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Abstract

:

The constant emission of greenhouse gases into the atmosphere, due to the continuous burning of fossil fuels, has been driving researchers to develop an environmentally friendly alternative fuel solution. An experimental investigation was conducted on a laboratory scale, to evaluate the physicochemical qualities, performance, emissions, and combustion characteristics of sea mango oil biodiesel blends and pure diesel fuel on a single-cylinder, variable compression ratio (VCR) engine. Tests were conducted at 1500 rpm, 210 bar, and 23° bTDC, under varying loading circumstances of 0, 3, 6, 9, and 12 kgs, and compression ratios 16:1, 17:1, and 18:1, respectively. The findings revealed that higher compression ratios (CRs) improve the performance, emission, and combustion characteristics of an engine. At CR 18:1, BTHE, SFC, and EGT improved by 8.78%, 11.18%, and 2.52% more than the standard compression ratio (17:1). The CO, HC, and smoke emissions also lowered by 14.65%, 18.56%, and 11.56%, respectively, at CR 18:1. The NOx emissions increased by 6.77%. The combustion characteristics also improved, with an increase in the CR. The findings of this investigation show that sea mango biodiesel blends can be used as a diesel alternative at CR 18:1, with no engine modifications.
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1. Introduction


In response to the demand for rising global energy and pollution, as well as the dwindling supply of petroleum-based fuels, the fuel industry has been scrambling to come up with more environmentally friendly, renewable alternatives to petroleum-based fuels for internal combustion engines [1,2,3]. Biofuels, such as ethanol and biodiesel, appear to be a viable and adequate substitute for petroleum diesel, due to their similar combustion properties [4,5,6]. Biodiesel production grew almost 10 times, from 16 billion liters to 143 billion liters, between 2000 and 2017. Global biodiesel production peaked in the year 2016, producing 32.6 million tons. Furthermore, the global biofuel market is expected to expand at an annual rate of 5.4% from 2017 to 2024, according to the International Energy Agency (IEA) [7]. Biodiesel can be produced from both edible and non-edible feedstocks. Until 2015, over 95% of biodiesel was produced from edible oils, including soybean, rapeseed, sunflower, and palm oil. This may have led to an imbalance between food supply and the biodiesel market, due to the increased demand for biodiesel. In response to this issue, non-edible oils such as jatropha, rubber seed, neem, mahua oil, etc., are now in greater demand, and have emerged as viable and sustainable renewable sources for biodiesel production [8]. In terms of fuel qualities, biodiesel provides several benefits over diesel fuel. The high cetane number, lower exhaust emissions, better lubricating properties, flash point, and cheap manufacturing cost of biodiesel make it preferable to diesel fuel [9].



Simsek, et al. [10], investigated the results of using biodiesel produced from waste canola, safflower, and vegetable oils obtained by transesterification. The tests showed that, in contrast to diesel fuel, SFC and BTHE improved as the biodiesel percentage in the combination increased to B75 and decreased by 1.95% for B100. The average CO, HC, and smoke levels reduced by 34.28%, 17.49%, and 50.95%, respectively, but NOx levels rose by 80.50%, showing that the combination was more stable than diesel fuel. Performance and emission analysis of rubber seed biodiesel—produced under ideal process conditions of a methanol to oil molar ratio of 12:1, a 4 (weight percent) catalyst concentration, and a 3 h reaction time—were carried out by Bharadwaj, et al. [11]. These blends—B10, B20, and B30—were tested in a diesel engine. As the BMEP rose, there was a gradual improvement in BTHE for all blends, and a slight decrease in SFC. The lowest SFC for the B10 blend was 0.3895 (kg/kWh), which was quite similar to the 0.38 (kg/kWh) result obtained with conventional diesel. The highest BTHE for the B10 mix was 73.26%, as compared to regular diesel, which had a value of 75.8%. While NOx (275 ppm) and CO2 (1.9%) rose, CO (0.0275%) and HC (36 ppm) dropped. The authors concluded that synthetic biodiesel, produced from rubber seed oil, could be a competitive alternative to conventional diesel. Ahmet, et al. [12], conducted the experiment using mixes of 10–20% poppy oil biodiesel and regular diesel fuel. The ID period was extended by the blends. In comparison to diesel, BTHE decreased by around 5.74% and 13.04%, with addition of 10% and 20% poppy oil biodiesel due to the lower calorific content of the poppy oil biodiesel. NOx increased, with the blends of 10% and 20%, by 2.8% and 5.97%, respectively, according to diesel at full load. Contrarily, the mixes—OP10 and OP20—decreased the CO by 15% and 17.41%, respectively. To evaluate the engine characteristics, Mubarak, et al. [13], combined Salvinia molesta biodiesel with diesel at different proportions. The combustion measures showed a maximum decrease in peak pressure and an HRR of 1.89% and 6.79%, respectively, when comparing B20 to diesel. A minimum SFC of 0.308 kg/kWh and a BTHE of 29.52 % were found with B20 in the performance study. The emissions of CO, CO2, UBHC, NOx, and smoke were all decreased by utilizing B20, when compared to diesel, by 14%, 3.38%, 20.83%, 12.86%, and 10.99%, respectively.



Ahamed, et al. [14], investigated the effects of CRs 18:1, 20:1, and 22:1 on EGR rates in a diesel engine running with a B20 blend of mango seed methyl ester. BTHE rose by 7.4% at CR 22:1, lowering CO, HC, and smoke emissions. The quantity of NOx was noted to have increased significantly. At CR 22:1 and 5% EGR, the NOx emissions decreased up to 40.5%. The performance, emission, and combustion of a VCR engine fueled with 20%, 25%, or 30% Karanja biodiesel–diesel blends at CRs 15:1 to 18:1 was studied by Sivaramakrishnan, et al. [15]. The maximum BTHE was 30.46% with the B25 blend at CR 18:1. The emissions of HC and CO reduced as the blend ratio increased. Higher CRs enhanced the blends’ in-cylinder pressure (Cp). The authors concluded 18:1 to be the most effective CR. Compression ratios ranged from 14:1 to 18:1. Suresh, et al. [16], looked at the characteristics of argemone Mexicana methyl ester (AME) and its blends in a VCR engine. AME20 at CR 17:1 had higher BP, BTHE, and SFC than diesel. HC and CO emissions improved with a slight rise in NOx. In a diesel engine with CRs ranging from 13.5:1 to 16.5:1, Sharma, et al. [17], investigated the characteristics of dual biodiesel blends containing mahua and jatropha in equal proportions with diesel. The blends’ BP and ME improved by 0.15–1.58% and 1.07–12.42%, respectively, over diesel at CR 16.5:1. The blends had lower Cp and exhaust gas temperature than mineral diesel. The CO and HC emissions for the blends were reduced by 33–62%. Blend B20 turned out to be the most effective among all the blends. Vasudeva, et al. [18], looked at the influence of CRs varying from 15:1 to 18:1 on a CI engine using 10% to 40% rice bran biodiesel–diesel blends. The increase in the CR reduced SFC to 18.6% and increased BTHE by 14.66%. As the CR increased, the CO and HC emissions decreased by 22.27 and 38.4%, respectively, whereas the CO2 and NOx emissions increased by 17.43 and 22.76%. Another result was a 15% increase in Cp. The effect of CRs 16:1, 17:1, and 18:1 on a diesel engine were investigated with a 20% palm oil biodiesel blend by Rosha, et al. [19]. At higher CRs, the ignition delay period dropped while Cp and BTHE increased. The blend had a BTHE of 33.8% at full load, and 18:1 CR. From varying 16:1 to 18:1 CR, the HC, CO, and smoke opacity emissions decreased by 47.8%, 41.0%, and 35.7% correspondingly, while NOx emissions increased by 41.1%. Bora, et al. [20], tested raw biogas at CRs 18:1, 17.5:1, and 17:1 with injection timing of 23° bTDC. The highest BTHE of 20.27% was at CR 18:1 and full load. The highest liquid fuel replacement (LFR) was 80%, 79 %, and 78.2% at CRs 18:1,17.5:1, and 17:1, respectively. CO and HC emissions decreased with the increase in CR, while NOx emissions rose by 42.85%. An engine with CRs ranging from 16:1 to 18:1 was tested by Datta, et al. [21], with palm oil biodiesel. Clean palm oil biodiesel had BTHE 7.9% lower than diesel, but rose with the CR. The HRR reduced with biodiesel. However, with neat diesel, the inflammatory delay was longer, and was noted to increase with lower CR. The NOx and CO2 emissions were reduced with lower CRs, whereas the CO and HC increased. Sharma, et al. [22], investigated the behavior of a CI engine modifying its CR. The study was made by B20 blend obtained by pyrolysis of waste tires at different CRs varying from 16.5:1 to 18.5:1. The CR 18.5:1 resulted in shorter ID, maximum Cp, and a quicker HRR. Increasing the CR also enhanced the BTHE by about 8%. With CR 18.5:1, the blend resulted in 10.5%, 32%, and 17.4% lesser BSCO, BSHC, and smoke opacity, respectively. On waste oil biodiesel blends B10 to B50, El, et al. [23], studied the effect of CRs 14:1, 16:1, and 18:1. Higher CRs enhanced BTHE and SFC. CO and HC emissions decreased by 37.5% and 52%, respectively, whereas NOx and CO2 emissions increased by 36.8% and 14.3%. Muralidharan, et al. [24], investigated the influence of CR in a VCR engine using waste sunflower oil biodiesel blends with CRs varying from 18:1 to 22:1. The higher the CR, the better was the combustion efficiency, the longer the ignition delays, and the higher the maximum rate of pressure rise. B40 achieved the highest BTHE. The blends reduced HC and CO emissions while increasing the NOx levels. Suresh, et al. [25], evaluated the work of numerous authors on biofuels in VCR engines, and concluded that biodiesel/diesel blends might be utilized directly in a VCR engine without any alterations. Numerous studies have demonstrated that at higher CRs, VCR engines provide superior engine performance and lower emissions than diesel engines. However, owing to the high peak temperatures, NOx emissions increase at higher CRs. The authors concluded that VCR engines have the potential to increase fuel combustion efficiency.



Duan, et al. [26], studied the impact of controlling tactics on the auto-ignition time and combustion phase in the HCCI engine. Each controlling approach was addressed in depth in separate parts. Furthermore, the various regulating techniques and their impacts were highlighted. In general, several regulating techniques were constantly paired with each other in HCCI engines, to manage the auto-ignition time and optimize the combustion phase for running at a broad speed and load range. Finally, the key results of the HCCI engine’s regulating tactics on ignition timing and combustion phase were also described. Duan, et al. [27], also developed a 1D simulation model of the hydrogen-enriched natural gas SI engine, and tested it against experimental data. Four EGR systems were assessed for combustion, performance, and emissions, using a validated 1D simulation model of a hydrogen-enriched natural gas SI engine. In HP, LP, or HP–LP systems, raising EGR reduced peak in-cylinder combustion pressure. The HP EGR emitted the least NOx. Combining 10% HP EGR and 5% LP EGR (total 15% EGR) was anticipated to maximize thermal efficiency. Reducing valve overlap for internal EGR improved the combustion pressure and the heat release rate.



Sea mango, which is also known as Cerbera Manghas [28] or Cerbera Odollam [29], is a poisonous tree which belongs to the Apocynaceae family [30]. These evergreen trees, which can reach a height of 6–15 m, have spiral-shaped, dark green leaves, and 5–10 cm long, egg-shaped fruits, and can be found along the coasts of southern India, Malaysia, Vietnam, Sri Lanka, Madagascar, and Myanmar. Because of the high concentration of cerberin heart glycoside in the fruit and leaves of these trees, they are very dangerous. In Kerala, India, sea mango seeds have been used as a suicide poison on several occasions [31]. Unlike many non-edible fruits, sea mango is relatively new and unknown. Even though there have been a few studies on sea mango, most of them have focused only on its toxicity and its biodiesel production [29,30,31,32,33,34,35,36,37,38], which prompted the authors to choose sea mango as the feedstock.



According to the literature review, an engine’s compression ratio, as well as the biodiesel–diesel mix ratio, have a significant effect on improving the engine’s characteristics. Though there have been substantial studies on biodiesels tested at a fixed CR on a diesel engine, only a few were focused on VCR engines. Furthermore, employing sea mango biodiesel–diesel blends, the influence of CRs on different engine parameters has not been investigated. Hence, an attempt was made to operate a VCR engine with blends of sea mango biodiesel (SME10, SME20, SME30, and SME40), at different CRs, to evaluate the engine’s efficiency and its hazardous exhaust emissions.




2. Experimental Setup and Methods


2.1. Fuel Preparation


The sea mango methyl ester (SME) was produced at the Indian Biodiesel Corporation (IBDC), Baramati, India, employing the esterification and transesterification techniques for sea mango oil. Table 1 shows the fatty acid profile of sea mango oil. The properties of the fuel samples were tested, and are tabulated in Table 2. Due to the high free fatty acid value of the sea mango oil, a two-step approach—namely esterification and transesterification—was necessary. Transesterification is a chemical process that produces monoesters by integrating alcohol and triglycerides in the presence of a catalyst [39,40,41]. The fundamental goal of these processes is to reduce the oil’s viscosity. The transesterification process can be written as shown in Equation (1),
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(1)








2.2. Engine Test Rig


The study used a single-cylinder, four-stroke VCR engine developed by Kirloskar. Figure 1 and Table 3 show the photographic perspective of the VCR engine and its specifications, respectively. The engine used an eddy-current-type dynamometer to feed the load at different operating conditions. They were installed on a concrete base with a common bed. An anti-vibration mounting system was employed to isolate the frame structure from the concrete. These engines are engineered in such a way that CR can be modulated even without halting the engine. The cylinder’s movement was measured using a micrometer affixed to it. Piezo-type sensors were positioned on the fuel injector and cylinder head, to control the flow of fuel and the combustion pressure. To monitor the exhaust gas temperature, K-type and PT100-type thermocouples were installed within the setup. Rotameters were also installed, to continuously measure the flow of cooling water to the cylinder head, engine block, and calorimeter. Using the data obtained from the multiple points, the IC Engine soft v9.0 program analyzed the test rig’s performance, and fed it into the system. The engine exhaust was channeled outside of the test cell, to remove exhaust pollutants from the engine. The engine test rig’s schematic architecture is shown in Figure 2. An AVL digas 444N gas analyzer was used to measure the quantity of NOx, HC, and CO, while an AVL 437 smoke meter was used to assess the level of smoke occurring from the engine. Table 4 lists the instrument range, the uncertainty of the instruments, and their accuracy.



As a precaution, the VCR engine was initially permitted to run with diesel fuel and at full load for the first 20 min, to ensure that the exhaust gas and outlet cooling water temperatures remained consistent, to attain the steady-state condition. This signified that the combustion process within the cylinder had achieved a stable condition, and that the engine was set to collect data. The engine was then gradually restored to a no-load condition, and ran for 5 min. The exhaust gas analyzer and smoke meter were also turned on slightly early, to stabilize the system before commencing the experiment to measure emissions. The analysis started with the recording of the engine’s baseline results while fueled with diesel at various loads (0 kg, 3 kg, 6 kg, 9 kg, and 12 kg) at regular intervals i.e., their respective braking powers at CRs 16:1, 17:1, and 18:1. The other parameters, like speed, IT, and IP were kept constant at 1500 rpm, 23° bTDC, and 210 bar, respectively, throughout the trial as they were considered to be the standard for the VCR engine used. Following the diesel tests, sea mango biodiesel blends (SME10, SME20, SME30, and SME40) were tested at CRs 16:1, 17:1, and 18:1, considering 17:1 as the standard CR.




2.3. Uncertainties


Uncertainty analysis is done to predict parameter measurement errors. Every experiment involves some degree of uncertainty. These uncertainties are mostly caused by factors such as environmental conditions, calibration, observations, sensors, and testing procedures. Considering these uncertainties, every experiment’s desired test outcome can be predicted. Table 4 displays the relative degree of uncertainty for each measurement. The following formula was used to compute the total uncertainty—Equation (2):


     µ c =     ∑  1 n   Y 2          =          (  BTHE  )   2  +   ( SFC )  2  +    (  EGT  )   2  +    (  CO  )   2  +    (  HC  )   2  +    (  NOx  )   2  +    (  Smoke  )   2  +          (  CP  )   2  +    (  HRR  )   2               =          (  0.75  )   2  +   ( 0.15 )  2  +    (  0.75  )   2  +    (  0.28  )   2  +    (  0.72  )   2  +    (  1.45  )   2  +    (  0.82  )   2  +          (  0.25  )   2  +    (  0.55  )   2            = ± 2.21    



(2)




where Y was the individual uncertainty for each measured parameter, and µc was the total uncertainty. Table 5 displays the relative degree of uncertainty for each measurement.





3. Result and Discussion


In diesel engines, combustion may be affected by a variety of elements, including the quality of fuel, compression ratio, design of the combustion chamber, cetane number, fuel evaporation rate, injection time, and pressure. By optimizing these factors, combustion can be enhanced, and therefore the quantity of fuel used, and the number of exhaust pollutants produced during combustion can be lowered. One of the primary characteristics that affect diesel engines’ performance and emissions is the cetane number and combustion efficiency.



3.1. Combustion Analysis


The development of a fuel/air mixture, and the advancement of the combustion phenomenon in the engine cylinder, are the primary factors that influence in-cylinder pressure (Cp) [42]. In addition, the volume of fuel in the pre-mixed combustion phase, regulated by the ignition delay duration and spray envelope of the injected fuel, also influences the in-cylinder pressure. Therefore, the quantity of gasoline stored during the ignite delay interval is also significant. Hence, the longer the ignition delay, the greater the amount of fuel build-up, which ultimately results in lower peak cylinder pressure [43]. Figure 3 demonstrates the variations in the in-cylinder pressure caused at different crank angles for all the fuel samples with differing CRs and full load. The figures show that increasing the proportion of biodiesel in diesel resulted in a drop in in-cylinder pressure. Higher viscosities, lower heating values, and the slower chemical kinetics of blended fuels exacerbated the atomization, and increased the ignition delay, resulting in reduced cylinder pressures for the blended fuels [44]. The higher atomization, evaporation, and energy content of diesel fuel explain why it had the highest cylinder pressure of the tested fuels [45]. The peak cylinder pressure was found to increase with the CR, as seen in Figure 3. This was because more secondary fuel was accessible for burning, when the compression ratio increased. Furthermore, an increase in peak cylinder pressure was seen. This observed phenomenon of peak pressure advancement was predicted, owing to the instantaneous burning of gaseous fuel in the cylinder at greater pressure. The inhalation of more oxygen and a constant fuel flow rate was another probable cause for the increased peak in-cylinder pressure at higher CRs [46]. For the fuels tested at CR 18:1, the peak Cp for diesel, SME10, SME20, SME30, and SME40 was found to be 66.9 bar, 66.68 bar, 66.26 bar, 65.94 bar, and 65.91 bar, respectively.



The heat release rate (HRR) graph illustrates how much heat energy could be transformed into productive work during fuel combustion. It was mostly influenced by the injection timing and ignition delay period [47]. The HRR for different test fuels at each crank angle was computed, using the correlation obtained from the first law of thermodynamics, by Equation (3):


    d Q   d θ   = P  γ  γ − 1    (    d V   d θ    )  +  1  γ − 1   V   d P   d θ    



(3)




where     d Q   d θ     represented the HRR (J/deg.),  γ  represented the specific heat ratio,  V  was the in-cylinder volume (m3),  P  was the in-cylinder gas pressure (bar), and  θ  was the crank angle (deg.).



Figure 3 also shows the variation in HRR under full load conditions for all the test fuels at different CRs. Initially, the vaporization of the mixture was indicated by a negative heat release rate for all fuel samples. It was followed by a positive heat release rate, as a result of the ignition delay period [48]. The graph shows that the combustion began earlier for the blends, owing to their greater cetane number, shorter delay time, and calorific value, which dramatically lowered the HRR. Due to the existence of the intrinsic availability of O2 molecules in its structure, and the greater cetane number of biodiesel, the diffusion combustion phase of the blends was noted to be extremely near to that of diesel [49]. As shown in Figure 3, the maximum HRR fell as the engine CR rose. This may have been because the maximum in-cylinder temperature increased as the CR of the engine increased, hence increasing the rate of heat transfer inside the cylinder during combustion [50]. In addition, the reduction in the HRR along with the increase in CRs may also have been attributable to the lower air-fuel mixing, as well as the effect of air entertainment [51]. Diesel, SME10, SME20, SME30, and SME40 had the lowest HRRs of 48.8 J/°CA, 46.9 J/°CA, 46.74 J/°CA, 46.47 J/°CA, and 43.36 J/°CA, respectively, at CR 18:1.




3.2. Performance Analysis


Brake thermal efficiency (BTHE) is defined as the ratio of brake power generated to the quantity of heat provided [52]. In other words, it predicts the efficiency of fuel energy conversion to usable work [53]. Figure 4 illustrates the variance in BTHE with engine load and CRs for all the fuel samples. BTHE increased as the load increased, owing to less energy loss at higher loads [54]. Additionally, it was noted that when the blend ratio increased, BTHE reduced across all load ranges. When biodiesel was added with diesel, the viscosity rose and the volatility reduced, resulting in poor spray characteristics and atomization. Improper spray pattern resulted in non-homogeneous fuel dispersion inside the combustion chamber, perhaps leading to incomplete combustion and decreased BTHE. Furthermore, the reduction in BTHE was attributable to the availability of less fuel power, owing to the low calorific value of sea mango biodiesel [43]. Figure 4 shows that the BTHE rose with the CRs. High combustion chamber temperatures, fine fuel droplets, and increased air–fuel mixing were all factors that contributed to improved BTHE at higher CRs [52]. Diesel, SME10, SME20, SME30, and SME40 had the highest BTHE at CR 18:1, with 30.87%, 30.31%, 29.94%, 29.31%, and 28.61%, respectively.



Specific fuel consumption (SFC) is defined as the amount of fuel required to generate one unit of brake power [53]. It is a crucial metric that indicates how effectively an engine performs. Several influencing characteristics—such as the fuel’s cetane number, density, calorific value, and air/fuel ratio—have a significant impact on SFC. For complete combustion, the fuel’s heating value is also a key factor. It is also inversely related to the engine’s thermal efficiency [52]. The change in SFC for all fuel samples in response to engine load and CRs is shown in Figure 5. From no load to 40% load, the SFC dropped significantly, and then fell progressively as the load increased. This was due to increased engine power at higher loads, with a lower proportion of heat losses [51]. Diesel had the lowest SFC of all the fuel samples, owing to its greater calorific value and lower density [55]. As the calorific value of biodiesel is low, the SFC of the blends increased with the increase in its blend ratio. Figure 5 shows that increasing the CR reduced the SFC of the fuel samples. This is because a greater CR encourages the establishment of a better air/fuel ratio, and a higher in-cylinder temperature may aid complete combustion, resulting in lower fuel use [56]. CR 18:1 resulted in the lowest SFC of 0.28 kg/kWh, 0.295 kg/kW-h, 0.3 kg/kWh, 0.31 kg/kWh, 0.33 kg/kWh for diesel, SME10, SME20, SME30 and SME40, respectively.



Exhaust gas temperature (EGT) indicates the quantity of heat released in the final phases of combustion [57]. Numerous variables influence the EGT of a diesel engine, including the heat release rate, combustion duration, and impact of afterburning, and also the engine operating parameters, including CR and injection pressure [47]. The higher the EGT, the greater will be the heat loss from the engine and, as a result, the lower the BTHE. The variance in EGT for all fuel samples in response to engine load and CRs is shown in Figure 6. From the figure, it can be seen that, as the engine’s load increased, the EGT also rose, owing to the increasing fuel quantity in the engine [57]. In comparison to diesel, the blends had higher EGT values. This may have been attributable to the delayed burning of high viscosity blends, and the effects of unburned fuel, which raised EGT in the pre-mixed combustion phase. Additionally, the increased heat loss of the blends also contributed to higher EGT [47]. From Figure 6, it can be seen that the EGT dropped as the CR increased. This may have been due to the compressed air entering the suction stroke at a higher CR, which raised the air temperature. The higher the air temperature, the more the fuel atomizer, resulting in complete combustion and decreased EGT. At lower CRs, the EGT for all the fuel samples was noted to be higher because more heat is generated during the diffusion phase, resulting in a greater amount of heat being carried along with the exhaust gas [22]. CR 18:1 provided the lowest EGT of 314 °C, 329 °C, 338 °C, 352 °C, and 363 °C for diesel, SME10, SME20, SME30 and SME40, respectively.




3.3. Emission Analysis


Carbon monoxide (CO) emissions are primarily produced as a result of incomplete combustion. Incomplete combustion occurs when there is insufficient oxygen for complete burning. Fuel composition, air/fuel ratio, CR, injection pressure and spray penetration all have an impact on incomplete combustion [58]. Figure 7 depicts the variance in CO emissions with engine load for all fuel samples at different CRs. The CO emissions of the fuel samples dropped until they reached 60% load, then rose until they reached the maximum load. The engine’s gas temperature remained low under low loads, resulting in incomplete gas-phase combustion and significant CO emissions. The CO oxidation rate increased as the temperature of the gas inside the cylinder climbed to 60% load, resulting in lower CO emissions. When the engine was fully loaded, the amount of fuel injected was high, and the fuel distribution became unequal. As a result, there was inadequate mixing, leading to high CO concentration [54]. At varying engine loads, all of the fuel blends provided lower CO emissions than diesel fuel. This was due to biodiesel fuels having a greater oxygen concentration than diesel fuel, which improved the oxidation process, resulting in reduced CO emissions [57]. CO emission reduced with the increase in CR, as seen in Figure 7. Increasing the CR could result in a shorter delay time, resulting in better and more complete fuel combustion, and hence reduced CO emissions [22]. It was observed that CR 18:1 produced the lowest CO emissions of the test fuels, with 0.24%, 0.22%, 0.205%, 0.195% and 0.19% for diesel, SME10, SME20, SME30 and SME40, respectively.



The formation of hydrocarbon (HC) emissions is caused by the same factors that cause CO emissions, which is incomplete combustion [57]. Incomplete fuel–air mixing, quenching of the oxidation process, and a greater carbon-to-oxygen ratio are also major causes of HC emissions [43]. Figure 8 demonstrates the fluctuation in CO emission with engine load for all the fuel samples at different CRs. According to the graphs, the HC emissions rose with increasing load for all fuels, which was due to the existence of fuel-rich mixes and insufficient oxygen for combustion at higher loads. In addition, when more fuel was fed to the engine, the engine was more likely to undergo incomplete combustion. Such conditions develop when engine loads increase, causing an increase in HC emissions [57]. All the blended fuels were noted to have provided lower HC emissions than pure diesel. This was due to the beneficial impact of high oxygen levels in the combustion chamber, which sped up the oxidation of produced soot at high temperatures [59]. Figure 8 shows that the HC emissions decreased with the increase in CR. This was because higher CRs provide higher in-cylinder temperature and pressure, which enhances fuel combustion and results in reduced HC emissions [60]. For diesel, SME10, SME20, SME30, and SME40, the lowest HC emissions were achieved at CR 18:1, with 53%, 47 %, 45%, 42% and 41%, respectively.



Nitrogen oxides (NOx) are primarily composed of NO, with minor quantities of NO2. Other nitrogen oxides, such as N2O5, NO3, and N2O, are minimal under most situations. The thermal NOx process—which is influenced by the burned mixture’s local temperature, the air/fuel ratio, and the cylinder’s residence time at high temperatures—dominates NOx creation in diesel engines. The reactions involved in this process were initially defined by Zeldovich, and then subsequently expanded to the modified Zeldovich mechanism, which is represented by Equations (4)–(6):


N2 + O↔NO + N



(4)






N + O2↔NO + O



(5)






N + OH↔NO + H



(6)







Figure 9 shows the variation in NOx emission with engine load for all fuel samples at different CRs. According to the findings, NOx emissions rose in direct proportion to the fuel load. Lower in-cylinder temperatures at reduced loads resulted from lean fuel–air mixing and less fuel usage, leading to lower NOx emissions. The rise in the flame temperature, as well as the in-cylinder temperature, as the engine ramped up to full load, increased the generation of thermal NOx, as a result of more fuel addition at higher load conditions. NOx emissions were caused not just by high temperatures and pressures, but also by the chemical qualities of the fuel. High fuel density may also have resulted in increased NOx emissions, as more fuel was retained in the combustion chamber, leading to higher regional temperature values [61]. Biodiesel was observed to have greater NOx values than diesel, because of its higher oxygen content and density. Due to the blend’s higher oxygen content, more nitrogen atoms reacted with it, increasing the NOx emissions [10]. Higher CRs increased NOx emissions. This was because of the greater temperature within the cylinder, and the natural oxygen content in biodiesel, which caused pollutants like nitric acid and nitrogen dioxide to develop. [52]. Furthermore, improved combustion may have been responsible for higher NOx, as it led to a higher temperature during combustion [62]. The least NOx emissions were obtained at CR 16:1, and were noted to be 971 ppm, 1012 ppm, 1052 ppm, 1086 ppm, and 1132 ppm for diesel, SME10, SME20, SME30 and SME40 respectively. However, the NOx emissions increased at CR 18:1, and the values were recorded to be 1116 ppm, 1171 ppm, 1193 ppm, 1225 ppm, and 1277 ppm for diesel, SME10, SME20, SME30, and SME40, respectively.



Smoke emissions make up the majority of the solid particles released by IC engines. They are the unburned carbon particles that are produced primarily by diesel engines. As the H2 molecules in the liquid fuel droplets in the cylinder react quickly with O2, and the residual carbon cannot be burnt because there is not enough O2, smoke is produced [9]. This may also be described as a qualitative indication of the quantity of bigger diameter particles, which are large enough to disperse the incoming light falling onto the exhaust stream [63]. Figure 10 depicts the variance in smoke emission with engine load for all fuel samples at the various CRs. The smoke levels increased with load for all the fuel samples. The greater number of fuel molecules engaging in oxidation processes at higher loads may have been responsible for this. However, due to a lack of oxygen, at full load, complete combustion did not take place [64]. Furthermore, due to the high temperature and pressure that developed due to the lack of oxygen, smoke was produced in the fuel-rich zone of the cylinder [55]. The use of biodiesel fuel blends resulted in considerable reductions in smoke emissions. This was due to the oxygen content present in the blends of biodiesel, which led to a better oxidation process and improved combustion. In comparison to diesel, which is a non-oxygenated fuel, the presence of oxygen in blends provides more efficient burning in the fuel-rich zones of the combustion chamber, resulting in lowered smoke emissions [63]. With higher CRs, smoke opacity decreased, as seen in Figure 10, which may have been attributable to better fuel–air mixing, which enhanced the combustion process [62]. Moreover, due to the improved fuel atomization, the combustion temperature also rose at higher CRs, leading to reduced smoke values [22]. At CR 18:1, the smoke emissions for diesel, SME10, SME20, SME30, and SME40 were 58.4%, 53.2%, 51.6%, 47.7%, and 48.5%, respectively.



Factors such as oxygen content, combustion temperature, and reaction residence time are crucial in the production of NOx emissions. Incomplete combustion brought on by low cylinder temperature and low oxygen concentration, which slow the local oxidation reactions, also contributes to the creation of the CO emission. Additionally, the main causes of HC emissions include the following: firstly, due to valve overlap during the gas exchange, the unburned mixture in the cylinder escapes into the exhaust port; secondly, as the exhaust valves open, the unburned mixture is forced into the combustion chamber’s cracks and discharged, creating the HC emissions; thirdly, during the expansion stroke, particularly during cold starts, the unburned mixture is discharged from the lubricating oil that is utilized to lubricate the piston and piston rings. The combustion chamber’s crevices are primarily responsible for the generation of HC emissions [65].





4. Conclusions


Tests were conducted to evaluate the characteristics of a VCR engine run with the blends of sea mango biodiesel/diesel at CRs 16:1, 17:1, and 18:1. This study involved two stages. The first stage included the preparation of biodiesel and the testing of its properties. The second stage dealt with the engine tests when fueled with sea mango biodiesel blends at different CRs. The VCR engine at CR 18:1 had better performance, emission, and combustion characteristics, and hence the values of fuels tested at standard CR 17:1 were compared to those of CR 18:1. The experimental study yielded the following results:




	
At CR 18:1, the Cp climbed 13.83% and the HRR fell 11.13%. The CR raised the peak Cp. When CR rose, more secondary fuel was burnable. Peak pressure advancement was projected due to the immediate combustion of gaseous fuel in the cylinder at higher pressure. More oxygen and steady fuel flow may also have raised peak in-cylinder pressure at higher CRs. The HRR decreased with the increase in the CR. This was due to the increase in the maximum in-cylinder temperature, boosting the rate of heat transfer during combustion.



	
BTHE rose 8.78% with CR 18:1, compared to the standard CR. Higher CRs in diesel engines led to greater air/fuel mixing, higher combustion chamber temperature, and fine fuel droplet production. As the CR rose, SFC fell. SFC was 11.18% below normal CR at 18:1. Greater CRs enabled higher in-cylinder temperatures, better air/fuel ratios, and full combustion, leading to reduced fuel consumption. At CR 18:1, EGT was also lowered by 2.52%, compared to the standard CR. Compressed air entering the suction stroke at a higher CR boosted the air temperature and improved the combustion, leading to reduced EGT.



	
CR reduced CO, HC, and smoke emissions. CR 18:1 decreased CO, HC, and smoke emissions by 14.65%, 18.56%, and 11.56. Shorter delay time, better air–fuel mix, and a greater CR may have been responsible. NOx rose with CR. NOx values were lower at CR 16:1, while they increased by 6.77% on average at CR 18:1. This was mainly due to the higher in-cylinder temperature and better combustion process at CR 18:1.








Current research reveals sea mango biodiesel blends may be a viable alternative to diesel fuel, with a negligible increase in NOx emissions. Water emulsification or exhaust gas recirculation may reduce the blend’s NOx emissions. Further studies may analyze the influence of additives added to sea mango biodiesel blends at varying proportions, assessing engine characteristics.
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Figure 1. Photographic view of VCR engine. 
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Figure 2. Schematic layout of the engine test rig. 
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Figure 3. Variation of Cp and HRR with the crank angle for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1 and full load. 
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Figure 4. Variation of BTHE with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 5. Variation of SFC with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 6. Variation of EGT with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 7. Variation of CO with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 8. Variation of HC with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 9. Variation of NOx with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Figure 10. Variation of smoke opacity with load for the fuel blends at CRs: (a) 16:1 (b) 17:1 (c) 18:1. 
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Table 1. Sea mango oil’s fatty acid profile.
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	Fatty Acid
	Formula
	Composition (wt.%)





	Myristic acid
	C14H28O2
	0.39



	Palmitic acid
	C16H32O2
	12.98



	Stearic acid
	C18H36O2
	4.23



	Oleic acid
	C18H34O2
	26.15



	Linoleic acid
	C18H32O2
	45.69



	Alpha-Linolenic acid
	C18H30O2
	1.99



	Arachidonic acid
	C20H32O2
	0.490



	Cis-8-11-14 Eicosatrienoic
	C20H34O2
	0.321



	Cis-11 Eicosenoic acid
	C20H38O2
	0.561



	Cis-13,16 Docosadienoic acid
	C22H40O2
	0.121



	Behenic acid
	C22H44O2
	5.998



	Tricosanoic acid
	C23H46O2
	0.860










[image: Table] 





Table 2. Fuel properties.
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	Fuel

Properties
	Unit
	DF
	SME10
	SME20
	SME30
	SME40
	SME100
	ASTM





	Density at 15 °C
	g/cm3
	0.830
	0.834
	0.839
	0.845
	0.849
	0.875
	D1448



	Viscosity at 40 °C
	mm2/s
	2.7
	2.82
	2.96
	3.07
	3.16
	4.2
	D6751



	Calorific Value
	MJ/kg
	42.5
	42.27
	42.08
	41.79
	41.52
	38.62
	D445



	Cetane No.
	-
	49.22
	49.46
	49.77
	49.94
	50.29
	51.71
	D93



	Flash Point
	°C
	64
	74
	86
	95
	103
	142
	D93



	Cloud Point
	°C
	−4.0
	−2.1
	1.6
	2.9
	4.1
	7.2
	D2500



	Fire Point
	°C
	71
	83
	92
	106
	114
	156
	D613
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Table 3. Engine Specifications.






Table 3. Engine Specifications.





	Parameter
	Specification





	General details
	4-stroke, multifuel, VCR engine



	Number of cylinders
	1



	Speed
	1500 rpm



	Ignition
	Compression ignition



	Compression ratio
	12:1–18:1



	Rated power
	3.5 kW



	Loading
	Eddy current dynamometer



	Bore
	87.5 mm



	Stroke
	110 mm



	Rotameter
	Calorimeter 25–250 LPH



	Temperature sensor
	Type K, PT100 thermocouple



	2Air flow transmitter
	Pressure transmitter



	Cooling
	Water-cooled
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Table 4. Range, accuracy, and uncertainty of the instruments.






Table 4. Range, accuracy, and uncertainty of the instruments.





	
Equipment

	
Measured Quantity

	
Measuring Range

	
Accuracy

	
Uncertainty






	
AVL digas 444N gas analyzer

	
CO

	
0–10%vol

	
±0.03%vol

	
±0.15%




	
O2

	
0–22%vol

	
±5%vol

	
±0.5%




	
CO2

	
0–20%vol

	
±0.5%vol

	
±0.3%




	
HC

	
0–20,000 ppm

	
±5 ppm

	
±0.4%




	
NOx

	
0–5000 ppm

	
±10 ppm

	
±1.2%




	
AVL 437 smoke meter

	
Smoke

	
0–100%

	
±2%

	
±0.8%




	
Thermocouple

	
Exhaust gas temperature

	
0–1200 °C

	
±2 °C

	
±0.2%




	
Tachometer

	
Engine speed

	
1–10,000 rpm

	
±5 rpm

	
±0.2%




	
AVL GH14D pressure transducer

	
Pressure

	
0–250 bar

	
±0.3 bar

	
±0.25%




	
AVL 365C angle encoder

	
Crank angle

	
0–720 °CA

	
±1 °CA

	
±0.5%




	
DP fuel flow transmitter

	
Fuel flow rate

	
0–500 mmWC

	
±2 mmWC

	
±0.5%
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Table 5. Variable metrics’ uncertainty.






Table 5. Variable metrics’ uncertainty.





	Parameters
	Uncertainty %





	BTHE
	±0.75



	SFC
	±0.15



	EGT
	±0.75



	CO
	±0.28



	HC
	±0.72



	NOx
	±1.45



	Smoke
	±0.82



	Cylinder pressure
	±0.25



	Heat release rate
	±0.55
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