


Injection Parameter Optimization for Efficient Biodiesel Blends in Compression Ignition Engine 
ABSTRACT
The global energy demand, depletion of petroleum reserves, uncertainty supplies, escalating prices of petroleum products, and environmental concerns have led to the search for sustainable and clean energy resources. Biodiesel (methyl ester) has been prepared from scum oil and waste vegetable oil through transesterification using sodium hydroxide and methanol as catalysts and reactants. The methyl esters composition in MESO and MEWVO were analyzed using Gas Chromatography – Mass Spectrometry (GC-MS). Various methyl ester blends were prepared by adding pure diesel to straight MESO and MEWVO. The best methyl ester blend was selected as an alternative fuel for compression ignition engines. The brake thermal efficiency, brake specific fuel consumption, and exhaust gas temperature curves of B10 and B20 blends exhibited closer to pure diesel. The study also examined the performance, emission, and combustion characteristics of MESO-B20 and MEWVO-B20 fuels. The retarded injection timing (19° before TDC) showed significant results in reducing ignition delay and improving brake thermal efficiency. Further research on CI engines fuelled with MESO-B20 and MEWVO-B20 found that increasing injection pressure led to better atomization and improved combustion rate. In conclusion, with injection parameter modification of the CI engine, MESO-B20 and MEWVO-B20 are used as fuels for the CI engine efficiently.
Keywords: Methyl Ester Scum Oil, Methyl Ester Waste Vegetable Oil, Injection Timing, and Injection Pressure.

The main focus of this study is on the transportation sector's heavy reliance on both renewable and non-renewable energy sources, with diesel being widely used for compression ignition engines. However, the rising cost of diesel, along with environmental concerns, has intensified the search for alternative fuels. Biodiesel, derived from waste vegetable oil, is an attractive option due to its availability in urban areas. This study seeks to make biodiesel production economically feasible by utilizing waste vegetable oil sourced from dairy waste, restaurants, and hotels. Using the transesterification process, biodiesel is produced from these sources, with a focus on characterizing its fuel properties and comparing them to those of conventional diesel. Additionally, the study investigates optimal blends of methyl ester scum oil (MESO) and methyl ester waste vegetable oil (MEWVO) by experimenting with various injection pressures and optimized injection timing. The goal is to produce biodiesel that is economically viable, safe for human health, and efficient in utilizing waste oils, thereby reducing the environmental impact of improper oil disposal.
The biodiesel samples were tested using gas chromatographic fatty acid analysis to confirm their conversion to biodiesel. These biodiesel blends were then evaluated for their suitability as fuel for compression ignition engines. The experiment consisted of four phases: setting parameters, optimizing biodiesel blends, determining optimal injection timing for the diesel engine, and optimizing injection pressure for the compression ignition engine. In the first phase, experimental parameters were established. The second phase focused on optimizing biodiesel blends. The third phase involved adjusting injection timings to enhance engine efficiency, combustion quality, and emissions reduction. Finally, in the fourth phase, the engine was operated with the optimized biodiesel blends and injection timing at a constant engine speed and compression ratio to identify the optimal injection pressure.


RESULTS 
4.1 Fuel Properties
Basic fuel properties of diesel and biodiesel blends were tested and evaluated to determine the suitability of these biodiesel blends as alternative fuels for internal combustion (IC) engines. The fuel properties of MESO and MEWVO blends are close to those of diesel, with B10 and B20 blends showing the most similarity. Among these, MESO-B20 and MEWVO-B20 were identified as the best methyl ester blends due to their favorable combustion characteristics. Table 3 presents a comparison of key fuel properties between diesel and the selected methyl ester blends.
Table 3. Fuel properties comparison between diesel and methyl ester blend
	Fuel Properties
	Diesel
	MESO-B20
	MEWVO-B20

	Specific gravity
	0.83
	0.8452
	0.8466

	Viscosity during 40ºC (cSt)
	2.9
	2.992
	3.072

	Flash Points (ºC)
	52
	68.6
	82.4

	Calorific Value (kJ/kg)
	42500
	41561.2
	41211.4

	Cetane Number
	49
	52
	51.4



4.2 Fatty acid methyl ester analysis
This study analyzes the composition of biodiesel derived from scum oil and waste vegetable oil using Gas Chromatography and Mass Spectrometry (GC-MS) to identify key saturated and unsaturated compounds in MESO and MEWVO. The detailed compositions of MESO and MEWVO, provided in Tables 4 and 5, highlight the specific compounds present in each biodiesel type, demonstrating their reliability and suitability as alternative fuels for compression ignition engines.

Table 4. Fatty acid methyl ester composition of MESO
	Sl. No.
	Name
	Chemical Formula
	Remarks
	

	1
	Hexanoic acid, methyl ester
	C7H14O2
	Saturated
	

	2
	Octanoic acid, methyl ester
	C9H18O2
	Saturated
	

	3
	Decanoic acid, methyl ester
	C11H22O2
	Saturated
	

	4
	Dodecanoic acid, methyl ester
	C13H26O2
	Saturated
	

	5
	Tridecanoic acid, 12-methyl-, methyl ester
	C15H30O2
	Saturated
	

	6
	Methyl tetradecanoate
	C15H30O2
	Saturated
	

	7
	Methyl Z-11-tetradecenoate
	C15H28O2
	Unsaturated
	

	8
	Tetradecanoic acid, 12-methyl-, methyl ester, (S)
	C16H32O2
	Saturated
	

	9
	Pentadecanoic acid, methyl ester
	C16H32O2
	Saturated
	

	10
	Hexadecanoic acid, methyl ester
	C17H34O2
	Saturated
	

	11
	Hexadecanoic acid, methyl ester
	C17H34O2
	Saturated
	

	12
	9-Hexadecenoic acid, methyl ester, (Z)
	C17H34O2
	Unsaturated
	

	13
	Hexadecanoic acid, 14-methyl-, methyl ester
	C17H36O2
	Saturated
	

	14
	Hexadecanoic acid, 14-methyl-, methyl ester
	C18H36O2
	Saturated
	

	15
	cis-10-Heptadecenoic acid, methyl ester
	C18H34O2
	Unsaturated
	

	16
	Methyl stearate
	C19H38O2
	Saturated
	

	17
	9-Octadecenoic acid, methyl ester, (E)-
	C19H36O2
	Unsaturated
	

	18
	9,12-Octadecadienoic acid, methyl ester
	C19H34O2
	Unsaturated
	

	19
	Methyl 9-cis,11-trans- octadecadienoate
	C18H31O2
	Unsaturated
	





Table 5. Fatty acid methyl ester composition of MEWVO
	Sl. No.
	Name
	Chemical Formula
	Remarks
	

	1
	Dodecanoic acid, methyl ester
	C13H26O2
	Saturated
	

	2
	Methyl tetradecanoate
	C15H30O2
	Saturated
	

	3
	Hexadecanoic acid, methyl ester
	C17H34O2
	Saturated
	

	4
	Heptadecanoic acid, methyl ester
	C18H36O2
	Saturated
	

	5
	Methyl stearate
	C19H38O2
	Unsaturated
	

	6
	9-Octadecenoic acid, methyl ester, (E)
	C19H36O2
	Unsaturated
	

	7
	9,12-Octadecadienoic acid (Z, Z)-, methyl ester
	C19H34O2
	Unsaturated
	

	8
	9,12,15-Octadecatrienoic acid, methyl ester,(Z,Z,Z)
	C19H32O2
	Unsaturated
	

	9
	Methyl 18-methyl nonadecanoate
	C21H42O2
	Saturated
	

	10
	cis-Methyl 11-eicosenoate
	C21H40O2
	Unsaturated
	

	11
	Docosanoic acid, methyl ester
	C23H46O2
	Saturated
	















The cetane number and calorific value of biodiesel are influenced by its fatty acid composition, with saturated and unsaturated fatty acids playing distinct roles in compression ignition engine performance and emissions (N. Sunil Naik & B. Balakrishna, 2017). Generally, biodiesel with higher saturated fatty acid content is more stable, whereas high levels of unsaturated fatty acids make biodiesel more prone to oxidation, which can reduce engine performance (K. Shaine Tyson, 2004; M.P. Dorado et al., 2004). Studies recommend biodiesel with a greater proportion of saturated fatty acids over unsaturated acids for optimal engine performance and stability (A. Monyem et al., 2001).
In MESO, 78.48% of the fatty acids are saturated, with the remaining 21.52% unsaturated; in contrast, MEWVO contains 57.07% saturated and 42.03% unsaturated fatty acids. This higher proportion of saturated fatty acids in MESO corresponds to a higher cetane number, improving combustion stability (Tamilselvan, Palsami et al., 2020). However, the elevated unsaturated fatty acid content in MEWVO can lead to faster oxidation and slightly lower cetane numbers, potentially affecting fuel longevity and performance (Patel, Alok et al., 2017). Additionally, calorific value tends to increase with longer fatty acid chain lengths but decreases as the degree of unsaturation rises (Folayan, Adewale Johnson et al., 2019).

4.3 Experimental optimization of methyl ester blends
The straight biodiesel or methyl ester oil cannot be used as fuel for compression ignition engines due to the high viscosity and lower calorific value of the methyl ester oil. Straight biodiesel requires additives when used in diesel engines (Suthisripok, Tongchit, and Semsamran, Pattawee., 2018). Pure biodiesel cannot be stored for the long term due to oxidation problems, and these oxides clog the filters and fuel injector holes, along with the formation of carbon molecules in the combustion chamber (James Pullen and Khizer Saeed, 2012). Because of these issues, instead of using straight methyl ester as fuel in a compression ignition engine, blended biodiesel with the appropriate proportion of pure diesel could resolve the problems. Similarly, this research also followed the practice of blending biodiesel with an appropriate proportion of pure diesel for further study on a compression ignition engine. The biodiesel blend B10 – (10% methyl ester oil + 90% diesel), along with other blends, was prepared.
[bookmark: page73]The prepared biodiesel blends were used as fuel to run the CI engine without any engine modifications. While running the engine, some standard parameters were considered, like an engine running at constant speed is 1500 rpm, CR 17.5:1, SIT is 23° before TDC, and standard injection pressure is 200 bar. The engine performance characteristics were collected from the “CIEngineSoft” software, and results are discussed.
1.3.1 Brake thermal Efficiency
Brake thermal efficiency measures how well fuel converts into engine heat. Figure 4 and 5  shows compression ignition engine performance with biodiesel blends like MESO and MEWVO. As load increases, brake thermal efficiency increases due to reduced heat loss (Gvidonas Labeckas and Stasys Slavinskas., 2005). B10 and B20 biodiesel blends have more oxygen, leading to higher efficiency (R. Kumar et al., 2015). Pure diesel brake thermal efficiency is 34%, while MESO-B10 and MESO-B20 blends have 31.82% and 31.04% respectively. B10 biodiesel blend has the highest efficiency, followed by B20.

Figure 4. Brake thermal efficiency of MESO blends

Figure 5. Brake thermal efficiency of MEWVO blends.
4.3.2 Brake specific fuel consumption
Brake specific fuel consumption (BSFC) measures fuel efficiency in compression ignition engines. In this study, biodiesel blends such as MESO and MEWVO were used as fuels, and their results were compared to baseline data from pure diesel. Pure diesel achieved a BSFC of 0.25 kg/kW-h, while MESO-B10, MESO-B20, and MEWVO-B10 blends showed values of 0.26 kg/kW-h and 0.27 kg/kW-h, respectively. The fuel consumption curves indicated higher consumption at lower engine loads, which gradually decreased as load increased, as shown in Figures 6 and 7. Despite biodiesel’s lower calorific value compared to diesel, resulting in higher fuel consumption at lower loads (M. A. Asokan et al., 2018), the lowest BSFC was achieved by the B10 biodiesel blends of MESO and MEWVO, followed by the B20 blends. The MESO-B20 and MEWVO-B20 blends show promising potential for further investigation due to their effective utilization as alternative fuels.

Figure 6 Brake specific fuel consumption of MESO blends

Figure 7 Brake specific fuel consumption of MEWVO blends
4.4 Effect of injection timings on B20 methyl ester blends 
The performance, emission, and combustion characteristics of MESO - B20 and MEWVO - B20 compression ignition engines were analyzed using ICEngineSoft software, considering different injection timings and standard injection pressure.
4.4.1 Brake thermal efficiency 
Brake thermal efficiency measures engine performance by converting chemical energy into mechanical work. MESO - B20 and MEWVO - B20 fuel compression ignition engines with pre-defined injection parameters. Diesel has a 34% brake thermal efficiency, while MESO - B20 and MEWVO - B20 have varying efficiencies at different injection timings as shown in Figure 8. Biodiesel curves have lower efficiency at SIT (23° before TDC) due to lower calorific values (Sathish Kumar P.S and S. Mahalingam., 2014) [53]. The improvement in brake thermal efficiency is observed when injection timing moves towards retardation, which influences combustion and leads to higher efficiency (Zhou, Hua et al., 2019). MESO - B20 has higher brake thermal efficiencies at all injection timings than MEWVO - B20 due to more oxygen content and cetane number. The highest brake thermal efficiency is achieved by MESO - B20 and MEWVO - B20 at 19° before TDC. 


Figure 8 BTE of MESO – B20 and MEWVO – B20 at different injection timings
4.4.2 Brake specific fuel consumption
The study analyzes the impact of injection timing on BSFC, revealing that better fuel atomization leads to better combustion and lower fuel consumption. Advance injection timing and least retarded timing require more fuel to produce the same brake power (Kim, Ho Young et al., 2019). The study found that the lowest BSFC achieved by MESO - B20 and MEWVO - B20 at 19° before TDC is 0.255 kg/kW-h and 0.28 kg/kW-h, respectively as  shown in Figure 9. MESO - B20 and MEWVO - B20 achieved 2% and 12% higher BSFC than conventional diesel fuel.

Figure 9 BSFC of MESO – B20 and MEWVO – B20 at different Injection Timings
4.4.3 Exhaust gas temperature 
The study analyzes the impact of injection timing on engine thermal efficiency and exhaust gas temperature (EGT), which refers to the temperature of the exhaust gases leaving the engine. Figure 10 shows that the heat released from the engine is higher at 19° before TDC, leading to lower EGT with higher brake thermal efficiency (BTE) (Mani M, Nagarajan G, and Sampath S., 2011). At 19° before TDC, MESO-B20 and MEWVO-B20 achieve lower EGT, mainly due to the higher BTE values of the biodiesels. MESO-B20 and MEWVO-B20 achieve 7.7% and 9.1% higher EGT, respectively, compared to conventional diesel fuel.

Figure 10. EGT of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.4 Carbon monoxide
This research study analyzes the formation of carbon monoxide during combustion, which are harmful to humans (Thomas Abdallah., 2017). The study reveals that CO emission decreases with injection timings as shown in Figure 11, with higher emissions in advance injection timings due to improper combustion and unburnt carbon particles (Ahmed, Salman Abdu et al., 2019). Retardant injection timings result in less CO emission, while further retardation increases emissions due to insufficient time for combustion (Ioannis Kalargaris et al., 2017). MEWVO-B20 has higher CO emission at all injection timings than MESO-B20 due to increased oxygen content. The study also shows that MESO-B20 achieves 6.3% less CO emission than conventional diesel fuel, and MEWVO-B20 achieves 6.3% more.

Figure 11. CO of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.5 Unburnt Hydrocarbon
The study reveals that adding methyl ester to diesel reduces hydrocarbon emissions due to the promotion of combustion by oxygen molecules (M. Vijay Kumar et al., 2018). The injection timings also affect unburned hydrocarbon emissions. Advanced injection timings result in a rich fuel-air mixture, leading to improper combustion and unburnt hydrocarbon particles (Yesilyurt, M.K et al., 2020). Retard injection timings cause formless unburned hydrocarbon emissions, while advance injection timings accumulate fuel, affecting proper combustion. MEWVO-B20 has higher unburned hydrocarbon emissions than MESO-B20 due to increased oxygen content as shown in Figure 12. The lowest unburned hydrocarbon emissions were found in MESO-B20 and MEWVO-B20 at 19° before TDC. Reductions in unburned hydrocarbon emissions from SIT to retard injection timing are 24.6% and 15.5% for MESO-B20 and MEWVO-B20, respectively.

Figure 12. Unburnt hydrocarbon of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.6 Smoke Opacity
Smoke formation in diesel engines is caused by incomplete combustion due to a rich or lean fuel-air mixture. Methyl esters can reduce smoke emissions by promoting combustion (Bhaskar Kathirvelu et al., 2017). Injection timings also affect smoke opacity, with retarded timing causing less smoke opacity and advanced timing increasing smoke formation. The lowest smoke opacity was found in MESO-B20 and MEWVO-B20 at 19° before TDC, with MESO-B20 achieving 3.7% more smoke opacity than conventional diesel fuel which is portrayed in Figure 13. The reduction in smoke opacity from SIT to retard injection timing was 4.8% for MESO-B20 and 5.1% for MEWVO-B20. The higher oxygen content in MESO-B20 also contributes to higher smoke opacity. 

Figure 13. Smoke Opacity of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.7 Nitrogen Oxides
NOx formation in biodiesel fuel depends on oxygen content, inner cylinder temperature, exhaust gas temperature, and air oxygen and nitrogen levels (Maroa Semakula and Prof Freddie Inambao., 2018). Injection timing affects NOx emissions. Retard injection timing reduces in-cylinder temperature, reducing NOx emissions (R. Sindhu et al., 2018). Advance injection timing increases in-cylinder temperature, causing more NOx emissions. 
MESO-B20 and MEWVO-B20 achieve lower NOx emissions at 19° before TDC and standard injection pressure, with MESO-B20 and MEWVO-B20 achieving 18.9% and 30% lower emissions than diesel as shown in Figure 14. The decrease in NOx emission from SIT to retard injection timing is 16.5% for MESO-B20 and 27% for MEWVO-B20.

Figure 14. NOx of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.8 Cylinder Pressure
Cylinder pressure represents the pressure inside the cylinder during engine operation and indicates the combustion behavior of the fuel-air mixture. Peak pressure indicates power and emission generated in the CI engine. Retarded injection timing has the highest peak cylinder pressure due to higher premixed combustion. Advanced injection timing has lower peak cylinder pressure due to a rich mixture of fuel-air (S. Rostami et al., 2014). 
MESO-B20 and MEWVO-B20 achieve higher peak cylinder pressure due to more oxygen content as shown in Figure 15. They achieve 2.7% and 4.2% lower peak cylinder pressure than conventional diesel fuel.

Figure 15. Cylinder pressure of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.9 Heat release rate 
Heat release rate (HRR) is a crucial parameter in a combustion engine, affecting the amount of heat released during fuel-air mixture combustion. It is influenced by the fuel's calorific value, viscosity, and the time of fuel injection. The peak HRR indicates the power and emissions generated during combustion. Diesel fuel has the highest peak HRR due to higher calorific value as shown in Figure 16. Retarded injection timing has the highest peak HRR due to higher premixed combustion. Advanced injection timing has lower peak HRR due to a rich fuel-air mixture (V. Dhana Raju et al., 2018). MESO-B20 and MEWVO-B20 achieve higher peak HRR due to higher calorific value and oxygen content.

Figure 16. HRR of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.10 Ignition delay
Ignition delay is the time it takes for atomized fuel particles to ignite or combustion. It is measured using the heat release rate graph and decreases with load due to increased cylinder wall temperature and quicker premixed combustion. Diesel has an ignition delay of 8.2° CA, while MESO-B20 and MEWVO-B20 have varying delays at full load conditions. The analysis shows that ignition delay decreases as injection time sets towards retardation as shown in Figure 17. Retarded injection timing (19° before TDC) has the lowest ignition delay due to higher premixed combustion (Venkanna Krishnamurthy Belagur and Venkataramana Reddy Chitimini., 2012). Advanced injection timing (25° before TDC) has higher delays due to a rich mixture of fuel and air (Raheman, H  and Padhee, D., 2014). MESO-B20 and MEWVO-B20 achieve 13.4% and 11% lower ignition delay than conventional diesel fuel. The decrease in ignition delay from SIT to retard injection timing is 21.1% for MESO-B20 and 23.2% for MEWVO-B20.

Figure 17. Ignition delay of MESO – B20 and MEWVO – B20 at different Injection timings
4.4.11 Combustion duration
Combustion duration refers to the period between start and end of combustion. It includes premixed, rated controlled, and late combustion. Advanced injection timing has lower combustion duration due to higher ignition delay (Chenxi Sun et al., 2016). Figure 18 shows that, MESO-B20 and MEWVO-B20 achieve higher combustion duration due to lower ignition delay and higher calorific value and oxygen content (V. R., Sabu et al., 2020). They achieve 12% and 11.4% higher combustion duration than conventional diesel fuel. The increase in combustion duration from SIT to retard injection timing is 8.1% for MESO-B20 and 7.9% for MEWVO-B20.

Figure 18. Combustion duration of MESO – B20 and MEWVO – B20 at different Injection timings
The study tested methyl ester blends (MESO – B20 and MEWVO – B20) in diesel engines at different injection timings and standard injection pressure. Results showed improvements in engine characteristics at retarded injection timing (19° before TDC) and standard injection pressure (200bar). The methyl esters B20 blends showed more positive engine characteristics at 19° before TDC and 200 bar compared to diesel at standard injection parameters. The retarded injection timing was considered the optimum, resulting in better performance and emission characteristics.

4.5 Effect of injection pressures on B20 methyl ester blends
The optimal injection timing for MESO - B20 and MEWVO - B20 is 19° before TDC, based on performance, emission, and combustion characteristics compared to diesel values. The effect of injection pressure on these products was explored by varying injection pressures (180 bar, 200 bar, 220 bar, and 240 bar).

4.5.1 Brake thermal efficiency
Biodiesel's high viscosity reduces the flow rate into the combustion chamber, affecting fuel flow and atomization. Higher injection pressure influences fuel flow, leading to higher brake thermal efficiency. Higher oxygen content in MESO and MEWVO improves brake thermal efficiency (F.J. Salvador et al., 2011). MESO - B20 and MEWVO - B20 achieve 33.69% and 32.93% brake thermal efficiency at 220 bar, respectively as shown in Figure 19. These fuels achieve 1% and 3.1% less brake thermal efficiency than conventional diesel fuel. 

Figure 19. BTE of MESO – B20 and MEWVO – B20 at different Injection pressures
4.5.2 Brake specific fuel consumption
The study examines the impact of injection pressures on BSFC with optimized injection timing (19° before TDC). The results show that higher injection pressure leads to better combustion and lower fuel consumption (F.J. Salvador et al., 2011). However, higher pressures result in incomplete combustion and more fuel consumption (Bakar, Rosli Abu et al., 2008). The study also compares the BSFC variation between MESO - B20 and MEWVO - B20, with MESO having more oxygen and calorific value. The lowest BSFC achieved by MESO - B20 and MEWVO - B20 is 0.255 kg/kW-h and 0.28 kg/kW-h, respectively as shown in Figure 20. The BSFC improved from standard to optimized parameters by 6.3% for MESO - B20 and 15.6% for MEWVO - B20.

Figure 20. BSFC of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.3 Exhaust gas temperature
Exhaust gas temperature (EGT) is inversely related to brake thermal efficiency. The EGT decreases with increasing injection pressure (Mutyalu, K.B et al., 2018), with more heat released during optimized timing. MESO - B20 and MEWVO - B20 have lower EGT due to biodiesel BTE values. MESO - B20 and MEWVO - B20 achieve 6.2% and 7.7% higher EGT than conventional diesel fuel as shown in Figure 21. The EGT reduction from standard to optimized parameters is 4% for MESO - B20 and 4.6% for MEWVO - B20.

Figure 21. EGT of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.4 Carbon Monoxide
The study examines the impact of CO emission formation at different injection pressures and timings. The results show that higher injection pressures lead to better combustion, reduced CO emissions, and uniform fuel droplet spraying (Kim, Ho Young et al., 2019). Higher pressures result in a rich mixture, while lower pressures result in a lean mixture (Özdalyan, B., and S. Özer. 2011). The study also reveals that MESO-B20 and MEWVO-B20 have lower CO emissions due to higher oxygen content as shown in Figure 22. The reduction in CO emissions from standard to optimized injection parameters is 39% for MESO-B20 and 35% for MEWVO-B20. 

Figure 22. CO of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.5 Unburnt hydrocarbons
The study examines the impact of different injection pressures and optimized injection timing on unburnt hydrocarbon emission. The results show that higher injection pressures lead to better combustion, while lower pressures promote a lean mixture (S. Gowthaman, A.P. Sathiyagnanam et al., 2016). The unburnt hydrocarbon emission variation between MESO - B20 and MEWVO - B20 is less due to increased oxygen content as shown in Figure 23. The lowest emissions were found at 19° before TDC and 220 bar, with MESO - B20 emitting 2.6% more than conventional diesel fuel and MEWVO - B20 10.3% more.

Figure 23. Unburnt hydrocarbon of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.6 Smoke Opacity
The study examines the impact of smoke opacity on combustion at different injection pressures and optimized injection timing. The results show that higher injection pressures lead to better combustion, while lower pressures result in a lean mixture (Gangadhara Rao et al., 2018). The smoke opacity variation between MESO - B20 and MEWVO - B20 is less due to increased oxygen content. The lowest smoke opacity was found at 19° before TDC and 220 bar, with MESO - B20 having a 0.4% higher smoke opacity than conventional diesel fuel as shown in Figure 24. The reduction in smoke opacity from standard to optimized parameters is 7.9% for MESO - B20 and 9.6% for MEWVO - B20.

Figure 24. Smoke opacity of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.7 Nitrogen Oxides
The formation of NOx in fuel-air mixtures depends on in-cylinder temperature and EGT. The effect of injection pressure on NOx formation at optimized injection timings is analyzed. Increased injection pressure leads to higher in-cylinder temperature, oxidation of nitrogen molecules, and lower in-cylinder temperature (Sanjay Patil, Dr. M. M. Akarte et al., 2012). This process repeats with lower injection pressure. Results show that MESO - B20 and MEWVO - B20 have more NOx emission due to more oxygen molecules in the mixture. Figure 25 shows MESO - B20 and MEWVO - B20 achieved 8.4% and 22.3% lower NOx emission than conventional diesel fuel.

Figure 25. NOx of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.8 Cylinder Pressure
The peak cylinder pressures of MESO - B20 and MEWVO - B20 are analyzed, showing that as injection pressure increases, peak cylinder pressure increases. Lower injection pressures result in poor fuel impingement, while higher pressures promote better atomization and combustion (Gangadhara Rao et al., 2018). The highest peak cylinder pressure is achieved at 220 bar due to complete combustion of fuel-air mixture as shown in Figure 26. Higher injection pressures result in 1.1% and 1.4% lower peak cylinder pressure than conventional diesel fuel. MESO - B20 and MEWVO - B20 achieve an increase in peak cylinder pressure from standard to optimized parameters, with MESO - B20 experiencing a 10% increase and MEWVO - B20 11.5% increase.

Figure 26. Cylinder pressure of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.9 Heat Release Rate
The analysis of peak HRR in diesel fuel shows that it increases with injection pressure, with higher pressures promoting better combustion. Improper atomization and impingement can lead to incomplete combustion and lower HRR (V. R., Sabu et al., 2020). MESO-B20 and MEWVO-B20 achieve higher peak HRR at all injection pressures due to more oxygen content and calorific value as shown in Figure 27. MESO-B20 and MEWVO-B20 achieve 1.3% and 4.8% lower peak HRR than conventional diesel fuel. The increase in peak HRR from standard to optimized parameters is 12.4% for MESO-B20 and 15.5% for MEWVO-B20.

Figure 27. HRR of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.10 Ignition Delay
The analysis of ignition delay in diesel fuel shows that it decreases with an increase in injection pressure, reversing the trend of the curve. Lower injection pressures result in poor fuel impingement, leading to a late start of combustion. Higher injection pressures result in better atomization and combustion rate (Salmani, Mahir H et al., 2015) and (Srivastava, Anmesh Kumar et al., 2017). The lowest ignition delay is achieved at 220 bar due to complete combustion of fuel-air mixture as shown in Figure 28. MESO-B20 and MEWVO-B20 achieve lower ignition delay at all injection pressures due to more oxygen content and calorific value. They achieve 20.7% and 18.3% lower ignition delay than conventional diesel fuel.

Figure 28. Ignition delay of MESO – B20 and MEWVO – B20 at different injection pressures
4.5.11 Combustion Duration
Figure 29 shows the combustion duration variation between MESO – B20 and MEWVO – B20 at full load. MESO – B20 has a higher duration due to lower ignition delay period and higher calorific value and oxygen content (Kim, Ho Young et al., 2019). It achieves 16.5% and 15.9% higher duration than conventional diesel fuel. The increase in combustion duration from standard to optimized parameters is 12.4% for MESO - B20 and 12.3% for MEWVO - B20.
[bookmark: _GoBack]
Figure 29. Combustion duration of MESO – B20 and MEWVO – B20 at different injection pressures
The study analyzed the effect of injection pressures on performance, emission, and combustion characteristics of MESO – B20 and MEWVO – B20 blends in an engine. Results showed that ignition delay decreases with increasing injection pressure, while improper atomization leads to improper combustion. Improved engine characteristics were observed at retarded injection timing (19° before TDC) and higher injection pressure (220bar) compared to standard injection parameters. The methyl ester B20 blend at 19° before TDC and 220 bar had more favorable engine characteristics than diesel at standard injection parameters. Conversely, the methyl esters B20 blend at 19° before TDC and 220 bar had less favorable engine characteristics than diesel at standard injection parameters.

Discussions
CONCLUSIONS
· The study explores the use of biodiesel (methyl ester) from scum oil and waste vegetable oil as an alternative fuel source for CI engines. The methyl esters in both MESO and MEWVO are converted into scum oil and waste vegetable oil, but their use is restricted due to unsaturated methyl ester, causing engine issues. To address this, methyl ester blends have been prepared, with the best blends being MESO-B20 and MEWVO-B20.

· The study analyzed the performance, emission, and combustion characteristics of MESO-B20 and MEWVO-B20 fuels at different injection timings. Results showed that retarded injection timing resulted in less fuel infused into the combustion chamber, leading to better atomization with air. The presence of oxygen molecules in the fuels also led to better combustion, releasing higher cylinder temperature and exerting pressure.

· The results showed that MESO-B20 and MEWVO-B20 fuels achieved higher brake thermal efficiency, lower BSFC, EGT, CO, HC, NOx, peak cylinder pressure, peak HRR, ignition delay, and higher combustion duration. Higher injection pressure led to better combustion, while lower pressure led to a lean mixture in the engine cylinder. The lowest CO emission was 10% less than conventional diesel fuel, while the lowest HC emission was 2.6% more. The highest peak HRR was achieved by MESO-B20 and MEWVO-B20 at higher injection pressure and optimized timing.
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