[image: image1]Prediction of combustion and exhaust emissions of a CI engine fueled with diesel-biodiesel blends with different EGR rates

		ORIGINAL RESEARCH
published: 30 May 2023
doi: 10.3389/fenrg.2023.1205840


[image: image2]
Prediction of combustion and exhaust emissions of a CI engine fueled with diesel-biodiesel blends with different EGR rates
Xiaolong Chen1, Yuxiu Jiang1 and Ziheng Zhao2*
1School of Vehicle Engineering, Guangxi Vocational and Technical Institute of Industry, Nanning, China
2School of Mechanical and Automotive Engineering, Guangxi University of Science and Technology, Liuzhou, China
Edited by:
Xiaohuan Zhao, Jinan University, China
Reviewed by:
Yinjie Ma, Hunan University, China
Jiaqiang E, Hunan University, China
* Correspondence: Ziheng Zhao, 221076846@stdmail.gxust.edu.cn
Received: 14 April 2023
Accepted: 17 May 2023
Published: 30 May 2023
Citation: Chen X, Jiang Y and Zhao Z (2023) Prediction of combustion and exhaust emissions of a CI engine fueled with diesel-biodiesel blends with different EGR rates. Front. Energy Res. 11:1205840. doi: 10.3389/fenrg.2023.1205840

In this paper, the effects of diesel-biodiesel blends with different exhaust gas recirculation (EGR) rates on cylinder pressure, cylinder temperature, brake specific fuel consumption (BSFC), and brake thermal efficiency (BTE) of diesel engines are investigated. The emissions of nitrogen oxides (NOx), carbon monoxide (CO), hydrocarbon (HC), and soot are also predicted to some extent. In this paper, a 3D-computational fluid dynamics (CFD) model of the in-cylinder combustion of a diesel engine is developed using the simulation software CONVERGE combined with an improved kinetic mechanism. A series of sub-models including the combustion, injection, and emission models are selected and presented, and the model’s accuracy is verified based on experimental results. The results show that the cylinder pressure and in-cylinder temperature show a decreasing trend with an increasing EGR rate. In addition, BSFC increases with increasing EGR rate, and BTE decreases accordingly. When the EGR rate increased, the emission of NOx decreased significantly, and the higher the EGR rate, the more obvious the decrease. The emission of soot, HC, and CO tended to increase with the increase of the EGR rate.
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1 INTRODUCTION
Since its introduction in the 1860s, the internal combustion engine has occupied an important place in the social development of mankind and has become a perfect machine after a century of continuous development and optimization (Cai et al., 2023; Hu et al., 2023). Although more and more new power systems are being proposed today, it is undeniable that the internal combustion engine will remain an important power unit for a long time to come (Zhang et al., 2022c; Huang et al., 2022). The use of internal combustion engines will consume a large amount of fossil fuels (Cui et al., 2023). The diesel engine, as one of the important representatives of the internal combustion engine, is widely used in automobiles, agricultural machinery, ships, etc. (Zhang et al., 2021; Yin et al., 2022). It has the advantages of high torque, high thermal efficiency, and good economic performance, but diesel engine emits relatively high Particulate matter (PM), Carbon dioxide (CO2), and NOx compared with gasoline engine (Zhang et al., 2022d), which is the main culprit of polluting the atmosphere and causing haze, acid rain, and the greenhouse effect (Tan et al., 2021; Zhang et al., 2023). In recent years, many countries around the world have started to pay attention to the environmental pollution problem and set up strict emission regulations (Zhang et al., 2022; Zhang et al., 2023b). On one hand, in order to meet the increasingly stringent emission regulations and the deteriorating atmospheric environment, strict control measures on diesel exhaust emissions are needed (Tan et al., 2023b; Shi et al., 2023; Ye et al., 2023). On the other hand, in order to reduce the dependence on traditional fossil fuels and reduce emissions, biodiesel as an alternative fuel is gaining more and more attention from scholars (Zhao et al., 2022; Zuo et al., 2022). Biodiesel is a renewable and clean energy source, which can be extracted from animal fats, vegetable oils, and some household expenses from a wide range of sources (Zhang et al., 2022e; Zhao et al., 2023). Moreover, biodiesel is highly adaptable to diesel engines and can be used directly without structural modifications to diesel engines, which is the reason why it is so popular (Wu et al., 2022; Tan et al., 2023a).
Yilbasi et al. (2022) produced biodiesel from industrial hemp seed oil using a single-stage homogeneous catalytic transesterification process and tested the combustion and emission performance of this biodiesel and diesel blend. The results showed that although the thermal efficiency of biodiesel was slightly lower than that of diesel under load, the emissions of CO, HC, and soot were lower for biodiesel and its blends. Zhang et al. (2022b) investigated the performance of different generations of biodiesel diesel engine performance, combustion, and emissions. The results proved that the use of different generations of biodiesel reduced the engine CO emissions by 30%, HC emissions by 50%, and soot emissions by 70%.
Many scholarly studies have reported that the addition of additives to biodiesel-diesel blends is effective in reducing CO, HC, and particulate emissions (Palani et al., 2022). Devarajan et al. (2022) investigated the performance, emission, and combustion characteristics of n-butanol blended biodiesel at two ratios of 5% and 10%. The results of the experiments showed a significant reduction in CO, HC, and soot opacity emissions compared to standard diesel. Dhanarasu et al. (2022) studied the effect of nano-additions on the overall performance of biodiesel-diesel blends. The results showed that the addition of nanoparticles helped to reduce CO emissions due to the higher thermal conductivity and surface-to-volume ratio of nanoparticles. Also, there is a significant reduction in HC emissions because nanoparticles enhance the combustion of the fuel. Nanoparticles such as Ce2O3, Graphene Oxide (GO), and Carbon Nanotube (CNT) are effective in reducing NOx emissions. The combustion and emission performance of biodiesel blends of diesel and glycine in diesel engines were studied by other scholars (Hua et al., 2022; Kumar et al., 2022; Shanmugam et al., 2022; Fayad et al., 2023). The results of the study showed that the NOx emission of the blended diesel was higher than that of diesel, but there was a significant decrease in CO2 emission. Chaitanya et al. (2022) studied the combustion and emission performance of a blend of ethanol, biodiesel, and diesel in a common rail diesel engine. The higher oxygen content of ethanol promoted the combustion process and improved thermal efficiency. In terms of emissions, the addition of ethanol reduced the soot emissions by 50% (Dineshkumar et al., 2022).
The above results showed that biodiesel has a significant reduction in CO, PM, and HC emissions compared to diesel due to the complete combustion with abundant oxygen content (Zhang et al., 2023c), but the NOx emissions from biodiesel combustion are significantly higher than diesel, and how to reduce NOx emissions has become a research direction for many scholars. EGR as an effective means to reduce NOx emissions from biodiesel, has become a popular research subject (E et al., 2017). Li et al. (2014) investigated the NOx emissions of biodiesel-diesel blends in light duty diesel engines. The experimental results showed that when the EGR increased from 19.6% to 25%, the NOx emissions of 50 vol% biodiesel-50 vol% diesel and pure diesel were close to each other, and when the EGR was increased to 28%, the NOx emissions were further reduced; Mamat et al. (2013) explored the effect of the EGR system at different temperatures on the exhaust gas emissions of inline four-cylinder diesel engines using biodiesel The effect of EGR on the exhaust gas emissions of inline four-cylinder diesel engines using biodiesel was investigated. The experimental results showed that there was a significant reduction in NOx emissions in the engine with EGR, which was about 50% of that in the engine without EGR, but the emissions of CO and Total hydrocarbons (THC) were relatively high. Ramadhas et al. (2010) investigated the performance and emissions of a single-cylinder diesel engine fueled by a biodiesel-diesel blend with different EGR. The experimental results showed that the recirculation of exhaust gases lowered the temperature of the combustion chamber and an increase in thermal efficiency could be clearly observed and the engine with EGR had lower exhaust efficiency. Kim et al. (2020) investigated the emission characteristics of diesel and biodiesel compression ignition engines with different injector orifices and EGR conditions. The results showed that the NOx emissions of the diesel engine with EGR were 50% of those of the diesel engine without EGR when the mixture of biodiesel and pure diesel was 20%, but there was no significant effect on the emissions of CO and CO2. Chandravanshi et al. (2022) extensively studied the use of biodiesel-diesel blends and EGR in a four-stroke single-cylinder vertical diesel engine to obtain the best diesel engine performance and emission profile. His results showed that EGR can effectively reduce NOx emissions, but when EGR reaches 30% it reduces the usage performance and brings more CO and HC emissions. To mitigate this situation, a combination of 5% ethanol and magnetized material at 10% EGR was used as a way to obtain the best performance. Esakki et al. (2022) investigated the net effect of EGR on combustion, performance, emission, and energy characteristics of common rail direct injection (CRDI) engines (Jayabal et al., 2022). The experimental results showed that BTE was slightly increased at lower EGR rates and HC emissions decreased by 85.71% and CO emissions decreased by 50% at B10 and EGR by 5% compared to diesel-only conditions. The effect of different EGR rates on the combustion and emission characteristics of diesel engines with biodiesel-diesel blends was investigated by Ramesh et al. (2022). The effects of different EGR rates on in-cylinder pressure, in-cylinder temperature, BSFC, BTE, NOx emissions, HC emissions, CO emissions, and soot emissions were simulated and analyzed. The results of the study showed that the in-cylinder pressure and in-cylinder temperature decreased with increasing EGR. NOx emissions reached the optimum reduction of 78.89% at 15% EGR, but CO, HC, and soot emissions increased with increasing EGR. Venu et al. (2019) conducted a study on the synergistic effect of biodiesel-diesel blends, nanoparticles, and EGR (Bertinatto et al., 2022). The experimental test results illustrated that the HC, CO, and BSFC of the Palm Biodiesel Nanoparticles (PBN)-EGR system decreased significantly with increasing EGR compared to the conventional PBN-EGR system, and the NOx emission of the PBN-EGR system was comparable to that of PBN-EGR in the experiment. Dubey et al. (2022) investigated the effects of biodiesel and n-pentanol on the emissions of a common rail diesel engine at different exhaust gas recirculation rates. The results of the test illustrated that B20P10 (20% biodiesel, 10% n-pentyl alcohol, and 70% diesel by volume) had the best combustion and emission performance (Liang et al., 2021; Krishnan and Rajkumar, 2022). This is mainly reflected in the significant reduction of soot and CO emissions of B10P20 at different EGR rates compared to pure diesel, especially at high EGR rates. Ozturk and Can (2022) investigated the effect of EGR, injection delay, and ethanol addition on the performance of Canola biodiesel-diesel blends. The experimental results proved that 5% EGR can effectively mitigate the combustion parameters of B10 biodiesel blends and delayed injection can effectively improve the emission parameters. In addition, all three methods can effectively reduce NOx emissions.
In conclusion, biodiesel-diesel blends not only have the advantage of being renewable, but also can well improve the emission of pollutants such as CO, HC, and soot, but still have significant deficiencies in NOx emissions. EGR technology brings environmentally beneficial emission reduction while improving engine fuel efficiency. Therefore, it is of great practical value to study the improvement of combustion and emission performance of engines with different EGR rates. In this paper, a 3D-CFD model is developed using CONVERGE software combined with the kinetic mechanism. The 3D-CFD model is based on a chemical reaction mechanism to describe the combustion process of fuel, which includes oxidation reaction of fuel, multiphase reaction during combustion, multiphase heat transfer, mass transfer, and phase change. This study has a theoretical reference value for reducing diesel engine pollution and provides a certain database and reference value for the subsequent research of diesel engine EGR control strategy.
2 MODEL BUILDING AND VALIDATION
In this chapter, a 3D-CFD model is developed and experimentally validated using commercial simulation CONVERGE software combined with the chemical kinetic mechanism. The 3D-CFD model describes the combustion process of fuel based on the chemical reaction mechanism, which includes the oxidation reaction of fuel, multiphase reaction during combustion, multi-phase heat transfer, mass transfer, and phase change. It can effectively predict the combustion and emission conditions in diesel engines.
2.1 Numerical model
In the 3D-CFD model built using CONVERGE, the numerical model mainly consists of the mass conservation equation, the energy conservation equation, and the gas state equation (Zhao et al., 2021). Modifying the flow ratio and flow between the inlet and EGR airflow can control the oxygen content of the inlet and the exhaust gas content in the exhaust duct at different EGR rates, thus controlling the combustion and emission performance of the diesel engine. The adjustment of these variables can be controlled by the CONVERGE software.
2.1.1 Conservation of mass equation
Fluid mass conservation mainly means that the increase of mass in a fluid micro-element per unit of time is equal to the net mass flowing into that micro-element. In fluid computational mechanics, the continuity equation is a manifestation of fluid mass conservation. The mass conservation equation is as follows:
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where, mA is the sum of the mass of all substances in the cylinder, kg; θ is the crankshaft rotation angle, °CA; mB is the mass of gas flowing into the cylinder, mC is the mass of fuel flowing into the cylinder, kg; mD is the mass of gas entering the cylinder, mE is the mass of gas discharged from the cylinder, kg; t is the time, s.
2.1.2 Energy conservation equation
Based on the first law of thermodynamics, a flow system with heat exchange must satisfy the law of energy conservation, where the increment of energy in the micro-element is equal to the net heat of the micro-element plus the work done by the body force and the surface force.
The conservation of energy equation is as follows:
[image: image]
where, u for the cylinder-specific internal energy, J/kg; pc for the cylinder pressure, Pa; V for the work volume, cm3; QF for the fuel heat release, J; Qw for the heat loss, J; ha for the specific enthalpy of outflow gas, J/kg; hb for the specific enthalpy of leakage gas, J/kg; hi for the specific enthalpy of inflow gas, J/kg; qe for the latent heat of evaporation of fuel, J; f for the mass fraction of evaporated fuel.
2.1.3 Ideal gas equation of state
The gas equation of state reflects the relationship between the temperature, density, and pressure of a gas.
The ideal gas equation of state is as follows:
[image: image]
where Rc is the gas constant, J/(K⋅kg); Tc is the cylinder body temperature, K.
2.1.4 Component transport equation
The law of conservation of components means that the rate of change of the mass of the chemical components within the system with respect to time is equal to the sum of the production rate of the components generated through the chemical reaction and the net diffusive flow through the system cross-section.
The component transport equations are as follows:
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where, ρ is the fluid density, kg/m3; u1 is the velocity vector, m/s; D is the mass diffusion coefficient, m2/s; Yi is the mass fraction of component m, %; Sm denotes the generation rate of component m per unit time. Nm is the mass of the micro-element control body component m, kg; Ntt is the total mass of the micro-element control body component, kg.
2.2 Jet model
The fuel injection process is often influenced by parameters such as the aperture of the injection hole, the ambient pressure at the time of injection, and the injection pattern (Wei et al., 2019). In this study, Kelvin-Helmholtz & Rayleigh-Taylor (KH-RT) was used as the crushing model (Rostampour et al., 2022), the Frossling model to obtain the rate of change of fuel droplet size, and also the dynamic droplet drag model was used to determine the gas drag.
Where KH-RT is determined by the following equation:
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where RA is the initial radius, m; Ca and C1 are the injector constants; Λ is the wavelength, m; Ω is the wave height index; τ is the oil beam presence time, s; rA is the droplet radius, m; We is the Weber number of the continuous phase; Oa is the Anseger number of the droplet; σ is the surface tension; TKH is the Taylor number; ρl is the density of the liquid, kg/m3.
2.3 Turbulence model
The turbulence model for this study uses the Reorganization group (RNG) k-ε model (Analytis, 2003).
Where kinetic energy k and dissipation rate ε obtained from the following equations:
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where μe is the effective viscosity, Pa·s; Prk is the Prandtl number in the k-equation; Prε is the Prandtl number in the ε-equation; τij is the Reynolds stress, Pa; Sa represents the source term; Cεa, Cεb, and Cs are empirical constants.
2.4 Combustion model
In this paper, the SAGE model, which is more accurate in terms of chemical kinetics, is used to simulate the combustion conditions inside a diesel engine (Li et al., 2019). The diesel/biodiesel mechanism used in this paper is the biodiesel mechanism from Hunan University (E et al., 2016). Firstly, a detailed biodiesel combustion mechanism was abstracted and the relevant reaction paths were simplified by the DRGEPSA method; then the four methods of peak concentration analysis, isomer induction, non-significant reaction elimination, and reaction rate adjustment were combined to gradually eliminate the unimportant reactants and chemical reactions and reduce to obtain the final simplified combustion mechanism; finally, a three-component simplified combustion mechanism was coupled and the reaction rate adjustment was performed to obtain the desired simplified combustion mechanism. Finally, a three-component simplified combustion mechanism was coupled with a three-component simplified combustion mechanism with reaction rate adjustment to obtain the desired simplified combustion mechanism, which contained 106 reactants and 263 chemical reactions. In order to verify the applicability of the combustion mechanism, the original combustion mechanism ignition delay verification, reflective excitation tube ignition delay verificatio n, and diesel engine experimental verification were performed. The results showed that the combustion mechanism can simulate the ignition behavior of the components in the original detailed combustion mechanism and can predict the cylinder pressure, heat release rate, and NOx emission of biodiesel with different fatty acid methyl ester ratios in the diesel engine.
The specific multi-step reactions are shown below:
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where N is the total number of substances; v′n,r and v′′n,r are the stoichiometric coefficients of reactants and products of component n and reaction r, respectively; R is the total number of reactions; xn is the chemical symbol of component n; kfr and krr are the forward and reverse reaction rate coefficients of reaction r; [Xn] is the molar concentration of substance n.
2.5 Heat transfer model
In this paper, the Amsden model and the OʹRourke model are used as the heat transfer models for the study (Duan et al., 2017).
The heat exchange model is calculated as follows:
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where Prt is the molecular Prandtl number; k is the molecular conductivity coefficient; Ta is the fluid temperature, K; Tb is the wall temperature, K; μτ is the shear velocity, μm/s; y+ is the dimensionless distance, m.
2.6 Emission model
The present study used the extended Zeldovich NOx model as an emission model (Yousefi et al., 2018).
The main reaction equations are shown below:
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2.7 Experimental protocol and experimental validation
2.7.1 Diesel engine main parameters and boundary conditions
The temperature boundary conditions are given empirically with the following relevant settings: piston temperature is 553 K, cylinder head temperature is 523 K, cylinder wall temperature is 373 K, and injector nozzle temperature is 550 K. Velocity boundary conditions: the piston motion speed is the actual piston movement speed at the calculated speed, and the rest of the components are stationary.
The Turbulent Kinetic Energy (TKE) and Turbulence Length Scale (TLS) in the initial combustion chamber are calculated by the following equations:
[image: image]
[image: image]
[image: image]
where, u2 indicates turbulent pulsation velocity, mm/s; h is the diesel engine stroke, mm; n is the diesel engine speed, rpm; hv is the maximum valve lift, mm.
The main parameters of the diesel engine are shown in Table 1.
TABLE 1 | Main parameters of internal combustion engine.
[image: Table 1]2.7.2 Grid independence verification
Generally speaking, the finer the grid the more accurate the prediction made by the model. Figure 1 shows the pressure transformation curves of the cylinder when the grids are 1mm, 2mm and 4 mm respectively. At the upper stop, the number of meshes of the three meshes are 463,250, 375,500, and 286,300, and the time spent is 15, 10, and 7 h respectively. 2 mm mesh has the same accuracy as 1 mm, and the calculation time is shorter, so 2 mm mesh is used for simulation.
[image: Figure 1]FIGURE 1 | Cylinder pressure curves for three different grids.
2.7.3 Feasibility test
In this paper, a 3D-CFD model of a diesel engine was developed using CONVERGE software to study the combustion performance and emission performance of diesel-biodiesel blends at different EGR rates and under different loads. The setup of the experiment is shown in Figure 2. The Horiba MEXA1600 was mainly used to test the NOx emissions. Soot emissions were measured by AVL Dismoke-4000. FCMM-2 and DEWE-2010CA were used to monitor diesel engine BSFC and combustion, respectively. The fuel rate was measured using EFS-IFR600. Diesel engine loads were measured by a hydraulic dynamometer. In addition, engine power, pressure, temperature, and flow were measured by a Xiang Yi eddy current dynamometer and the corresponding sensors. Table 2 shows the measurement ranges and error margins of these instruments. In addition, to ensure the stability of the measurements, the experimental results were recorded three times for averaging after 25 min of smooth operation of the diesel engine.
[image: Figure 2]FIGURE 2 | Experimental setup diagram.
TABLE 2 | Measurement range, uncertainty, and accuracy of relevant parameters.
[image: Table 2]2.7.4 Model validation
In this section, the accuracy of the simulation model is tested. The experimental results and the model simulation results were compared at 100% and 50% loads, respectively. As shown in Figure 3, the errors are within 5%, and the simulation results of the model can be trusted. Moreover, the experimental data and the simulated data match very well in terms of NOx emission trends. So, the combustion and emission performance predictions using the model are accurate.
[image: Figure 3]FIGURE 3 | Experimental and simulated NOx emission trend under 100% and 50% load conditions.
3 RESULTS AND DISCUSSION
3.1 Combustion characteristics
The combustion performance of a diesel engine changes to varying degrees with the EGR rate. This section shows in detail the changes in combustion pressure, combustion temperature, BSFC, and BTE in diesel engine cylinders at different EGR rates.
3.1.1 In-cylinder combustion pressure
Figure 4 shows the variation of cylinder pressure at different EGR rates. It can be clearly seen that when the EGR increases from 0% to 20%, the cylinder pressure shows a trend of decreasing step by step. The reason for this situation is that when the EGR rate is higher, the oxygen concentration in the cylinder is lower, which slows down the combustion of the fuel. The increase in fuel stagnation and combustion time is not conducive to fuel evaporation and atomization, so the end result shows a decrease in cylinder pressure.
[image: Figure 4]FIGURE 4 | Comparison of cylinder pressure curves at different EGR rates.
3.1.2 In-cylinder combustion temperature
Figure 5 shows the variation of in-cylinder combustion temperature at different EGR rates. It can be seen that the in-cylinder combustion temperature has a clear tendency to decrease with the increase of EGR rate. For example, when the EGR rate rises from 0% to 5%, a decrease in combustion temperature can be seen significantly at 100% load, 50% load, and 25% load. This is because more exhaust gases enter the cylinder and the oxygen concentration decreases leading to deterioration of combustion. In addition, the increase in exhaust gas leads to an increase in the specific heat capacity of the gas in the cylinder, which also leads to a decrease in the in-cylinder combustion temperature.
[image: Figure 5]FIGURE 5 | Comparison of cylinder temperature curves at different EGR rates.
Table 3 shows the temperature field distribution in the cylinder. It can be seen that as the EGR rate increases, the high-temperature region in the cylinder is gradually decreasing. In addition, as the EGR rate increases the oxygen concentration in the cylinder decreases, the combustion deteriorates, the combustion rate decreases, and the maximum burst pressure and maximum average temperature decrease. The introduction of EGR also brings about an extension of the stall period and pushes back the combustion start point, so that the crankshaft rotation angle corresponding to the maximum average combustion temperature also shifts back.
TABLE 3 | Diesel engine in-cylinder combustion temperature field distribution.
[image: Table 3]3.1.3 Brake specific fuel consumption
Figure 6 shows the positive relationship between the amount of BSFC and the EGR rate of the engine. For example, at 50% load, the BSFC increases by 0.83%, 1.72%, 2.43%, and 3.31% when the EGR rate is increased to 5%, 10%, 15%, and 20%, respectively. This is because increasing the EGR rate causes excess exhaust gases to enter the cylinders, and the decrease in oxygen concentration leads to a deterioration of the combustion process, which requires more fuel to be consumed to maintain performance.
[image: Figure 6]FIGURE 6 | The effect of EGR rate on engine BSFC at different loads.
3.1.4 Brake thermal efficiency
The economy of the engine can be demonstrated by the BTE. Figure 7 shows the trend of diesel engine BTE at different EGR rates. It is clearly seen that the BTE shows a decreasing trend with increasing EGR at all loads. The highest BTE is observed at 0% EGR. As the EGR increases to 5%, 10%, 15%, and 20%, the BTE decreases by 1.26%, 2.62%, 3.75%, and 4.87%, respectively. The reason for this trend is that the increase in EGR rate leads to a decrease in oxygen concentration and combustion temperature, which severely deteriorates the combustion process. In addition, the increase in EGR rate decreased the combustion time, which led to a decrease in the combustion rate and eventually led to a loss in thermal efficiency.
[image: Figure 7]FIGURE 7 | The effect of EGR rate on engine BTE at different loads.
3.2 Emission characteristics
The various emission performance of diesel engine also changes to a different extent with the change in EGR rate. This section shows in detail the variation of diesel engine NOx, CO, soot, and HC emissions at different EGR rates.
3.2.1 NOx emissions
Compared to pure diesel, biodiesel-diesel blends emit more NOx, and EGR is a means to effectively reduce NOx emissions. As shown in Figure 8, the study results showed that at 100% load, NOx emissions were reduced by 49.9%, 64.3%, 73.9%, and 84.3% when EGR was increased to 5%, 10%, 15%, and 20%, respectively. This is because, on the one hand, the introduction of EGR makes the intake air flow lower, the actual excess air coefficient decreases the in-cylinder oxygen concentration, which destroys the NOx generation conditions and NOx emission decreases. On the other hand, the tri-atomic molecules such as CO2 and water vapor enter the cylinder in EGR, which increases the specific heat capacity of the in-cylinder mass and reduces the maximum combustion temperature and pressure in the cylinder, which decreases the NOx generation and therefore reduces the NOx emission.
[image: Figure 8]FIGURE 8 | Comparison of NOx emission profiles at different EGR rates.
From Table 4 below, it can be seen that the distribution area of NOx in the cylinder shows a trend of decreasing when the EGR rate increases. Combined with Table 3, it can be found that the distribution area of NOx receives the influence of the temperature in the cylinder, and NOx is more likely to be generated in the high-temperature area.
TABLE 4 | NOx distribution field in the cylinder.
[image: Table 4]3.2.2 CO emission
Figure 9 shows the variation pattern of CO emissions with the EGR rate. It is clear that the higher the EGR rate is, the higher the CO emissions are. For example, at 100% load, the CO emission is 12.16% higher when the EGR rate is 20% than when the EGR rate is 0%. This is because the inert gas in the exhaust gas dilutes the oxygen concentration, and the increase in the oxygen-deficient area in the cylinder leads to an increase in the CO generated. In addition, the high specific heat capacity gases in the exhaust gas such as CO2 and H2O increase the specific heat capacity of the mixture, preventing the combustion reaction and reducing the maximum temperature in the cylinder. The reduced oxygen content and temperature in the cylinder make it difficult to oxidize the generated CO to CO2, which eventually leads to an increase in CO emissions.
[image: Figure 9]FIGURE 9 | Comparison of CO emission profiles at different EGR rates.
3.2.3 Soot emissions
Figure 10 shows the relationship between soot emissions and EGR rate. It can be seen that the increase in EGR rate obviously leads to an increase of soot emissions. When the load is 100% and the EGR rate is 20%, the soot emissions reach a maximum, emitting 49.2% more soot than a 0% EGR rate. Similar to CO, this is because the increasing EGR rate leads to a continuous reduction of the oxygen content in the cylinder, which does not allow sufficient combustion of the fuel and thus inhibits the oxidation of soot. In addition, the continuous reduction of oxygen content inhibits the oxidation of soot, which is also the reason for the increase in soot emissions.
[image: Figure 10]FIGURE 10 | Comparison of soot emission curves at different EGR rates.
3.2.4 HC emissions
Figure 11 shows the relationship curve between HC emissions and EGR rate. It is clear that HC emissions increase with the increase in EGR rate. HC emissions reach their maximum when the EGR rate is 20%. Similar to soot, this is due to the increase in the EGR rate leading to a decrease in the oxygen concentration in the cylinder. The fuel does not get fully burned and the oxidation of HC is inhibited, resulting in higher HC emissions. In addition, the continuous increase in EGR rate leads to a decreasing combustion temperature in the cylinder. The quenching phenomenon in the cylinder is enhanced, and therefore the HC emissions are further increased.
[image: Figure 11]FIGURE 11 | Comparison of HC emission curves at different EGR rates.
4 CONCLUSION
In this study, by combining CONVERGE with an improved kinetic mechanism, a 3D-CFD model was established to analyze the improvement of in-cylinder pressure, in-cylinder temperature, fuel consumption, BTE, NOx emission, CO emission, soot emission, and HC emission at different EGR rates. This paper has unique advantages in optimizing diesel engine combustion performance and reducing pollution emissions. This study provides some data support for subsequent EGR control studies, and the specific conclusions obtained are as follows:
(1) The increase of EGR leads to more exhaust gas flowing into the cylinder, which in turn reduces the oxygen concentration in the cylinder, ultimately leading to an increase in fuel consumption and a significant decrease in cylinder pressure, cylinder temperature, and BTE. At 50% load, as EGR increased from 0% to 20% in 5% increments each time, the values of BSFC increased by 0.83%, 1.72%, 2.43%, and 3.31%, respectively; and BTE decreased by 1.26%, 2.62%, 3.75%, and 4.87%, respectively.
(2) EGR can effectively reduce NOx emissions, which are reduced by 84.3% at an EGR rate of 20%. This is due to the lower oxygen concentration and cylinder temperature suppressing NOx production. Too high EGR rates instead bring an increase in HC, CO, and soot emissions. So, for the economic model, an EGR rate of about 15% is the best.
The above conclusion shows that the effect of the EGR rate on diesel engine is mainly due to the low oxygen concentration caused by the high EGR rate. And alcohol is rich in oxygen, so trying to add alcohol to the fuel mixture to obtain better combustion and emission performance is a potential way to reduce diesel engine emissions. In addition, the development of new materials and technologies to improve the durability and reliability of EGR systems will continue to be needed for future practical applications.
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