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Abstract

:

Rising global concerns about global warming caused by pollution from excessive fossil fuels consumption, along with the high price of them in diesel engines, are the important reasons to search for fuels which is readily available and do not have destructive effects on the environment. Biodiesel is arguably the most appropriate and sustainable alternative to diesel fuel. Tomato seeds are one of the potential sources of biodiesel. They make up about 72% by weight of tomato waste, which contains an average of 24% oil. Tomato seed oil (TSO) can be used as a cheap and non-edible source of biodiesel. This paper investigated, both experimentally and numerically, the effects of different diesel–TSOB (tomato seed oil biodiesel) blends on the performance and emissions parameters of a four-cylinder, four-stroke, indirect injection diesel engine. The main goal of the paper was the simulation of the formation process of the emissions in the combustion chamber. The experimentally measured parameters such as torque, brake specific fuel consumption, exhaust gas temperature, nitrogen oxides, carbon monoxide, carbon dioxide, particulate matter, peak in-cylinder pressure, in-cylinder temperature and Reaction_Progress_Variable at different engine loads and speeds from 1200 to 2400 rpm at increments of 200 rpm are analyzed through ANOVA. The highest brake specific fuel consumption (BSFC) was observed for pure diesel and the lowest for the fuel blend with 10% biodiesel. The fuel blend with 20% biodiesel produced the highest torque. The engine was modeled using the AVL FIRE software. The model simulation results revealed that the highest nitrogen oxide (NOx) is produced in the throat of the combustion chamber to the top of the piston, the place of carbon dioxides (CO2) formation is near the combustion chamber boundaries and the location of carbon monoxides (CO) formation is near the combustion chamber boundaries and at the center area of the top of the piston. These results also show that the particulate matter (PM) emissions are formed where the fuel is injected into the combustion chamber.
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1. Introduction


The world has been facing several environmental and energy challenges caused by the ever-increasing global industrialization and population growth. The twenty-first century has enhanced our awareness of environmental pollution, knowledge of the energy resources and depletion of fossil fuel sources, the oil price fluctuations and other related issues. Searching for alternative fuels from renewable resources for daily use has become a challenge. In a world that is full of competition, improvements in engine performance are of great importance for automotive manufacturers. Much research is being done on the combustion process in the combustion chamber to increase engine efficiency. These researches are done in two ways: one is experimental research and the other is numerical simulations such as computational fluid dynamics (CFD) that are widely used. Biodiesel consists of long-chain fatty acid esters. It could be derived from animals or plants. It contributes to the protection of the climate, the soil and water resources, while not producing large amounts of greenhouse gas emissions [1].



Due to the above-mentioned reasons, most countries that are dependent on fossil fuels are seeking alternative fuel sources. Biodiesel, which has the general chemical formula of 19H35COOCH3, and diesel, due to the similarity of their chemical structures, can be mixed with each other at any percentage [2]. The amount of oxygen in the chemical structures of biodiesel and diesel is very varied. There is 1% oxygen in diesel [3]. Ten to twelve percent of the weight of biodiesel, however, is oxygen. This allows a more complete combustion, reduces energy density and reduces suspended particulate matter emissions, making it a cleaner fuel. Compared with diesel, biodiesel has a higher flash point, density, viscosity and cetane number, and it has a lower heating value (LHV) [4,5].



One of the main causes of air pollution and emissions is the consumption of about one-third of fossil fuels in internal combustion engines. Biodiesel can be used as a clean fuel to reduce exhaust emissions such as sulfur dioxide, carbon monoxide, carbon dioxide and unburned hydrocarbons [6]. In 2015, it was found that tomato seed can be used for producing biodiesel. Since it contains an average of 24% oil, it cannot be used directly because of the high acidity [7,8]. Almost 188 million tons of fresh tomatoes, on a global scale, was produced annually in 2018 [9]. Nevertheless, the linked factories of the greatest brands of global food industries process 40 million tons of tomatoes annually [10]. Tomato processing industries are patchily scattered around the world (Figure 1). In these industries, tomato waste contains skin and seed which constitute a problem for disposal [8]. About 72% of the weight of tomato waste consists of tomato seed, which is inedible for humans and used as animal feed or as fertilizer [11,12].



Harish et al. [13] tested a biodiesel extracted from tomato seed in a single-cylinder Compression Ignition (CI) engine. They experimentally evaluated the level of emissions and engine performance at a 1500 rpm stable speed of the engine. Karami et al. [6] derived biodiesel fuel from the oil of tomato seed. They experimented and simulated the emissions of a one-cylinder Lombardini engine, using an artificial neural network (ANN). Karami et al. [6] developed a model of a back propagation neural network with the configuration of 3–10–5 (number of input layer–hidden layer–output layer neurons) for predicting engine emissions of CO2, O2, CO, NOx and HC. Karami et al. [14] surveyed the performance of the one-cylinder Lombardini engine fueled by TSOB. They experimented and simulated its performance using ANN. Experimental evaluation can provide valuable and basic information, but the disadvantages of this method are the need for expensive equipment and a lot of time to perform tests. The simulation of multi-dimensional computational fluid dynamics (CFD) codes is another method that has been considered in recent years to study engine combustion. The CFD method works by solving the equations that rule the flow and transfer species in the combustion process to obtain a knowledge about the flow arena in the combustion chamber [15,16].



Barzegar et al. [17] evaluated the emissions formation and the combustion process of a Lister 8.1 IDI diesel engine. The simulation showed that when full load is not applied to the engine, most of the fuel is burned in the chamber on top of the piston, while when the engine is worked at full load, the amounts of fuel burned in the main combustion chamber and pre-combustion chamber are equal. Harch et al. [18] developed a combustion model using CFD software and the AVL FIRE program to predict the performance and emissions specifications of a diesel engine for a second-generation biodiesel at various compression ratios and injection timings of the engine. The results of the computational modelling displayed that B5, as compared with diesel, improved slightly the engine efficiency and performance, while, modestly, emissions were reduced. On the other hand, compared with diesel, B10 bettered the efficiency and performance of the engine and its emissions were significantly reduced. Combustion in diesel engines has some drawbacks such as the formation of emissions and how and when its production occurs in the cylinder [19,20,21]. Computer simulation can easily identify combustion structures, though very expensive equipment is required to do this with experimental research. Furthermore, knowing exactly what happens at each degree of crankshaft rotation during the combustion process can reveal information of the pollutants that are produced, the measurement of which could be almost impossible by devices [22]. The engines with the main and pre-combustion chambers, mass and energy are constantly exchanged between the two combustion chambers, which complicates the nature of indirect injection engines, so this research tries to discover the quality of combustion in these types of engines. Another purpose of this paper is to discover the correlation between the geometry of the combustion chamber and combustion quality as well as the emissions production. If the performed studies on combustion engines are examined, it can be seen that a small number of them have evaluated the modelling of combustion in the indirect combustion diesel engines.



This research’s objective is to propound a CFD simulation. For this purpose, the AVL FIRE software has been used for predicting and evaluating the combustion process, performance parameters, flow field, emissions and component wear in a four-cylinder Kubota V3300 indirect injection diesel engine fueled with various D-TSOB second generation biodiesels. This was aimed at boosting the quality of engine performance while reducing the emissions at different loads and speeds of the engine. In presenting a computational simulation, without comprehensive testing and the spending of too much time and money, we aimed at predicting the effects of the engine’s input parameters such as different speeds and loads of engine and diverse fuel blends on the combustion, performance and emissions at any hypothetical condition that could affect the engine. In this work, the performance of a diesel engine and the parameters in relation to emissions of four diesel–TSOB mixtures at five loads and seven engine speeds were evaluated. This investigation was done empirically at a total of 140 different engine conditions. Furthermore, the blends of deasil–TSOB as an alternative fuel for potential use in CI engines were examined, evaluated and modelled. The combustion chamber of the engine was designed by the CATIA software and then imported to the AVL FIRE software. In the available literature, this subject has not been tested with any type of four-cylinder engine as yet but is addressed in this paper. There are many advantages to the thermodynamic simulation of engine combustion. For instance, not only can these models be used to increase the fuel efficiency, but they can also be used to develop the technology of internal combustion engines and greatly reduce their emissions. These models can also be a valuable guide for engine-maker industries and biodiesel manufacturers.




2. Material and Methods


2.1. Biodiesel Fuel


In the present study, biodiesel extracted from tomato seed oil was used. To produce the TSOB, the transesterification method was used. In this method, the TSO was heated near a catalyst and acid. The physical and combustion properties of diesel [23] and TSOB based on relevant ASTM standards are listed in Table 1. The engine was fueled and tested with diverse volume percentages of the biodiesel/diesel mixtures, which included 0% (B0), 5% (B5), 10% (B10) and 20% (B20) of TSOB. For each test, 15 L of fuel mixture was prepared. For example, for B10, 13.5 L of diesel (90%) and 1.5 L of TSOB (10%) were mixed together. Each of the D-TSOB blends were used separately at 0%, 25%, 50%, 75% and 100% of full load of the engine and for speeds from 1200 to 2400 rpm at increments of 200 rpm. The ISO 8178 standard engine test procedure was used to do linked tests for engine emissions and performance, and these were based on short-term tests by a full factorial experiment based on the complete randomized block design. In this study, each experiment was performed with four repetitions.




2.2. Experimental Set-Up and Procedures


In this study, the four-cylinder indirect injection engine IDI Kubota V3300, the specifications of which are shown in Table 2, was used for the experimental study of biodiesels. The engine’s combustion chambers were also simulated [24]. The combustion systems of these engines are unique in that they have a three-valve construction, made up of two air intake and one exhaust valve per cylinder which improve the air intake rate over that of conventional E-TVCS (Three Vortex Combustion System) engines. By this construction, it is possible to package a large displacement engine more compactly, see Figure 2a [25]. The engine, which was coupled to the low-inertia and water-cooled GW63 eddy-current dynamometer, was able to measure the operation for testing engines at up to 63 kW, 250 ± 0.04 FS Nm and 9000 ± 1 rpm. The location of these machines is the thermodynamics laboratory of Central Queensland University (Australia). The Dina Engine fuel consumption measurement system with an accuracy of ±0.001 kg was used to measure fuel consumption and the MAHA-MGT5 device, whose technical specifications are shown in Table 3, measured the emissions of the engine. In addition, the exhaust gases temperature data in terms of Kelvin was automatically recorded on the computer by an AVL DISMOKE 480 BT device with accuracy of ±5 K. This machine can determine CO, CO2, and HC values using infra-red technology, and also the amounts of O2 and NOx gases using chemical sensors. A schematic of the set-up of these devices is shown in Figure 2b.




2.3. Engine Combustion Simulation by AVL FIRE Developed Model


To predict CI engine emissions and performance, an engine simulation model, which in our study was developed using AVL FIRE, can be used. To analyze the manifolds and intake ports, combustion, cooling jackets, etc., AVL FIRE, which is a 3D CFD simulation software, can be used. Experts are able to perform, analyze and set-up the process of combustion and injection in the CI engines using the Engine Simulation Environment (ESE) Diesel that is a CFD simulation tool [17]. This software is a multidimensional CFD modeling code which is employed in simulating the fluid flow, fuel spray and engine combustion process. The code is capable of solving the average conservation equations of total mixture mass, enthalpy, species and momentum [26]. In the current study, for turbulence modeling, a compressible version of a standard two equations k-ζ-f turbulence model was used, which was developed by Hanjalic et al. [27]. A version of a model of eddy-viscosity according to the elliptic relaxation concept of Durbin was proposed by those authors. The aim is to improve the numerical stability of the original v2−f model by solving a transport equation for the velocity scale ratio ζ = v2/k instead of the velocity scale v2. The primary atomization of spray droplets was simulated using the Kelvin–Helmholtz model and Rayleigh–Taylor (KH–RT) breakup model employed for modelling the secondary atomization of spray droplets. In addition, to model the evaporation of droplets and heat-up, the model of Dukowicz was utilized [28]. The simulation is carried out only during the closed cycle (i.e., in part of the compression stage, all of the combustion stage and part of the expansion stage). Accordingly, analyses are provided only qualitatively. In this technique of modeling, the combustion chamber of the IDI Kubota V3300 diesel engine was developed in CATIA and then imported to the AVL FIRE software. The combustion process was simulated for various different engine situations. The simulation includes the details of fuel spill combustion, fuel mix, maximum cylinder temperature and distributed simulation that can simulate the combustion process. It also simulates the collision of the fuel spray fountain with the wall and air circulation inside the cylinder and their interactions, the formation of emissions and other flow settings. The input and output parameters of the simulation are listed in Table 4.



To reduce the calculation time of combustion modeling, the intake stroke calculation is usually not carried out which means the start of calculation is at the inlet valve closure. In order to reduce the effort for mesh generation, a simplified geometry was used. For instance, ports and valves linked to cylinder intake (valve reliefs) were ignored (see Figure 3 and Figure 4). In the symmetrical combustion chamber, as much as possible, and if the fuel injection mass from the injector holes is the same, a symmetrical segment from the combustion chamber, which contains only one of the injector holes, can be meshed. The segment angle is obtained by dividing the angle of the circle (360°) by the number of nozzle holes. In order to place the fuel injection hole not along cell faces but within a cell layer, an uneven number of subdivisions is a good recommendation. For example, for a segment with an angle of 45 degrees, it should be better to choose a subdivision, in the polar direction, of about 17 cell layers.





3. Results and Discussion


The mean values of the measured parameters regarding the engine were analyzed in 140 groups of tests in homogeneous subsets. The engine speed of 1400 rpm was proposed to investigate, since the results that correspond to the performance curves of the Kubota V3300 engine in the workshop manual show that the peak of torque occurs at 1400 rpm [29]. The analyses were carried out using the test of post hoc Duncan multi-domain using the SPSS software. In this test, the differences among the averages of variables of all engine working conditions are shown, at the level of 0.05, by different letters (refer to Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 with index (b)).



3.1. ANOVA using Post Hoc Duncan Multi-Domain Test


3.1.1. Performance


Figure 5a indicates the trend of torque at 100% load according to variations in engine speed for each different blend. The lowest and highest torques occurred at 2400 and 1400 rpm, respectively. At 2400 rpm, there is not enough time for air intake and the subsequent raising of the cylinder pressure. As a result, the combustion pressure is reduced, and the static inertia of the movable components increases. Therefore, at 2400 rpm, the engine produces torque lower than the expected value [30,31]. The Duncan test shows that an increase in biodiesel percentage up to B10 makes the engine torque drop by about 5–10% due to the lower LHV of the biodiesel [32]. However, B20 produced the highest torque at about 158 Nm as shown in Figure 5b. The reason is the higher content of oxygen, density and biodiesel consumption [33].



Figure 6a points out that by increasing the speed to 100% full load, the trend of brake specific fuel consumption (BSFC) rises incrementally. However, a relative peak can be seen at 1400 rpm. Since the highest torque is produced at this rpm, it seems that SFC is relatively higher at 1400 rpm [34]. Due to the need for a higher engine power, the BSFC generally, with increments in engine speed, increases. According to Figure 6b, the fuels of B0 and B10 have the highest and lowest SFC, respectively; therefore, the difference between them is eight percent. Due to the fact that the density of TSOB is higher than that of diesel (refer to Table 1), for an equal volume of diesel and biodiesel, the higher density of biodiesel and its mass flow allows more fuel to be injected into the combustion chamber. In addition to these parameters, since more viscosity causes less atomization as well as injection pressure and TSOB has the higher viscosity than that of diesel (refer to Table 1), considerations should also be given into the atomization ratio, the injection pressure and viscosity because they affect the brake power values and BSFC [33,35]. One of the properties that affect BSFC is the cetane number. An increase in the cetane number results in a reduction in ignition delay time, which in turn improves combustion and reduces fuel consumption [36].



Figure 7a shows that the enhancement of engine speed at 100% load varies the EGT of all the blends with a similar trend. This means that, as the rpm is increased up to 1600 rpm, EGT declines by around 5% before rising again. The reason is that EGT is affected by the quality of fuel combustion. To moderately improve the fuel properties and combustion quality, the biodiesel and diesel are mixed. The effects of the cetane index and fuel viscosity on combustion delay are opposite effects. In such a way that the higher the viscosity, the higher the combustion delay; the higher the cetane index, the lower the combustion delay. Therefore, after injection of the fuel at low engine speeds, for combustion in the pre-mixed phase, the low volume of fuel will be prepared. If the pressure inside the cylinder decreases slightly, the initial burnt gases temperature also reduces slightly. However, as the engine speeds up, the ignition delay also increases, but this process will be reversed when the combustion temperature and EGT are increased [37]. Figure 7b indicates that if the percentage of biodiesel increases in the fuel blends, the EGT of around 551 K for B0 and B5 increases up to 560 K for B10, before decreasing in the case of B20 to almost 557 K. The increase in EGT for B10 is due to an increase in in-cylinder pressure caused by some biodiesel properties, but with a higher increment in the percentage of biodiesel, the in-cylinder pressure and the EGT are increased [14].




3.1.2. Emissions


Figure 8a shows that an increment in engine speed up to 2000 rpm causes an increasement in NOx to about 550 ppm, but this then reduces to about 525 ppm at 2400 rpm. The two factors which effect the increments in NOx between speeds of maximum torque and maximum power are exhaust gases temperatures and the rise in volumetric efficiencies [38]. At speeds from 2000 to 2400 rpm, it can be said that this trend is primarily due to the short amount of available time for NOx formation, which could be a result of the increment in the volumetric efficiency and flow velocity of the reactant mixture at higher engine speeds [39]. Figure 8b compares the NOx averages of all groups and indicates a higher biodiesel percentage, along with a higher NOx. It is acceptable in general that biodiesels increase the formation of NOx because of its higher oxygen content [14]. The correlation between the percentage of fuel oxygen and NOx values on a CI four-cylinder engine was evaluated by researchers. They reported that as the engine load increased, the combustion temperature increased, resulting in an increment in the amount of NOx produced [40].



In using each fuel, increasing the engine speed from 1200 to 1400 rpm results in an increase of about 4% in CO2 emissions (Figure 9a). As illustrated in Figure 5a, the torque is the highest at 1400 rpm because of the maximum performance efficiency at this speed as well as the greater fuel supply of the Common Rail (CR) system (Refer to Figure 6a). Furthermore, it is reported that a higher efficiency in combustion leads to greater CO2 emissions [41]. If the engine speed becomes more than 1400 rpm, the CO2 emissions are reduced. An exception to this is a slight increase in CO2 emissions at 2400 rpm, probably due to a reduction in engine performance at maximum engine speed. The average of all CO2 data at different engine speeds and loads is given in Figure 9b, which shows that the CO2 emissions fall by about 7% when increasing the BD% from B0 to B5, but beyond which the CO2 emissions increase. By comparing Figure 9b with Figure 7b, it can be seen that the EGT values at B10 and B20 are higher than those at B5. This means that a greater ease of overcoming activation energy of combustion occurs at higher temperatures, thereby making the fuel burn better and release more carbon dioxide [42]. In general, it is reported that biodiesel has a lower carbon to hydrogen ratio and thus produces lower CO2 emissions than diesel during complete combustion [43]. One point that can be made is that the variation range of CO2 in Figure 9b is between 8.4 to 9 ppm, however, it is at about 12.2 to 13.7 ppm in Figure 9a. The reason is that at full load, because of an increase in overall fuel mass consumption at higher loads, forming a richer air–fuel mixture, a greater amount of CO2 is formed [44].



Unanimous conclusions exist about the effects of engine speed on CO emissions. The higher the engine speed, the less the CO emission. The air/fuel ratio plays a key role in CO emissions. Reducing air in the fuel–air mixture causes unburnt fuel and poor combustion. In addition, one of the main reasons for CO production is the lack of a good mixing of air and fuel, as it causes the production of locally rich zones of fuel, where additional oxygen is needed to convert CO to CO2 [45]. As demonstrated in Figure 10a, CO emissions decrease in response to higher engine speeds, as is observed regarding all fuels. Moreover, CO drops sharply as engine speeds increase from 1200 to 1600 rpm, but then drops slightly as the engine speed goes from 1600 to 2400 rpm. This is because increasing the engine speed helps mix the air and fuel and better optimize the fuel/air equivalence ratio [46]. Furthermore, with an increase in engine speed, the turbulence of the mixture increases, and its uniformity improves.



The highest CO emissions occurred at low engine speeds with B0 and B20 as a result of an incomplete mixing of air and fuel. The factors such as low volumetric efficiency, occurrence of rich fuel zones, poor chemical fuel composition and large amounts of inert exhaust gas reduce oxygen concentrations in the combustion chamber and diminish the combustion quality [45]. As seen in Figure 10b, the lowest level of CO emissions occurred at B10, which indicates a reduction of about 53% in comparison with the use of pure diesel. The more complete combustion, lean fuel mixture and fuel chemical properties make this difference. It can be said that, by increasing the percentage of BD to 20%, the amount of CO increases sharply. A comparison of Figure 10b and Figure 7b reveals that the trends of EGT and CO production are opposite, while EGT at B20 is less than EGT at B10, thereby resulting in unburnt fuel, poor combustion and a higher CO emission. When comparing Figure 10a,b, it can be seen that in Figure 10a, the minimum CO emissions are given at B10. Further, CO emissions increase in the following order: B20, B5, B0. However, in Figure 10b, the increase in CO emissions goes in a different order. First B10, then B5, B20, B0. The reason for this is that in Figure 10b, the average of all CO data in all engine operating conditions was compared, but in 10A, the CO averages were compared at full load and 1400 rpm.



The effects of engine speed on PM emissions at full load are shown in Figure 11a. The relationship between engine speed and its PM emissions is the inverse of them. In this way, the rate of PM production decreases with increasing engine speed [47]. If the engine speed enhances, the chances of complete combustion will be increased. Improving the quality of combustion will be the result [48]. Another reason can be the injection timing. Banapurmath et al. [49] showed that PM emissions generally decrease when the injection timing is lengthened. Usually, biodiesel injection starts earlier than diesel injection due to the higher density, higher viscosity and lower compressibility of the biodiesel [43]. Therefore, an increase in engine speed leads to a reduction in the amounts of PM. Figure 11b shows the relationship between the percentage of BD and PM emissions. Generally, it can be found that the greater the increase in biodiesel content in the blends, the lower the PM emissions formation [50]. The biodiesel has the higher oxygen content. Therefore, it has better combustion and promotes soot oxidation. As a result, the PM emissions are reduced. Furthermore, another factor that causes further reduction in PM emissions is a lack of aromatic and sulfur compounds in biodiesel [51]. The distillation temperature of biodiesel is higher than that of diesel. However, its lower boiling point causes the less frequent occurrence of soot which is produced from heavy HC compounds. In addition, the methyl ester chemical structure has more oxygen; therefore, the volume of smoke emissions from ethyl ester surpasses the volume produced from methyl ester [52]. In addition, the turbulence of the mixture increases with an increase in engine speed, and its uniformity improves. As a result, the PM is reduced [53]. In Figure 11a, the mean value of PM, at full load and 1400 rpm, was compared, but in Figure 11b, the PM averages were compared at all engine working conditions, therefore the order of the PM emissions increases is different. As the engine load increased, the amount of fuel injected increased, so the amount of PM and the sizes of particulates increased [54].





3.2. Simulation of Combustion Parameters by AVL FIRE


3.2.1. Validation of AVL FIRE Simulation


Insightful results were obtained by comparing the experimentally measured and numerically simulated data for in-cylinder pressure vs. the crank angle for B0, B5, B10 and B20 at 1400 rpm (speed of maximum torque) and 100% load (Figure 12). Great conformity exists between the empirical and simulated data throughout the simulated range, which is considered as validation for the simulations. Meanwhile, the results of the numerical simulations are a little different from the engine bench tests. The cause of this is the fact that the base of establishing the geometric model is turbulence intensity at the inlet endpoint and the combustion chamber. Furthermore, empirical estimates can determine some boundary conditions such as the initial temperatures of the cylinder head, the cylinder wall and piston when the valves close [55]. Certain differences exist between the fuel injection laws of numerical simulations and real-life fuel injection that affects the duration of injection; consequently, the calculated peak in CP might be reduced at the end of the simulation [55,56]. There can be negligible amounts of friction between the piston and cylinder in the model simulation [57].




3.2.2. Simulation of Combustion and Emission Parameters by AVL FIRE


Detailed simulations of combustion were made to investigate how the progress in temperature, emissions and combustion reaction for B0, B5, B10 and B20 at 1400 rpm and 100% load was achieved. Due to the fact that the maximum values of these parameters occur at different degrees of crankshaft rotation, for simulation, different angles were considered to show greater distinction among them. For the combustion reaction, the simulation for all fuels is shown in Figure 13 working at 373 CA in this case. As can be seen, the spherical combustion chamber contributes to the formation of the rotational current in the combustion chamber, thereby leading to a better air/fuel mixture in the cylinder and causing a higher engine efficiency. This simulation is for the same engine design as the one in Figure 2a. The images of the progress simulations of the combustion reaction indicate that there are differences in combustion reactions between B10 and other fuels. B10 has the smallest blue part and biggest rotational current in the combustion chamber which results in a better engine performance efficiency and the lower amount of CO production [45] (see Figure 10b). How to move the reaction of combustion throughout the cylinder is shown by the reaction progress variable simulation.



The temperature progressions of the inside of the combustion chamber at 375 CA are shown in Figure 14. When the piston moves and combustion occurs, changes in temperature can be tracked using these images. The highest temperature was found for B10 at about 2382 K followed by B20 at around 2176 K. The smallest temperature peak occurred for B0 at around 1764–2176 K. In addition, the combustion temperature outside of the main spray area for B10 was higher than that of B5 and B0. These simulation results are in comprehensive agreement with experimental results (Figure 7b). When the temperature inside the combustion chamber increases, NOx production increases [58]. Therefore, the lower the combustion temperature, the lower the NOx emissions formation, and this finding is close in accordance with the published literature [59].



Figure 15’s images show the emissions of NOx mass fractions at 369 CA. The images reveal that B0 produces a smallest amount of NOx, which is around 27 − 36 × 10−5 ppm. Moreover, B10 has the largest amount of NOx production at about 36 − 45 × 10−5 ppm. However, the B10 quantity is in the middle range, not at the risk (red) range. These findings confirm the experimental results in Figure 8b. An interesting point in these images is the location of production of the highest NOx, which is in the throat of the spherical combustion chamber to the top of the piston. The reason is that, as Figure 14 indicates, the maximum temperature occurs at this location and, since the temperature rises, the amount of NOx increases, resulting in the highest amount of NOx being produced in that location. These images can help to determine when and where the NOx emissions are produced, along with the amount which can be compared among different fuel types to further confirm the findings.



Figure 16 shows the images of CO2 emissions as mass fractions at 390 CA. This figure shows how carbon dioxide is formed and its density distribution in the combustion chamber. The fraction of CO2 within the combustion chamber can be seen at each stage of the piston cycle. As can be observed, the largest and smallest amounts of CO2 are formed by B0 and B5, respectively. An interesting point is that the locations of CO2 formation are close to the boundaries of the combustion chamber since the remaining heat from the previous combustion cycles causes the temperature to rise further in the combustion chamber wall [60]. If these images are compared with Figure 14, the location of CO2 formation can be determined in a consistent manner by knowing the temperature pattern in the combustion chamber. Increasing the temperature facilitates the reaction between CO and oxygen. As a result, more CO2 is produced. In other words, the greater increasement in the gas temperature, the more complete combustion. In addition, if the engine speed increases, the production of carbon dioxide increases [60].



The images of CO emissions as mass fractions at 399 CA are displayed in Figure 17. Simulation results in these images confirm the experimental results in Figure 10b. As can be seen, the largest and smallest amounts of CO are related to B0 and B10, respectively. Compared with Figure 16, the location pattern of CO production is opposite to that of CO2. In many studies, the production of CO2 in the engine reportedly arose from the reaction of CO with oxygen in the vicinity of heat [60]. Therefore, a logical conclusion is that the CO concentration has an inverse relationship with the CO2 concentration in the combustion chamber. The second important observation is that the location of CO2 formation in the spherical combustion chamber is close to the boundaries of the piston, whereas CO is produced in the center area and at the top of the piston. However, the temperature of the combustion chamber wall at the top of the piston is very high due to the heating of previous combustion cycles, while the temperature of the spherical chamber wall is lower since it is located in the cylinder head and far from the heat center. Moreover, a cooling system of water circulates continuously around the spherical chamber wall. As mentioned earlier, heat is an important factor in converting CO to CO2, since a lower temperature reduces the kinetic energy and results in fewer collisions between molecules of CO and O2 gas, thereby slowing down the oxidation of CO to CO2 [60].



The images of PM emissions as mass fractions at 493 CA are displayed in Figure 18. From these images, it is found that the amounts of PM for all fuels are in a similar range, which is validated by the experimental results in Figure 11b. These images show that PM emissions are formed in the spherical combustion chamber from where the fuel is injected. The air–fuel ratio in the region near the injector is reduced which results in the production of PM, mainly due to a decrease in the air–fuel ratio when the fuel is injected into the combustion chamber [61].





3.3. Conclusions


Nearly one-third of the world’s fossil fuels, which are one of the main air pollution sources, are used in internal combustion engines. Biodiesel is a domestically produced, clean-burning, renewable substitute for petroleum diesel. Tomato seed could be an excellent source of second-generation biodiesel production. In addition, the dimensions and shape of the combustion chamber have a direct impact on the quality of combustion as well as the production of engine pollutants, which was examined by simulation. The data of engine performance and emissions formation process were experimentally measured. Then, to investigate the performance and parameters involved in the emissions process, an engine combustion model was developed using the CFD in the AVL FIRE software. These simulations illustrated that, under standard conditions, the B20 mixed fuel produced the highest torque at about 158 NM in the engine. The BSFC reached a staggering 725 at 1400 rpm and 100% load. The best fuel, if the aim is to reduce emissions, is that for which the amounts of NOx, CO2, PM emissions and the value of EGT reach their lowest values. In fact, the amount of CO production becomes very little when B5 is used as the fuel. Moreover, the simulation of emissions indicated that using the B10 fuel leads to the highest amount of NOx production into the throat. One of the excellent features of the AVL FIRE software is that it can be generalized to a wide range of engine operating conditions, which means that the results of other non-tested engine conditions can be easily predicted. This special feature of this software makes it a great tool for solving engine engineering problems, especially under performance and emissions themes. Since one of the benefits of developed software simulations is the identification of heat zones in the combustion chamber, which have a direct impact on the production of engine pollutants, the production of pollutants can be greatly reduced by cooling the hot zones. However, the question is over how it is possible for special areas of the combustion chamber to be cooled more, which needs more research.
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Nomenclature




	D
	Diesel



	BD
	Biodiesel



	B0
	0% Biodiesel+ 100% Diesel



	B5
	5% Biodiesel+ 95% Diesel



	B10
	10% Biodiesel+ 90% Diesel



	B20
	20% Biodiesel+ 80% Diesel



	TSOB
	Tomato Seed Oil Biodiesel



	L
	Load



	S
	Speed of Engine



	K
	Kelvin



	TAN
	Total Acid Number



	CI
	Compression Ignited



	CA
	Crank Angle



	IDI
	Indirect Injection



	rpm
	Revolutions per minute



	ANOVA
	Analysis of Variance



	TDC
	Top Dead Centre



	ATDC
	After Top Dead Centre



	BDC
	Bottom Dead Centre



	BTDC
	Before Top Dead Centre



	ESE
	Engine Simulation Environment



	HC
	Hydrocarbon



	CP
	Cylinder Pressure



	EGT
	Exhaust Gas Temperature



	PM
	Particulate matter



	LHV
	Lower Heating Value



	SPSS
	Statistical Package for the Social Sciences



	CFD
	Computational fluid dynamics



	ANN
	Artificial Neural Networks



	ASTM
	American Society for Testing and Materials



	BSFC
	Brake Specific Fuel Consumption



	E-TVCS
	Engine-Three Vortex Combustion System
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Figure 1. Global tomato processing in 2018 [9]. 
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Figure 2. (a) Kubota V3300 combustion system [25]; (b) schematic of engine and dynamometer. 
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Figure 3. Engine computational grid in Top Dead Centre (TDC) and Bottom Dead Centre (BDC) positions. 
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Figure 4. Modeling the mesh of sloping surfaces on top of the piston head. 
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Figure 5. (a) T vs. S at 100% load; (b) mean values of total data of T for different speeds and loads. The letters a–d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 6. (a) Brake specific fuel consumption (BSFC) vs. S at 100% load; (b) mean values of total data of BSFC for different speeds and loads. The letters a-d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 7. (a) EGT vs. S at 100% load; (b) mean values of total data of EGT for different speeds and loads. The letters a-d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 8. (a) NOx vs. S at 100% load; (b) mean values of total data of NOx for different speeds and loads. The letters a-d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 9. (a) CO2 vs. S at 100% load; (b) mean values of total data of CO2 for different speeds and loads. The letters a-d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 10. (a) CO vs. S at 100% load; (b) mean values of total data of CO for different speeds and loads. The letters a-d inside the diagrams indicate significant differences (P ≤ 0.05). 
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Figure 11. (a) Particulate matter (PM) vs. S at 100% load; (b) mean values of total data of PM for different speeds and loads. The letters a-d inside the diagram indicate significant differences (P ≤ 0.05). 
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Figure 12. Comparison of measured and calculated CP curves for all fuels at 1400 rpm and 100% load. 
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Figure 13. Reaction_Progress_Variable at 13° After Top Dead Centre (ATDC) at 1400 rpm and 100% load. 
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Figure 14. The progress of in-cylinder temperature (K) at 15° ATDC at 1400 rpm and 100% load. 
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Figure 15. The progress of NOx at 9° ATDC at 1400 rpm and 100% load. 
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Figure 16. The progress of CO2 at 30° ATDC at 1400 rpm and 100% load. 
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Figure 17. The progress of CO at 39° ATDC at 1400 rpm and 100% load. 
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Figure 18. The progress of PM at 39° ATDC at 1400 rpm and 100% load. 
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Table 1. Specifications of diesel and tomato seed oil biodiesel (TSOB) in accordance with ASTM standards.
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	Name of Properties
	Unit
	TSOB
	Diesel
	Limit Range
	Test Procedure ASTM





	Kin. Viscosity at 40 °C
	cSt
	5
	2.87
	1.9–6
	D445



	Density-@15 °C
	Kg/m3
	883
	820
	max 900
	D4052



	Cloud Point
	°C
	12
	−3
	min-7
	D2500



	Flash Point (Closed Cup)
	°C
	190
	58
	min 130
	D93



	TAN
	mg KOH/g
	0.74
	0.16
	max 0.8
	D974



	Water and Sediment
	vol.%
	0.05
	Trace
	max 0.05
	D96–D2273



	Copper Corrosion @
	100 °C
	1a
	0.2
	
	D130



	Sulfated Ash
	wt%
	0.02
	0.001
	max 0.02
	D874



	Sulfur
	wt%
	0.13
	0.034
	
	D4294



	Cetane Index
	0
	47.7
	48.5
	min 47
	D976



	Ramsbottom Carbon Residue
	wt%
	0.05
	0.1
	
	D524
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Table 2. Engine specifications of Kubota V3300.
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	Kind of engine
	Vertical, 4 cycle liquid cooled diesel



	Number of cylinders
	4



	Cylinder diameter
	98



	Compression ratio
	22.6



	Total displacement (L)
	3.32



	Stroke (mm)
	110



	System of combustion
	E-TVCS



	System of intake
	Naturally aspirated



	Output gross intermittent (kW/rpm)
	54.5/2600



	No load low idling speed (rpm)
	700–750



	No load high idling speed (rpm)
	2800



	Net continuous (kW/rpm)
	44.1/2600



	Net intermittent (kW/rpm)
	50.7/2600



	Crankshaft rotation direction
	Counter-clockwise (viewed from flywheel side)



	Governing
	Centrifugal fly weight high-speed governor



	Kind of fuel Diesel
	No-2-D based on ASTM D975



	Capacity of starter (V kW)
	12–2.5



	Capacity of alternator (V A)
	12–60



	Dry weight with SAE flywheel and housing (kg)
	272
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Table 3. MAHA-MGT5 machine specifications.
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	Measurable Gases
	Measurement Range
	Measured Value Resolution (max)





	CO
	0–15%vol
	0.01%vol



	O2
	0–25%vol
	0.01%vol



	CO2
	0–20%vol
	0.01%vol



	HC
	0–3000ppm vol
	1 ppm vol



	NO
	0–5000vol ppm
	1 ppm vol



	Soot
	0–9.99
	0.1%
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Table 4. Parameters of simulation.
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Input Parameters

	
Output Simulation Parameters




	
Engine Parameters

	
Fuel Parameters






	
Engine layout

	
Inline

	
Oxygen Content (wt.%)

	
10.30

	
Reaction_Progress_Variable at




	
No. of cylinder

	
4

	
Carbon Content (wt.%)

	
75.05

	
in-cylinder temperature (K)




	
Cylinder diameter (m)

	
0.098

	
Hydrogen Content (wt.%)

	
14.21

	
progress of NO




	
Compression ratio

	
22.6

	
Nitrogen Content (wt.%)

	
0.09

	
progress of CO2




	
Crankshaft radius (m)

	
0.055

	
Sulfur Content (wt.%)

	
0.13

	
progress of CO




	
Length of connecting rod (m)

	
0.16

	
Water Content (wt.%)
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progress of PM




	
Stroke (m)
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Lower Calorific Value (J/g)
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Torque(N)




	
No. of injection holes
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Speed of engine (rpm)
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