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Abstract

:

The ever-worsening environmental situation brought on by the huge use of fossil fuels has ramped up biodiesel production. Several studies have shown that a 20% biodiesel-diesel blend (B20) could be the best for utility in a compression ignition (CI) engine. The present study focuses on the characteristics of a variable compression ratio (VCR) engine running with a B20 blend of sea mango biodiesel at compression ratios of 16:1, 17:1 and 18:1. VCR is a technology which permits the engine to modify its compression ratio to improve the fuel economy under varying loads. The experimental results reveal an improvement of 5.27% and 6.25% in the BTE as well as SFC with B20 mix, respectively, at compression ratio (CR) 18:1 against diesel at standard CR, which is 17:1. At CR 18:1, the CO, HC and smoke emissions of B20 fuel at full load were 26.78%, 37.76% and 23.44%, correspondingly lower than those of diesel at standard CR. However, the blend was found to have higher NOx emissions at all the CRs. The least NOx emissions of the blend were noted to be at CR 16:1, although it was 0.77% higher than diesel at standard CR. The combustion characteristics also improved at higher CRs. The findings of this study indicate that the B20 blend of sea mango biodiesel could be utilized at CR 18:1 to replace diesel without any engine modifications.
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1. Introduction


Energy plays a vital factor in day-to-day life. Every essential amenity in the current context is dependent on energy. The energy demand has been rapidly increasing as a result of industrialization [1]. Following the invention of internal combustion engines, the world’s need for oil-based fuels drastically increased. Fossil fuels are considered to be the most important source in the operation of thermal power plants, generators and vehicles [2]. The over-usage of fossil fuels has resulted in vast volumes of carbon and nitrogen oxides being spewed into the atmosphere, with levels rising at an alarming rate. As a result of both the depletion of fossil fuels and the pollutants they produce, specialists have begun searching for sustainable alternatives [3]. Biodiesel is considered to be one of the finest alternatives to substitute petroleum diesel due to its characteristics such as renewable, decreased emissions; great combustion performance; biodegradability; and improved lubrication [4,5,6,7,8,9,10]. Biodiesels are sustainable fuels generated from triglycerides by the transesterification process [11]. Biodiesel research has recently accelerated, and many experts believe that biodiesel generated from a variety of feedstocks may be used as a viable alternative to traditional diesel fuel [12]. Many experts have obtained better efficiencies and improved emissions characteristics when CI engines run with biodiesel blends. However, a modest rise in nitrogen oxide (NOx) emission was always seen due to a large increase in temperatures during the combustion process. To address this issue, numerous scholars have resorted to researching impacts by altering engine settings such as injection timing, injection pressure and compression ratios (CRs).



In diesel engines, the compression ratio is determined by comparing the greatest volume of the combustion chamber at the bottom dead center (BDC) piston position to the lowest volume at top dead center (TDC). It provides control of peak cylinder pressure and improves cold start ability and low load operation, enabling the multi-fuel capability, increase in fuel economy and reduction in emissions.



There are several advantages of using a VCR engine:




	
Low exhaust emissions and fuel consumption.



	
Most efficient burning of fuel at all speeds and loads.



	
The VCR engines have great fuel flexibility.



	
Its thermal efficiency is better than that of fixed compression ratio engines.



	
The VCR gives better control over pollutant production and cleanup than a fixed compression ratio.



	
It results in low vibration levels and permits a large drop in idle speed due to decreased misfiring and cycle abnormalities.



	
By allowing the catalytic converter’s catalyst to warm up early, cold starting emissions may be significantly minimized.



	
Effective idling at low ambient temperatures.



	
An increase in low-end torque from a gasoline engine without the danger of detonation.



	
Recurring frictional losses as a result of almost constant peak pressures.



	
The VCR engine operates at the optimal compression ratio for compressed natural gas or gasoline. Bi-fuel cars may employ VCR engines. It has several fuel possibilities and high combustion efficiency.



	
VCR engines can also provide the highest possible combustion efficiency.








Today, automakers invest billions on green cars. To keep the environment clean, automobile manufacturers are investing heavily in R&D. The firm is exploring techniques to reduce automobile emissions and manufacture eco-friendly cars.



Honda Company Ltd. (Tokyo, Japan) showed the World Congress documentation on their variable compression ratio engine research. They designed a small VCR that uses piston inertia to vary compression levels (Concept: Honda R&D Developing Variable Compression Ratio Engine with Dual Piston Mechanism, 2009). SAAB is developing a new, efficient VCR engine. SAAB criticized their SVC (Saab Variable Compression) engine at the Geneva Motor Show. The new fuel-efficient idea was revolutionary. Reduced engine displacement and a novel system of variable compression ratio improved the engine’s performance. Fuel usage and carbon emissions were moted to decrease by 30%. The SVC engine system prevented external or internal friction from increasing engine losses. Nissan has developed a piston-crank mechanism that enables variable engine compression, unlike other automobiles’ static compression. The technology optimizes engines’ rpm with compression ratio and may change with vehicle speed, resulting in optimal combustion and higher power and fuel efficiency (Nissan). This shows that the automobile industry is searching for novel methods to boost the future vehicle market and the environment.



Several studies have been done using VCR engine with various feedstocks. Navdeep Sharma et al. [13] examined the characteristics of dual biodiesel blend, mahua and jatropha at equal proportions with diesel in a diesel engine with various CRs of 13.5:1, 14.5:1, 15.5:1 and 16.5:1. The brake power (BP) and mechanical efficiency (ME) of the blends improved by 0.15–1.58% and 1.07–12.42%, respectively, compared to diesel at CR 16.5:1. The peak cylinder pressure (Cp) and exhaust gas temperature (EGT) of the blends were found to be 0.15–0.36 bar and 11.1–69.8 °C lower than mineral diesel, respectively. The CO and HC emissions of the blends were lowered by 33–62%. Among all the blends, blend B20 was indicated to be the most effective. Areef Ahamed et al. [14] studied the impact of CRs 18:1, 20:1 and 22:1 as well as EGR rates of the diesel engine run on B20 blend of mango seed methyl ester. At CR 22:1, the brake thermal efficiency (BTE) increased by 7.4%, reducing the emissions of CO, HC and smoke by 33.3%, 40% and 7.1%, respectively. The amount of NOx emitted increased significantly. The engine running at CR 22:1 with 5% EGR reduced NOx emissions by 40.5%. Pali Rosha et al. [15] evaluated the impacts of CRs 16:1, 17:1 and 18:1 in a CI engine utilizing 20% of palm oil biodiesel blend. The ignition delay (ID) period decreased while the Cp and BTE rose at higher CR. The blend exhibited a maximum BTE of 33.8% at 3.5 brake mean effective pressure and 18:1 CR. The rise in CR from 16:1 to 18:1 also resulted in an average reduction of 47.8%, 41.0% and 35.7% in the emissions of HC, CO and smoke opacity, respectively, but with an increase of 41.1% in the NOx. Suresh et al. [16] studied the characteristics of argemone mexicana methyl ester (AME) and its blends in a carriable compression ratio (VCR) engine at CRs varying from 14:1 to 18:1. In comparison to diesel and other blends, the AME20 at CR 17:1 resulted in greater BP, BTE and improved specific fuel consumption (SFC). With a modest rise in NOx, the HC and CO emissions also improved. K. Sivaramakrishnan et al. [17] evaluated the characteristics for a VCR engine fueled with 20%, 25% and 30% of karanja biodiesel-diesel blends at CRs 15:1, 16:1, 17:1 and 18:1. The B25 blend at CR 18:1 revealed the maximal BTE to be 30.46%. As the blend ratio grew, the emissions of HC and CO decreased. At higher CRs, the combustion pressure of the blends improved. 18:1 was proven to be the greatest effective CR. Datta et al. [18] performed tests on a diesel engine with CRs ranging from 16:1 to 18:1. The BTE of clean palm oil biodiesel was noted to be 7.9% lower than that of diesel but increased with CR. Heat release rate falls with biodiesel, reaching a nadir at the rated CR of 17.5:1. In contrast, with neat diesel, the inflammatory delay has been more severe and rises as the compression ratio decreases. Lowering the CR resulted in increases in CO, HC and smoke emissions of the palm oil biodiesel but decreased the NOx and CO2 emissions. Mohit Vasudeva et al. [19] evaluated the impact of CRs 15:1, 16:1, 17:1 and 18:1 of a CI engine when run with 10% to 40% of a rice bran biodiesel-diesel blend. The increase in CR from 15:1 to 18:1 led to an average reduction in brake-specific fuel consumption (BSFC) of 18.6% and improved the BTE by 14.66%. The CO and HC emissions were lowered by 22.27% and 38.4%, but increased the CO2 and NOx emissions by 17.43% and 22.76%, respectively, as the CR rose from 15:1 to 18:1. The increase in CR also resulted in a 15% rise in the Cp. Bora et al. [20] conducted experiments on raw biogas at three different CRs (18:1, 17.5:1 and 17:1) and an injection timing of 23° bTDC. At CRs 18:1,17.5:1 and 17:1 and full load, it had the highest BTEs of 20.27%, 19.97% and 18.39%, correspondingly. The highest liquid fuel replacement (LFR) was 80%, 79% and 78.2% at CRs 18:1,17.5:1 and 17:1, respectively. When the CR was raised from 17:1 to 18:1, the CO and HC emissions dropped by 17.67% and 17.18%, respectively, but the NOx emissions raised by 42.85%. A study by Sharma et al. [21] looked at how changing the CR of a CI engine could affect its behavior. Two different CRs were used in the study, 16.5:1 and 18.5:1. Compared to the original CR, the enhanced CR of 18.5:1 resulted in shorter ID, maximum Cp and faster heat release rate (HRR). As compared to the initial CR, raising the CR from 17.5:1 to 18.5:1 improved the BTE by about 8%. With a CR of 18.5:1, the blend produced 10.5%, 32% and 17.4% lesser BSCO, BSHC and smoke opacity, respectively. Bora et al. [22] investigated a study using raw biogas under various loading at CRs 18:1, 17.5:1 and 17:1. The maximum BTE were determined to be 20.27%, 19.97% and 18.39% at CRs of 18:1, 17.5:1 and 17:1, respectively. The maximum LFR for the same parameters were determined to be 80%, 79% and 78.2% for CRs of 18:1, 17.5:1 and 17:1, respectively. The CO and HC emissions were reduced by 17.8% and 17.2%, respectively, as the CR was raised from 17:1 to 18:1. However, the same CR also resulted in an increase of 14.13% CO2 and 42.85% NOx emissions. Mohammed EL et al. [23] investigated the impact of CRs 14:1, 16:1 and 18:1 on waste oil biodiesel blends B10 to B50. Higher CRs improved both the BSFC as well as the BTE. The CO and HC emissions dropped by 37.5% and 52%, whereas NOx and CO2 emissions grew by 36.8% and 14.3%, respectively. Despite having lower volatility and higher viscosity than diesel, biodiesel appears to have a shorter igniting delay. Muralidharan et al. [24] studied the effect of CR in a VCR engine when run with waste sunflower oil biodiesel blends at different CRs ranging from 18:1 to 22:1. The increase in the CR improved combustion efficiency, and caused longer ignition delays and higher maximum rate of pressure increase than diesel. The maximum BTE was obtained with the blend B40. The blend lowered the HC and CO emissions as well, but increased the NOx. Suresh et al. [25] reviewed the work of several authors with biofuels on VCR engines and indicated the fact that the blends of biodiesel with diesel may be used directly in a VCR engine without any alterations on the engine. Several studies proved that the VCR engines resulted in higher engine performance and less emissions than diesel at higher CRs. However, due to high peak temperatures, there was a minute rise in NOx emissions. The authors conclude that the VCR engines have the potential to improve the combustion efficiency of the fuel.



Previous studies show that the use of biodiesel from various feedstocks can enhance the emission properties with a modest decrease in their performance. Several research experiments have been undertaken to improve the performance and minimize emissions through several ways, such as using pure biodiesel, blending biodiesels in different proportions with diesel, varying the compression ratios of an engine, fuel supply and combustion chamber modifications and addition of nano additives.



High compression ratios could be ideal for engine operation. Unfortunately, high compression produces more heat, which sometime promotes detonation—when the air-fuel combination suddenly bursts before the spark plug fires—which may cause slight damage to the engines. Engineers have traditionally had to decide between high compression with moderate boost and low compression with strong boost because turbocharged engines operating at high boost levels are particularly sensitive to detonation, and this could be one of the reasons why the VCR engines did not get much attention. At the same time, however, many researchers have also showed that higher compression ratios result in better engine characteristics.



Several scientists have proved that B20 is the optimal biodiesel blend that can be used in a CI engine [26,27,28,29,30,31,32,33,34,35]. Although several works have been carried out using diverse feedstocks, only a few have focused on sea mango oil [36], which has encouraged the authors to work on the B20 blend of sea mango biodiesel at different CRs.



There have been a few studies on sea mango, which were mainly concerned with its toxicity. In this study, the VCR engine was run with B20 (20% sea mango biodiesel + 80% diesel) biodiesel blend for evaluating its engine characteristics at different CRs. The uniqueness of this work stems from the fact that no similar studies have been published on sea mango biodiesel so far. Experiments were done at 1500 rpm with varied loading circumstances ranging from 0 to 12 kg for different CRs of 16:1, 17:1 and 18:1.




2. Materials and Methods


2.1. Overview of Sea Mango


Sea mango, also known as Cerbera odollam [37] or Cerbera manghas [38], is said to be a poisonous tree which belongs to the Apocynaceae family [39]. These are evergreen trees that grow 6–15 m high with luminous dark green spiral-like leaves with egg-shaped fruits of 5–10 cm in length and are commonly found in the coastal areas of South India, Malaysia, the riverbanks of Vietnam, Sir Lanka, Madagascar and Myanmar. These trees are highly poisonous due to the high concentration of cerberin heart glycoside in their fruit and leaves. In Kerala, India, there have been several cases of sea mango seeds being used as suicide poison [40]. Sea mango is a relatively fresh and unknown non-edible fruit.




2.2. Fuel Preparation


The sea mango biodiesel was prepared by the esterification and transesterification methods using sea mango oil at the Indian Biodiesel Corporation (IBDC), Baramati. It was necessary to undergo the two-step method for producing biodiesel due to the high FFA (free fatty acid) value of sea mango oil. To decrease the acid value of the feedstock oil, acid esterification was initially carried out with an 8:1 molar ratio of methyl alcohol to oil for 90 min with 1.5% sulfuric acid as an acid catalyst. To circumvent the mass transfer restriction, the mechanical stirrer’s speed was maintained constant at 600 rpm. After the acid-esterification process, the reaction mixture was allowed to settle for 4 h. The esterified sea mango oil was then subjected to the transesterification reaction to complete the process. As a solid base heterogeneous catalyst, CaO was utilized in this study. The process took place with a 10:1 molar ratio of alcohol to oil, with 3% CaO at a temperature of 65 °C for 120 min. Two different layers were observed after allowing the reaction to settle at the end. The glycerol layer was drawn out, and the methyl ester was collected and transferred to the washing process to produce pure biodiesel. The properties of the fuel samples are listed in Table 1 as defined by ASTM standards.




2.3. Experimental Setup


The experiments were performed using a single-cylinder, four-stroke VCR engine powered by B20 blend of sea mango biodiesel. Table 2 lists the major features of the VCR engine. The VCR engine is designed in such a way that the CR could be varied even without halting the engine. To measure the movement of the cylinder, a micrometer is attached to the cylinder. Two piezo-type sensors are installed on the fuel injector and cylinder head to direct the fuel line and combustion pressure. Two K-type thermocouples and four PT100 type thermocouples are installed throughout the setup to monitor the exhaust gas temperature. The fuel is measured using a differential pressure transducer. Rotameters were used to monitor the cooling water’s flow for the cylinder head, engine block and calorimeter. The IC Engine soft v9.0 application is used to analyze the test rig’s performance using all of the analog data collected from different points. In order to determine the amount of NOx, HC, CO and smoke present in the engine’s exhaust, AVL Digas 444N gas analyzer and the AVL 437 smoke meter were employed. The VCR engine’s primary specifications are shown in Table 2. Table 3 displays the range, accuracy and uncertainties of instruments. The schematic layout of the engine arrangement is shown in Figure 1, and a photographic image of the test equipment is shown in Figure 2.




2.4. Uncertainty Analysis


Uncertainty analysis is done to calculate errors of various parameter measurements. Every set of tests was replicated thrice to validate the consistency of their results. The uncertainty proportion for each measurement is shown in Table 4. The following formula was used to compute the total uncertainty:


     =          (  BTHE  )   2  +   ( SFC )  2  +    (  EGT  )   2  +    (  CO  )   2  +    (  HC  )   2  +    (  NO x  )   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     













3. Result and Discussion


A CI engine’s behavior is influenced significantly by its compression ratio. For the first 30 min, the engine was allowed to operate on diesel fuel at full load to ensure that the exhaust gas and the outlet cooling water temperature were maintained at a constant level to achieve the steady-state condition. This signifies that the combustion within the cylinder has reached a stable state and the engine is prepared to gather data. The engine was then gradually reverted to a no-load state and operated for a few minutes. The investigation began with the collection of the engine’s baseline findings while powered by diesel, varying its loads at regular intervals, which correspond to their respective brake power at CR 17:1. The other parameters such as speed, injection pressure and timing were maintained at 1500 rpm, 210 bar and 23° bTDC, respectively, throughout the experiment. Studies were conducted with sea mango B20 biodiesel blend at different CRs of 16:1, 17:1 and 18:1 and compared with that of diesel engine characteristics at 17:1 CR. The test findings are reported in the following sections.



3.1. Performance Analysis


3.1.1. Brake Thermal Efficiency


The efficiency of fuel energy conversion to useable work is predicted by brake thermal efficiency (BTE) [42]. Figure 3 illustrates the impact of CRs on the BTE for the fuel samples. There is a distinct rise in BTE as load increases due to lowered heat loss and increased power at higher loads [43]. The findings show that at standard CR (17:1), the BTE of diesel and B20 blend were obtained as 28.36% and 27.55%, respectively, at full load, which are fairly close to one other. It is conceivable that the low energy content of the mix is responsible for its lower BTE [14]. The increase in the compression ratio enhanced the engine’s BTE. The BTE of B20 blend at full load was noted to be 26.21%, 27.55% and 29.94% at CRs 16:1, 17:1 and 18:1, respectively. In part, this improvement in BTE might be attributed to an increase in compressed air temperature, which leads to improved combustion of the blend at higher CRs [44]. The blend had the highest BTE of 29.94% at CR 18:1, which was 5.57% more than that of diesel at standard CR.




3.1.2. Specific Fuel Consumption


The specific fuel consumption (SFC) is the quantity of fuel used to produce one unit of brake power [42]. The fluctuation in SFC for the fuel samples at different CRs are shown in Figure 4. The SFC decreased dramatically from no load to part load and then gradually decreased as load increased. This is due to the fact that at higher loads, heat loss is lesser [45]. At standard CR, the SFC readings for diesel and the B20 blend were reported to be 0.32 and 0.34 kg/kWh, respectively. The blend has a slightly greater SFC than diesel owing to its lower heating value. However, due to the similar calorific value of the B20 blend and diesel, they are very close to one another [46]. The SFC of the blend at full load and CRs 16:1, 17:1 and 18:1 was recorded to be 0.37 kg/kWh, 0.34 kg/kWh and 0.3 kg/kWh, respectively. The SFC reduced with higher CRs. The reasonable factor for this tendency is that when CR rises, the maximum cylinder pressure increases as the outcome of the fuel being fed into a hotter combustion chamber, resulting in greater effective power [47]. The lowest SFC of the blend was identified to be 0.3 kg/kWh at CR 18:1, which showed an improvement of 6.25% over diesel at standard CR.




3.1.3. Exhaust Gas Temperature


The measure of heat emitted by the fuels during combustion can be referred to as exhaust gas temperature (EGT) [18]. Figure 5 depicts the variation in EGT for the fuel samples at different CRs. The EGT rises with the engine load, owing to a greater combustion temperature which takes place within the cylinder at higher loads [21]. The EGT for diesel and the B20 blend at the standard CR were 325 °C and 345 °C, respectively, at full load. Due to increased heat loss and decreased thermal efficiency, the biodiesel blend’s exhaust gas temperature was higher than diesel [48]. At full load, the EGT of the blend was noted to be 364 °C, 345 °C and 338 °C at CRs of 16:1, 17:1 and 18:1, respectively. The drop in EGT at higher CRs may be due to increased expansion of burned gases and a larger quantity of work done by the burnt mixture. [49]. Increased air temperature, which aids in greater atomization of the fuel, results in complete combustion, which is also a reason for EGT reduction at higher CRs [21]. At CR 18:1 and full load, the blend’s EGT was noted to be 338 °C, which was still 4% higher than diesel at standard CR.




3.1.4. Comparative Analysis in Performance


Figure 6 depicts the percentage difference in the performance of the B20 blend at different CRs to diesel at standard CR and full load. The difference in BTE of the blend at CRs 16:1 and 17:1 was reduced by 7.58% and 2.85%, respectively, at full load, but rose to 5.57% at CR 18:1 compared to diesel. At maximum load, the SFC of the blend at CRs 16:1 and 17:1 was 14.06% and 4.68% higher than diesel, but was lowered by 6.25% at CR 18:1. The EGT at peak load was 12%, 6.15% and 4% higher than diesel at CR 16:1, 17:1 and 18:1, respectively. The performance of the blend with higher CRs was noticed to improve. This largely reflects the fact that fuel is more atomized with higher CRs, the compressed air temperature rises, and the enhanced fuel spray characteristics which contribute to complete combustion.





3.2. Emission Characteristics


3.2.1. Carbon Monoxide


Carbon monoxide (CO) is produced when fuel in an engine is not completely burned. Incomplete combustion takes place if there is not enough oxygen present to complete the combustion [50]. Figure 7 shows the CO emissions of the fuel samples at various CRs. The CO emissions of the fuel samples decrease up to 60% load and subsequently increase. At low loads, the engine’s gas temperature stays low, leading to incomplete combustion in the gas phase and very significant CO emissions. Due to the increased temperature of the gas within the cylinder, at higher loads, the CO oxidation rate rises, leading to reduced CO emissions. Under fully loaded conditions, the injected fuel is high and the fuel distribution becomes uneven. This leads to poor mixing and a high concentration of CO [43]. At the standard CR, the emissions of CO for diesel and the B20 blend at full load were 0.28% and 0.24%, respectively. Due to the higher oxygen concentration in the biodiesel blend, it emits less CO than diesel [47]. The CO emissions for the blend at CRs 16:1, 17:1 and 18:1 were 0.26%, 0.24% and 0.21%, respectively, at full load. The CO emissions of the blend dropped when the CR was raised. This is due to the fact that more air and oxygen are accessible within the cylinder for complete combustion to take place at higher CRs [49]. At CR 18:1, the blend generated the lowest CO emissions of 0.21%, which was 26.78% lower than the CO produced by the diesel at standard CR.




3.2.2. Hydrocarbons


Fuel entrapment in the combustion crevice, incomplete fuel evaporation, bulk quenching of the oxidation process at low temperatures, and locally lean or rich mixtures are all plausible causes of fuel’s hydrocarbon (HC) emissions [51]. Figure 8 depicts the HC emission at different CRs for the fuel samples. The graph demonstrates that, as the load grew, HC emissions increased as well, owing to the existence of rich fuel blends and lower oxygen content for combustion at higher loads [52]. At standard CR, the HC emission for diesel and the B20 blend were 65 ppm and 54 ppm, respectively, at full load. The oxygen content in the blend interacts with the hydrocarbons present in the fuel, lowering its HC emission compared to diesel [43]. At CRs 16:1, 17:1 and 18:1, the HC of the blend were measured to be 58 ppm, 54 ppm and 45 ppm, respectively, at full load. It has been noticed that the HC emissions drop gradually when the CR is increased. At higher CRs, reduced HC emissions are achieved owing to the increase in air intake temperature at the end of the compression stroke, which raises the combustion temperature and leads to improved combustion [53]. The blend achieves a minimal HC emission of 45 ppm at CR 18:1, which was 37.76% lower than the diesel operated at standard CR and full load.




3.2.3. Oxides of Nitrogen


Temperature, oxygen content and time allotted for reactions to take place are the primary factors influencing nitrogen oxide (NOx) emissions during premixed combustion [49]. The fuel samples’ NOx emissions at different CRs are shown in Figure 9. The NOx emissions increased with respect to load due to the increase in the combustion temperature caused by high in-cylinder pressure at higher loads [43]. At standard CR, the NOx emissions of diesel and the B20 blend were noted to be 1044 ppm and 1107 ppm, respectively, at full load. Blend’s oxygen content raises the maximum gas temperature in the cylinder, which improves combustion and raises the NOx concentration as well [47]. The NOx also increased along with the CR. It was determined that, for CRs 16:1, 17:1 and 18:1, the blend’s NOx emission values at full load were 1052 ppm, 1107 ppm and 1193 ppm, respectively. The higher the CR, the higher the temperature within the combustion chamber due to the enhanced combustion resulting in increased NOx emissions [53]. At full load, the B20 blend recorded its lowest NOx of 1052 ppm at CR 16:1, as it reduces the pre-premixed heat release rate, causing a lower temperature of combustion [18]. The NOx emission of the blend at CR 18:1 was 14.27% higher than diesel at standard CR.




3.2.4. Smoke Opacity


Smoke is formed when lack of oxygen in the combustion zone prevents the fuel from being fully oxidized [18]. The results of smoke opacity at various CRs are shown in Figure 10. From the graph, it is evident that when the load rises, the smoke density also increases as the quantity of fuel injected increases at higher loads, resulting in rich mixture [54]. The smoke opacity of diesel and the B20 blend at standard CR was 67.4% and 57.2%, respectively, at full load. The blend produces less smoke than diesel because it contains more oxygen molecules, which assist in oxidizing the entire fuel, thus reducing the smoke emissions [55]. The smoke opacity of the blend at CRs 16:1, 17:1 and 18:1 was 62.2%, 57.2% and 511.6%, respectively, at full load. It was noted that the smoke opacity reduced with increasing CR because, as the CR increases, the combustion temperature also rises as a consequence of greater fuel atomization [15]. This results in reduced smoke opacity. At CR 18:1 at full load, the blend’s smoke opacity was found to be the lowest at 51.6 ppm, and it was 23.44% lower than diesel at standard CR.




3.2.5. Comparative Analysis in Emissions


The percentage difference in emissions between the B20 blend at various CRs and diesel at standard CR and full load is illustrated in Figure 11. The B20 blend resulted in having lower CO emissions than diesel at all the CRs. They were 7.14%, 14.28% and 26.78% lower than diesel at CRs 16:1, 17:1 and 18:1, respectively. When compared to diesel, the blend’s HC emissions were reduced by 10.76%, 16.92% and 36.76% at CRs 16:1, 17:1 and 18:1, respectively. Despite the decrease in HC and CO emissions, the blend’s NOx emissions rose in all CRs. The NOx emissions at CR 16:1, 17:1 and 18:1 were 0.77%, 6.03% and 14.27% higher than diesel, respectively. The smoke opacity of the blend dropped at all CRs. At CRs 16:1, 17:1 and 18:1, the smoke opacity of the blend was 7.71%, 15.13% and 23.44% lower than diesel, respectively. The overall emissions decreased as the CR increased. The primary cause of the improvement in emissions is due to the shorter delay period at higher CRs, which improves the air density, in-cylinder temperature and fuel atomization. Increasing NOx emissions was a consequence of high in-cylinder temperature and high oxygen concentration in the blend.





3.3. Combustion Characteristics


3.3.1. Impact on In-Cylinder Pressure


The in-cylinder pressure (Cp) vs. crank angle (CA) diagram is to analyze the combustion behavior of an engine as it has a major impact on the engine characteristics [45]. Figure 12 displays the variations in Cp for the B20 blend and diesel at different CRs in response to crank angle while the engine is running at full load. The maximum in-cylinder pressure reached by the fuel in CI engines is most likely governed by the mass of fuel burnt during this period. At full load and standard CR, the highest Cp for diesel and the B20 blend were 59.45 bar at 367 °CA and 58.22 bar at 369 °CA, respectively. Due to the blend’s increased viscosity and density, less fuel is built-up during the premixed combustion phase, therefore leading to lower peak cylinder pressure than diesel [54]. The maximum Cp for the blend at CRs 16:1, 17:1 and 18:1 was noted to be 55.85 bar at 367 °CA, 58.22 bar at 369 °CA and 65.94 bar at 368 °CA, respectively. The cylinder pressure increased with the greater CR as the intake temperature of the air rose in tandem with the CR, improving fuel atomization and resulting in a quicker combustion process [14]. Compared to the diesel’s cylinder pressure at standard CR, the maximum cylinder pressure obtained by the blend improved by 10.91% when experimented with CR 18:1 at full load.




3.3.2. Impact on Heat RELEASE rate


The heat release rate (HRR) is a viable approach to describe the combustion mechanism of a diesel engine [51]. Figure 12 also shows a comparison of HRR curves for diesel and B20 blend at various CRs in contrast to one another at full load. At standard CR, the maximum HRR for diesel and the B20 blend was determined to be 57.45 and 49.65 J/CA at full load, respectively. Diesel has a larger HRR than the blend due to its higher calorific value and longer ignition delay, allowing more fuel to collect in the combustion chamber [56]. The blend’s HRR at CRs 16:1, 17:1 and 18:1 was 53.16, 49.65 and 46.47 J/CA. As illustrated in Figure 12 the maximum HRR falls as the engine compression ratio rises. This might be because the maximum in-cylinder temperature increases as the CR of the engine increases, hence increasing the rate of heat transfer inside the cylinder during combustion [57].






4. Conclusions


Tests were conducted to evaluate the characteristics of a VCR engine running with B20 blend of sea mango biodiesel at different CRs of 16:1, 17:1 and 18:1. There were two stages to this study. The first stage includes the preparation of biodiesel and testing its properties. The second stage deals with the engine testing and its characteristics when fueled with B20 blend of sea mango biodiesel at different CRs. The test results of the B20 blend were then compared to that of diesel, which was operated at standard CR (17:1). The following are the findings of the experimental investigation:




	
At standard CR, the BTE of the B20 blend was almost identical to diesel. Though the BTE of the B20 blend was lower at CR 16:1 and 17:1 than diesel, at CR 18:1, the BTE of the blend improved by 5.57%. The SFC and EGT also improved with higher CRs. At CR 18:1, the SFC was 6.25% lower than diesel, whereas the EGT was still 4% higher.



	
The CO of the B20 blend was lower than diesel at all the CRs. At CR 18:1, the B20 blend resulted in having 26.78% lowered CO emissions than diesel. The HC of the B20 blend was also lower than diesel at all CRs. The B20 blend at CR 18:1 resulted in the lowest HC emissions, with 37.76% lower than diesel. Moreover, the NOx emission was higher than diesel for the B20 blend at all the CRs. As the CRs lowered, the NOx emission of the blend reduced. Diesel had the lowest NOx emission of 1044 ppm at standard CR. The lowest NOx level tested for the blend was 1052 ppm at CR 16:1, which was still 0.77% higher than diesel. The blend produced 14.27% higher NOx emissions than diesel at CR 18:1. At all CRs, the B20 blend had lower smoke opacity values than diesel. The opacity of the smoke decreased with higher CRs. The least smoke opacity was 23.44% lower than diesel, obtained by the B20 blend at CR 18:1.



	
The Cp and HRR of diesel and the blend were almost identical at standard CR. The peak cylinder pressure increased as the CR increased. At CR 18:1, the maximum Cp of the B20 blend was measured to be 65.94 bar. The HRR, on the other hand, decreased as the CR increased. The B20 blend had the least HRR of 46.47 J/CA at CR 18:1.








The current investigation could be concluded that the B20 blend of sea mango biodiesel may be a viable alternative to diesel fuel operated at CR of 18:1. In addition to the ability of sea mangos’ high biodiesel production, its superior performance, emissions and combustion characteristics at greater compression ratios have made significant contributions to the success of this project. The increased NOx emissions of the blend may be mitigated by using water emulsification or exhaust gas recirculation methods. Furthermore, the research may be broadened to evaluate the impact of additives added to sea mango biodiesel blends at different proportions, analyzing its engine characteristics.
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	VCR
	Variable Compression Ratio



	CR
	Compression Ratio



	CI
	Combustion Ignition



	B20
	20% Sea Mango Biodiesel + 80% Diesel



	IBDC
	Indian Biodiesel Corporation



	IEA
	International Energy Agency



	BTE
	Brake Thermal Efficiency



	SFC
	Specific Fuel Consumption



	EGT
	Exhaust Gas Temperature



	EGR
	Exhaust Gas Recirculation



	CO
	Carbon monoxide



	HC
	Hydrocarbon



	NOx
	Oxides of Nitrogen



	Cp
	In-cylinder pressure



	HRR
	Heat Release Rate
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Figure 1. Schematic representation of the engine’s layout. 
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Figure 2. Photographic images of the testing equipment. 
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Figure 3. BTE vs. load at different CRs. 
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Figure 4. SFC vs. load at different CRs. 
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Figure 5. EGT vs. load at different CRs. 
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Figure 6. Percentage difference in performance of B20 blend at varying CRs to diesel at standard CR and full load. 
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Figure 7. CO emissions vs. load at different CRs. 
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Figure 8. HC emissions vs. load at different CRs. 
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Figure 9. NOx emissions vs. load at different CRs. 
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Figure 10. Smoke opacity vs. load at different CRs. 
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Figure 11. Percentage difference in B20 blend’s emission at varying CRs to diesel at standard CR and full load. 
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Figure 12. In-cylinder pressure and heat release rate vs. CA at different CRs. 
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Table 1. Fuel test properties.






Table 1. Fuel test properties.





	Fuel Properties
	Unit
	Diesel
	B20
	B100
	ASTM Test Method [41]
	Limit





	Calorific Value
	MJ/kg
	42.5
	42.08
	38.62
	D240
	34–45



	Cetane No
	-
	49.22
	49.77
	51.71
	D613
	>47



	Viscosity at 40 °C
	mm2/s
	2.7
	2.96
	4.2
	D445
	1.9–6



	Density at 15 °C
	g/cm3
	0.831
	0.839
	0.875
	D1298
	0.8–0.9



	Fire Point
	°C
	71
	83
	156
	D93
	140–215



	Flash Point
	°C
	64
	86
	142
	D93
	>130



	Cloud Point
	°C
	−4.0
	−2.1
	7.2
	D2500
	−3 to 12
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Table 2. Test engine details.






Table 2. Test engine details.





	Parameter
	Specification





	General details
	Multifuel, four-stroke, VCR engine



	Ignition
	Compression ignition



	Compression ratio
	12:1–18:1



	Loading
	Eddy current dynamometer



	Speed
	1500 rpm



	Number of cylinders
	1



	Rated power
	3.5 kW



	Stroke
	110 mm



	Bore
	87.5 mm



	Air flow transmitter
	Pressure transmitter



	Temperature sensor
	Type K, PT100 thermocouple



	Rotameter
	Calorimeter 25–250 LPH



	Cooling
	Water-cooled
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Table 3. Range, accuracy and uncertainty of the instruments.
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Equipment

	
Measured Quantity

	
Accuracy

	
Measuring Range

	
Uncertainty






	
AVL Digas 444N gas analyzer

	
O2

	
±5%vol

	
0–22%vol

	
±0.5%




	
HC

	
±5 ppm

	
0–20,000 ppm

	
±0.4%




	
CO2

	
±0.5%vol

	
0–20%vol

	
±0.3%




	
CO

	
±0.03%vol

	
0–10%vol

	
±0.15%




	
NOx

	
±10 ppm

	
0–5000 ppm

	
±1.2%




	
AVL 365C angle encoder

	
Crank angle

	
±1 °CA

	
0–720 °CA

	
±0.5%




	
AVL 437 smoke meter

	
Smoke

	
±2%

	
0–100%

	
±0.8%




	
Tachometer

	
Engine speed

	
±5 rpm

	
1–10,000 rpm

	
±0.2%




	
DP fuel flow transmitter

	
Fuel flow rate

	
±2 mmWC

	
0–500 mmWC

	
±0.5%




	
Thermocouple

	
Exhaust gas temperature

	
±2 °C

	
0–1200 °C

	
±0.2%




	
AVL GH14D pressure transducer

	
Pressure

	
±0.3 bar

	
0–250 bar

	
±0.25%
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Table 4. The uncertainty percentage for various metrics.
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	Parameters
	Uncertainty %





	BTE
	±0.75



	SFC
	±0.15



	EGT
	±0.75



	HC
	±0.72



	CO
	±0.28



	NOx
	±1.45



	Smoke
	±0.82



	Cylinder pressure (Cp)
	±0.25



	Heat release rate (HRR)
	±0.55
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