730 ppm among
the blends was recorded for B20W10Bu15 in the LHR engine [37]. The steady rise in NOx

emissions between the B20W10Bu5 and B20W10Bu15 fuel mixtures can be explained by
the higher presence of oxygen and better combustion rate due to the rising amount of
butanol. In the case of the ceramic engine, increased combustion temperatures due to lower
heat losses compensated for some cooling impact of water. The intensified combustion
temperature due to the suppression of heat rejection overpowers the cooling effect of water,
thus increasing thermal NOx emissions. However, due to the latent heat of the vaporization
of water and the micro-explosion effect, the localized peak flame temperature remains
low, even though the mean in-cylinder temperature has been raised. This means that the
ternary emulsions result in lower NOx formation compared to that of pure diesel in the
engine with the ceramic liner, implying a compromise between the effects of the two. As a
result, despite the increased efficiency from the ceramic coating, NOx emissions are also
increased [38].

3.6. Smoke Opacity

Smoke opacity is a measure of soot formation and incomplete combustion in diesel
engines. The graph showing the change in smoke opacity with BP for the conventional
engine and the ceramic-coated LHR engine is presented in Figures 17 and 18, respectively.
From Figure 17, it can be seen that the smoke opacity was higher at higher loads because of
the richer fuel zones and incomplete oxidation at higher fuel injection rates. At full load,
diesel fuel had a smoke value of 3.6 FSN, while the smoke values for the Jatropha-based
ternary emulsion blends were considerably lower [39]. Of these, B20W10Bu15 had the
lowest value of 1.9 FSN, which is a 47.2% reduction when compared to that of diesel. The
lower smoke values of the emulsion blends are due to the oxygen content of biodiesel and
butanol, which increases soot oxidation, and the micro-explosion phenomenon of water,
which enhances fuel atomization and air–fuel mixing, thus reducing soot particles [40].
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Figure 17. BP vs. smoke opacity for the conventional diesel engine.

Figure 18. BP vs. smoke opacity for the ceramic-coated LHR diesel engine.

In the LHR engine (Figure 18), the opacity of diesel smoke was further reduced because
of better combustion due to higher in-cylinder temperatures. At full load, diesel smoke was
reduced from 3.6 to 3.0 FSN (16.7% reduction). Similarly, B20W10Bu5, B20W10Bu10, and
B20W10Bu15 showed smoke reductions of 13.6%, 14.3%, and 15.8%, respectively, compared
to the results for the conventional engine. The minimum opacity of 1.6 FSN was recorded
for B20W10Bu15 in the LHR engine, which is a 55.6% reduction compared to the results
for diesel in the conventional engine. The use of oxygenated ternary fuel and enhanced
thermal insulation in the LHR engine ensures the complete combustion and oxidation of
soot, thus resulting in a significant reduction in smoke emissions [41].

3.7. Cylinder Pressure

Figure 19 shows the change in in-cylinder pressure at different crank angles for the
diesel and butanol-assisted B20W10 ternary emulsion fuels under conventional operation
in the diesel engine. The maximum in-cylinder pressure achieved in the case of diesel in
the engine was recorded to be 52.84 bar, which served as the reference value for further
comparisons [42]. While the engine was fueled with B20W10 diesel fuel, the maximum
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in-cylinder pressure was recorded at 40.72 bar, with a reduction of 22.93% compared to
the results for diesel fuel operation in the engine due to the cooling effect of water and
higher latent heat of vaporization [43]. When butanol was added to the fuel emulsion, the
maximum in-cylinder pressure was recorded to be 54.87 bar for the B20W10Bu5 fuel blend,
showing a 3.84% increase over the results for diesel operation in the engine. When the
butanol additive content in the fuel mixture was raised to 10%, denoted as B20W10Bu10, the
maximum in-cylinder pressure reached 57.14 bar, registering an even higher improvement
of 8.14% compared to the results for diesel operation in the engine due to better premix
combustion. When the butanol content was raised to 15%, the maximum in-cylinder
pressure recorded was 55.50 bar, while still registering 5.03% higher levels.

Figure 19. In-cylinder pressure vs. crank angle for the conventional diesel engine.

Figure 20 shows the change in pressure inside the cylinder for the different fuel blends
used for operation with the ceramic-coated LHR engine. While the peak pressure for
diesel fuel operation was 57.38 bar, which was higher than that for conventional operation
because of the reduction in heat rejection, the peak pressure for the optimum blend of
B20W10Bu10 fuel increased to 63.94 bar, showing an 11.5% rise over the results for diesel
for the LHR engine. A rise in peak cylinder pressure for all the different fuels used for
operation with the LHR engine was found to occur at similar crank angles, indicating
enhanced heat release without any variation in the combustion mechanism; this proves the
superiority of butanol-assisted ternary emulsions fueled by B20W10Bu10 [44].

Figure 20. In-cylinder pressure vs. crank angle for the ceramic-coated LHR diesel engine.
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3.8. Net Heat Release Rate

The NHR in conjunction with the crank angle is presented in Figure 21 for the conven-
tional diesel engine, along with the corresponding results for the ceramic-coated LHR engine.
For the conventional diesel engine, when operated under diesel fueling, the peak NHRR
reported is 51.11 J/deg, which has been accepted as the benchmark [45]. While operating the
conventional diesel engine with a blend of 10% B20W10Bu10, the peak NHRR reported is
enhanced to 53.73 J/deg, which registers an improvement of 5.11% over the results for diesel.
This improvement may be credited to the increased volatility of the blend, combined with
oxygen, and the enhanced premix combustion due to slightly higher ignition delay.

Figure 21. NHR vs. crank angle for the conventional diesel engine.

In the LHR engine (Figure 22), the maximum value of NHRR is 52.79 J/deg for diesel.
The operation of the engine was enhanced significantly by 16.1% for the B20W10Bu10
fuel blend over that of diesel operation in the LHR engine, as observed by the remarkable
increase in NHRR from 52.79 J/deg to 61.30 J/deg. Such a large increase may be attributed
to the increased temperature caused by the ceramics and the oxygen content of butanol,
thereby increasing the premixed combustion heat release [46]. With changes in the peak
values, the heat release characteristics of all fuels remain the same, thus validating the
combustion phasing. The experiments confirm once again that B20W10Bu10 is the optimum
fuel blend, especially under LHR operation, for maximizing combustion efficiency.

Figure 22. NHR vs. crank angle for the LHR diesel engine.
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4. Conclusions
The current investigation demonstrates the combined influence of a plasma-sprayed

ceramic thermal barrier coating and emulsified Jatropha biodiesel blended with water and
butanol on the performance, combustion, and emission characteristics of a diesel engine.
Based on the experimental results, the following conclusions can be drawn:

1. The ceramic-coated low heat rejection engine exhibited improved thermal performance
due to reduced heat loss and enhanced utilization of thermal energy within the
combustion chamber.

2. Among the tested fuels, B20W10Bu10 exhibited the best performance, achieving a
brake thermal efficiency of 31.8%, which corresponds to a 7.4% improvement over that
of the conventional engine.

3. The brake-specific fuel consumption decreased for all ternary emulsion fuels in
the ceramic-coated engine. The maximum reduction of 7.8% was obtained with
B20W10Bu10, indicating improved fuel economy.

4. The use of ternary emulsion fuels in combination with the ceramic thermal barrier
coating significantly reduced carbon-related emissions. The lowest hydrocarbon
emission of 15 ppm was recorded, while carbon monoxide and smoke opacity de-
creased by 77.8% and 55.6%, respectively, compared with the results for conventional
diesel operation.

5. Although NOx emissions increased slightly due to higher in-cylinder temperatures,
they remained lower than those obtained with conventional diesel fuel.

6. Combustion analysis revealed higher peak cylinder pressure and net heat release
rates for the ternary emulsion fuels, particularly B20W10Bu10, indicating improved
combustion and enhanced energy release.

7. The combined application of oxygenated emulsified Jatropha biodiesel blended with
water and butanol and the ceramic thermal barrier coating enhanced combustion effi-
ciency through improved fuel atomization, water-induced micro-explosions, reduced
heat loss, and more complete combustion.

8. The ceramic thermal barrier coating, together with B20W10Bu10, demonstrated sig-
nificant potential for improving diesel engine performance and reducing exhaust
emissions under the investigated operating conditions.

5. Future Work
Further studies regarding the durability and stability of the 8YSZ ceramic thermal

barrier coating when exposed to engine operating conditions for a prolonged period will be
required to assess its suitability for use in an engineering applications. Other possible areas
for future work might include using an exhaust gas recirculation technique to minimize
the NOx emissions. It is also possible to conduct studies on the use of nanoparticle-based
ternary emulsions as a fuel to optimize engine performance and emissions.
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