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Abstract

:

This paper studies the effects of different exhaust gas recirculation (EGR) rates (0%, 5%, 10%, and 15%) on the combustion, performance, and emission characteristics of a biodiesel–diesel (20% biodiesel + 80% diesel) blended fuel engine. This paper mainly analyzes the effects on engine cylinder temperature, cylinder pressure, brake thermal efficiency (BTE), brake-specific fuel consumption (BSFC), NOx emissions, carbon monoxide (CO) emissions, hydrocarbon (HC) emissions, and soot emissions. Firstly, a 3D-CFD model was established by using CONVERGE software, combined with an improved chemical kinetic mechanism including 98 species and 314 reactions, and the accuracy of the simulation model was verified by experimental results. Secondly, the effects of different EGR rates on the combustion, performance, and emission characteristics of biodiesel–diesel blended fuel were studied. The results showed that with the increase in the EGR rate, the cylinder pressure and cylinder temperature in the cylinder decreased. When the EGR rate was 15%, the maximum cylinder temperature decreased by 4.33%. In addition, BSFC increased and BTE decreased. Moreover, with the increase in the EGR rate, NOx decreased significantly, and the higher the EGR rate, the more obvious the reduction in NOx emissions. When the EGR rate was 15%, NOx was reduced by 78.89%. However, with the increase in the EGR rate, the emissions of soot, HC, and CO increased. The optimal EGR rate for the engine is 10%.
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1. Introduction


As the main power mechanism of the automobile, agricultural machinery, and engineering machinery, the diesel engine consumes a lot of oil resources. Nitrogen oxides (NOx), particulate matter (PM), and other pollutants emitted from diesel engines are one of the main causes of haze formation [1]. Therefore, in order to improve resource shortage and environmental degradation, specified emission regulations at home and abroad are becoming more and more strict, and it is increasingly important to find a clean and efficient alternative engine fuel [2]. Biomass fuels such as biodiesel and alcohols can effectively reduce pollutant emissions and have excellent renewability, and they have become the focus of scholars.



Biodiesel is a fuel extracted from vegetable oil, waste animal fat, and waste restaurant fat. It has become a cleaner alternative fuel to fill the demand gap caused by the depletion of petrochemical diesel fuel [3]. Compared with traditional diesel fuel, biodiesel can reach complete combustion due to oxygen enrichment so as to effectively reduce the particulate matter, carbon monoxide (CO), and unburned hydrocarbon (HC) emissions of diesel engines [4]. In addition, biodiesel has attracted extensive attention due to its low sulfur content, high cetane number, good lubricity, low-temperature start-up, lack of aromatic hydrocarbons, and renewable characteristics [5,6]. Moreover, in practical application, the diesel engine can be blended with diesel without modification, and the high lightning is also conducive to safe storage and transportation [7]. Zhang et al. [8] studied the effect of biodiesel–diesel fuel on engine combustion and emission characteristics. The results showed that compared with diesel, biodiesel could significantly reduce the emissions of CO, HC, and soot. However, with the increase in the biodiesel blending ratio, NOx emissions increased. Díaz Domínguez et al. [9] studied the engine combustion, performance, and emission characteristics of a direct injection four-stroke single-cylinder diesel engine fueled with Moringa oleifera biodiesel blend (B10). The experimental results showed that compared with diesel, the combustion of B10 started earlier and the ignition delay was shorter. Biswas et al. [10] investigated the effect of biodiesel–ethanol fuel at different injection angles on engine friction performance, stability, and emissions. The results demonstrated that the maximum exergy efficiency using biodiesel–ethanol blends at different injection angles was 48.79% and 45.19% higher than that of biodiesel and diesel, respectively. In addition, the soot, NOx, and HC emissions were reduced by 12.1%, 12.15, and 12.90% compared with biodiesel. In addition, compared with diesel, the soot, NOx, and HC emissions were reduced by 256.70%, 87%, and 9.67%, respectively. Yan et al. [11] studied the combustion, emission, and performance characteristics of diesel engine fueled with different percentages of waste frying oil biodiesel (20%, 50%, and 100%) blended with diesel. The test results showed that BSFC was improved by 12.98%. In terms of emissions, CO2, HC, and NOx increased slightly with pure waste frying oil biodiesel. However, when waste frying oil biodiesel accounted for 20%, almost all emissions were reduced, especially NOx and soot emissions.



However, there is a trade-off between soot and NOx in diesel engine emissions, and it is very difficult to reduce these two emissions at the same time [12]. Although some progress has been made in diesel engine after-treatment technology, it will take some time for this technology to be put into practice. Burning a biodiesel–diesel mixture can reduce soot emissions, but NOx emissions will increase [13]. Compared with pure diesel, a biodiesel–diesel engine has some defects. A special technical method is needed to improve thermal efficiency and significantly reduce emissions to meet the current strict regulations. Exhaust gas recirculation (EGR) technology is a commonly used method at present. It is a simple and effective method in the NOx emission reduction scheme [14]. Mourad et al. [15] studied the effect of heating biodiesel as fuel combined with EGR on the performance and emissions of a diesel engine. The results showed that the performance of the engine was slightly improved, and the pollutants emitted by the engine fueled with biodiesel were significantly less, especially NOx emissions. The reduction rate at 25% EGR was 22.2%. Li et al. [16] studied the performance and emission characteristics of biodiesel and polyoxyethylene dimethyl ether mixture in a single-cylinder diesel engine at different loads. The experimental results showed that the use of EGR rates of 20% and 40% and the addition of 15% polyoxymethylene dimethyl ether could significantly reduce the NOx and soot emissions of the engine. Can et al. [17] studied the effects of the EGR rate (5%, 10%, and 15%) on engine performance and emissions using 20% soybean biodiesel mixed with diesel. The results showed that the combination of biodiesel and EGR could increase the maximum heat release rate and cylinder pressure. In addition, under high engine load and 15% EGR conditions, the reasonable increase in brake specific fuel consumption (BSFC) and the maximum reduction in brake thermal efficiency (BTE) were 6% and 3%, respectively, and the NOx and soot emissions were significantly improved by 55% and 15%, respectively. Shi et al. [18] studied the comprehensive effects of the combustion and emissions of a four-cylinder direct injection diesel engine at different loads and EGR rates. The results showed that with the increase in the EGR rate, the engine emissions, especially NOx and soot emissions, could be significantly reduced. Mat Yasin et al. [19] studied the application effect of palm biodiesel and different EGRs on the combustion and emission characteristics of a direct injection diesel engine. They found that when palm biodiesel and EGR increased, engine torque, engine power, and NOx emissions decreased, while fuel consumption, CO, PM, and carbon dioxide (CO2) emissions increased.



Computational fluid dynamics (CFD) combined with chemical kinetics can accurately simulate the spray and combustion in engine cylinders and predict the emissions, thus shortening the development cycle of the engine. Compared with traditional technology, CFD simulation technology can save costs and shorten the cycle. It can accurately simulate the actual working state of the product in the virtual environment based on the data in the whole product life cycle and modify the product parameters to optimize the product. At present, commonly used 3D-CFD software mainly includes CONVERGE, Fluent, AVL-Fire, etc. Zhang et al. studied the effects of diesel/methanol/n-butanol blended fuel and diesel/ethanol/n-butanol blended fuel on engine combustion, performance, and emission characteristics using CONVERGE software [20] and AVL-Fire software [21], respectively, and combined them with a detailed chemical kinetic model. Sathyamurty et al. [22] studied the performance and emission characteristics when mixing different proportions of corn oil methyl ester with pure diesel in the engine. The results showed that the mixed combustion of 10% corn oil methyl ester and pure diesel had the least effect on the thermal efficiency and BSFC of the engine, but it could greatly reduce the emissions of CO and HC. Yang et al. [23] studied the combustion and emission characteristics of rapeseed oil and petrochemical diesel using a CFD model and analyzed the effect of reducing NOx emissions when introducing 20%-30% EGR. CONVERGE software can automatically generate regular hexahedral mesh and provide various mesh control strategies, such as adaptive encryption. Thus, CONVERGE software was selected for in-cylinder analysis in this study.



As mentioned above, biodiesel–diesel blended fuel has a significant effect on improving engine emissions. It is very interesting to investigate the effect of different EGR rates on engine combustion and emission characteristics with the CONVERGE software combined with an improved kinetic mechanism. Therefore, a 3D-CFD model was established by coupling the CONVERGE software with the detailed chemical kinetic mechanism of biodiesel and was verified with experimental results. Therefore, this paper has significant advantages for optimizing the engine combustion process and reducing pollutant emissions. In addition, this study can provide a reference and data basis for the follow-up engine EGR control strategy and provides a certain theoretical reference for the realization of pollutant emissions.




2. Numerical Approaches


2.1. D-CFD Calculation


The primary conservation equations are mainly composed of the mass conservation equation, the energy conservation equation, and the gas state equation, which are the most important equations in engine modeling.



2.1.1. Mass Conservation Equation


Mass conservation means that the change in mass of the control body is equal to the difference between the inflow mass and the outflow mass, and the equation is as follows:


    d  m c    d θ   =  ∑    d  m i    d θ   −  ∑    d  m a    d θ       −   d  m b    d θ   +   d  m e    d t    



(1)




where mc is the total mass of the material in the cylinder, kg; θ is the crankshaft angle, deg; mi and me are the mass of the gas and fuel flowing into th+++e cylinder, kg; ma and mb are the mass of the gas flowing into and out of the cylinder, kg; and t is the time, s.




2.1.2. Energy Conservation Equation


The conservation of energy equation is as follows:


      d (  m c  ⋅ u )   d θ   = −  p c  ⋅   d V   d θ   +   d  Q F    d θ   −  ∑    d  Q w    d θ     −  h c  ⋅   d  m b    d θ   +      ∑    d  m i    d θ     ⋅  h i  −  ∑    d  m a    d θ     ⋅  h a  −  q e  ⋅ f ⋅   d  m e    d t      



(2)




where u is the specific internal energy in the cylinder, J/kg; pc is the pressure in the cylinder, Pa; V is the working volume, cm3; QF is the fuel heat release, J; Qw is the heat loss, J; ha is the specific enthalpy of outflow gas, J/kg; hb is the specific enthalpy of leakage gas, J/kg; hi is the specific enthalpy of inflow gas, J/kg; qe is the latent heat of evaporation of fuel, J; and f is the mass fraction of evaporated fuel, %.




2.1.3. Ideal Gas Equation of State


The gas state is calculated using the ideal gas equation of state when performing 3D simulations [24], and the gas equation of state is as follows:


   p c  =  1 v   m c   R c   T c   



(3)




where Rc is the gas constant, J/(K⋅kg); Tc is the cylinder body temperature, K.




2.1.4. Component Transport Equation


The engine operation process is accompanied by the exchange of gases, consumption of fuel components, and production of combustion products. For the whole system, the component transport equation is as follows:


    ∂  ρ m   t  +   ∂  p m   u i    ∂  x i    =  ∂  ∂  x i     (  ρ D   ∂  Y i    ∂  x i     )  +  S m   



(4)






   Y m  =    N m     N  t t     =    ρ m     ρ  t t      



(5)




where ρ is the fluid density, kg/m3; u is the velocity vector, m/s; D is the mass diffusion coefficient, m2/s; Yi is the mass fraction of m components, %; and Sm represents the generation rate of the component m per unit time, kg/s. 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. Spraying Model


Parameters such as injection pattern, orifice parameters, and injection ambient pressure all affect the fuel injection [25]. Fuel injection is a complex process, for which the Frossling model was chosen as the evaporation model, the dynamic drop drag model was chosen as the gas drag model, and the KH-RT model [26] was chosen as the crushing model. The computational equations of KH-RT are as follows:


   R A  =  C a  Λ  



(6)






  τ =   3.7  C 1   r A    Λ Ω    



(7)






  Λ =   9.02  r A  ( 1 + 0.45  O H  0.5   ) ( 1 + 0.4  T  K H   0.7   )     ( 1 + 0.865  W e  1.67   )   0.6      



(8)






  Ω =   0.34 + 0.38  W e  1.5     ( 1 +  O a  ) ( 1 + 0.4  T  K H   0.6   )      σ  ρ l  r A 3       



(9)




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, dynes⋅cm−2; TKH is the Taylor number; and ρl is the density of the liquid, kg/m3.




2.3. Turbulence Model


There is a complex gas flow in a marine engine cylinder with high turbulence intensity. In this paper, the in-cylinder flow field was simulated by the RNG k-ε turbulence model [27]. The following equations calculate the turbulent kinetic energy k and turbulent dissipation rate ε.


    ∂ ρ k   ∂ t   +   ∂ ( ρ  u i  k )   ∂  x i    =  τ  i j     ∂  u i    ∂  x i    +  ∂  ∂  x j     (     μ e     Pr k      ∂ k   ∂  x j     )  − ρ ε +  S a   



(10)






      ∂ ρ ε   ∂ t   +   ∂ ( ρ  u i  ε )   ∂  x i    =  ∂  ∂  x j     (     μ e    Pr ε     ∂ k   ∂  x j     )  −  C  ε a   ρ ε   ∂  u i    ∂  x i               +  (   C  ε b     ∂  u i    ∂  x j     τ  i j   −  C  S a   ρ ε + ε  C s   S a   )   ε k  + S − ρ R    



(11)




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 Reynolds stress, Pa; Sa represents the source item; and Cεa, Cεb, Sa, and Cs are empirical constants.




2.4. Combustion Model


The combustion model in CONVERGE software contains many physical models of specific combustion conditions. In terms of chemical coupling kinetics, the SAGE model is more accurate. In this paper, the SAGE model was employed to simulate the combustion process of biodiesel [28]. The specific multi-step reaction is shown as follows:


    ∑  n = 1  N    v  n , r  ′     x n  ⇄   ∑  n = 1  N    v  n , r   ″      x n      ( r = 1 , 2 , … R )  



(12)






   ω ·  =   ∑  r = 1  R    v n  ,   r   q r        ( n = 1 , 2 , … N )  



(13)






   v  n , r   ″   −  v  n , r  ′  =  v  n , r    



(14)






   q r  =  k  f r    Π  n = 1  N     [   X n   ]     v  n , r  ′    −  k  r r    Π  n = 1  N     [   X n   ]     v  n , r   ″      



(15)




where N is the total number of substances;    v  n , r  ′    and    v  n , r   ″     are the stoichiometric coefficients of the 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 for reaction r; and [Xn] is the molar concentration of substance n.




2.5. Heat Transfer Models


Heat transfer occurs at every moment during the engine operation [29]. The O’Rourke and Amsden model [30] can better simulate the engine heat transfer process in CONVERGE software and is employed to calculate the heat transfer. The calculation formula of the heat exchange model is as follows:


  k   d T   d  x i    =  {        μ  c p     (   T b  −  T a   )     n i      y  Pr t         y +  < 11.05         ρ  c p   μ τ   T b  I n  (     T b     T a     )   n i    2.1 ⋅ I n  (   y +   )  + 2.513       y +  > 11.05        



(16)




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; and y+ is the dimensionless distance.




2.6. Emission Calculation Model


Diesel fuel is mechanically affected by the combustion process to generate NOx, which is mainly divided into high-temperature NOx, fuel NOx, and transient NOx [31]. In the combustion process, nitrogen molecules are oxidized to NOx. Since there are many atoms involved in the reaction and the reaction equation is complex, the Extended Zeldovich NOx model [32] model was chosen for this paper.


   O 2  ⇄ 2 O  



(17)






   O 2  + N ⇄ O + NO  



(18)






   N 2  + O ⇄ N + NO  



(19)






  N + OH ⇄ NO + H  



(20)








2.7. Boundary Conditions


The boundary conditions in the CONVERGE model were based on a four-cylinder, four-stroke marine medium-speed diesel engine. The initial cylinder temperature, piston head temperature, cylinder wall temperature, cylinder head temperature, and initial cylinder pressure were 335.15 K, 625.15 K, 403.15 K, 553.15 K, and 1.93 MPa, respectively. The main boundary conditions and specifications are shown in Table 1.




2.8. Computational Grid


The dynamic grid of the 3D combustion chamber model was based on the symmetrical distribution of the engine’s cylinders through eight injector holes, and one injector hole was selected to generate a 45° fan-shaped dynamic mesh. Generally, finer grids in CONVERGE are more accurate in predicting droplet fragmentation and evaporation [33]. Figure 1 shows the cylinder pressure profiles with grid numbers of 1 mm, 2 mm, and 4 mm at 100% load. When the piston runs to the upper stop, the grid numbers of three grids are 463,250, 375,500, and 286,300. In this paper, grid encryption was performed near the injector nozzle, piston gap area, and cylinder wall to ensure the accuracy of the precision model. It can be found from the figure that there is no obvious difference between the cylinder pressure curves of the 2 mm grid and 1 mm grid. Because the 2 mm grid could ensure accuracy and save about 50% of the calculation time, the 2 mm grid was selected for the model simulation in this paper.




2.9. Feasibility Test


This paper studies the effects of diesel/RME blended fuel on engine combustion, performance, and emission characteristics under different loads and EGR conditions. The schematic diagram of the experimental device is shown in Figure 2. The engine power was measured by a Xiang Yi eddy current dynamometer [34,35]. In addition, the corresponding sensors were also used to measure pressure, temperature, and flow. The measurement range and error range of each instrument are shown in Table 2.




2.10. Fuel Properties


In this study, 20% RME and 80% diesel fuel were selected to study the effects of different proportions of EGR on a marine engine, where R20 represents 20% RME blended with 80% diesel fuel. E0, E5, E10, E15, and E20 represent EGR proportions of 0%, 5%, 10%, 15%, and 20%, respectively. RME was obtained by the transesterification reaction of rapeseed oil with methanol. Specifically, the molar ratio of methanol to oil is 6:1, and 1% wt/wt KOH was added as the basic catalyst. Then, rapeseed oil was transesterified in the reactor for about 1 h under the catalysis of alkali to obtain RME [36]. As shown in Table 3, the kinematic viscosity and low calorific value of the fuel were measured according to ASTM D445 and ASTMD240. The latent heat of the blended fuels was calculated by the following equation.


  H =  W a   H a  +  W b   H b   



(21)




where H, Ha, and Hb are the latent heat of vaporization of the blended fuels, rapeseed oil, and diesel fuel, KJ/kg; Wa and Wb represent the proportion of biodiesel and diesel in the fuel blend.




2.11. Model Validation


The model’s accuracy should be verified before the 3D-CFD model is simulated. As shown in Figure 3 and Figure 4, the cylinder pressure and HRR comparisons between experimental and simulation results were performed at 100%, 50%, and 25% load. It can be found that the experimental and predicted in-cylinder pressure and ignition process are within 5% error, and the model is consistent. In addition, Figure 5 shows the experimental and simulated NOx emission trend under 100%, 50%, and 25% load conditions. It can be found that the trend of the simulation is similar to that of the experiment. Therefore, the fuel combustion process and 3D-CFD model can be well predicted.





3. Results and Discussion


3.1. Combustion Characteristics


3.1.1. Cylinder Pressure


Figure 6a–c shows the cylinder pressure curves at different EGR rates. The peak cylinder pressure of pure diesel fuel was higher than that of biodiesel–diesel blends at all loads. When the diesel engine was running on biodiesel–diesel blends, cylinder pressure decreased continuously with increasing EGR rate. For example, the cylinder pressure was highest when the EGR rate was 0%, followed by 5%, 10%, and 15% EGR. This is because the increase in the EGR rate makes the exhaust gas in the cylinder increase. When the oxygen concentration decreases, the combustion in the cylinder of the diesel engine deteriorates. Thus, the cylinder temperature in the cylinder increases, and the stall period and combustion duration increase. For example, at 100% load, the cylinder pressure was the highest at EGR = 0%, and when the EGR rate was increased to 5%, 10%, and 15%, the cylinder pressure was reduced by 2.3%, 2.65%, and 4.33%, respectively. Similarly, the cylinder pressure was the highest when the diesel engine was fueled with pure diesel. This is due to the high low calorific value. In addition, the lower cylinder temperature and oxygen concentration are not conducive to fuel evaporation atomization and combustion, resulting in a decrease in peak cylinder pressure with an increase in EGR. Can et al. [17] found a similar trend.




3.1.2. Cylinder Temperature


Figure 7a–c shows the cylinder temperature curves at different EGR rates. It can be seen that pure diesel fuel had a higher peak cylinder temperature compared to biodiesel–diesel blends. When the diesel engine was fueled with a biodiesel–diesel blend, the cylinder temperature continued to decrease as the EGR rate increased. For example, at 50% load, the cylinder temperature was highest at EGR = 0%, and when the EGR rate was increased to 5%, 10%, and 15%, the cylinder temperature was reduced by 2.0%, 2.45%, and 4.33%, respectively. This is because with increasing EGR rates, more exhaust gas is introduced into the cylinder, and the specific heat capacity of the gas increases, which in turn leads to a decrease in cylinder temperature. Similarly, the cylinder temperature is the highest when the diesel engine is fueled with pure diesel. This is due to the high low calorific value. Furthermore, the increase in the EGR rate reduces the oxygen concentration in the cylinder, leading to deterioration in combustion and thus decreasing cylinder temperature. Duan et al. [37] found a similar trend.



Figure 8 shows the temperature field distribution of the cylinder. As the EGR rate continued to increase, the localized high-temperature areas in the cylinder gradually decreased. This is due to the increasing EGR rates. The total specific heat capacity of the fuel increased with increased EGR rates in the cylinder. In addition, the oxygen concentration in the cylinder decreased, which is not conducive to fuel combustion, resulting in a lower combustion temperature in the cylinder.





3.2. Performance Characteristics


3.2.1. Brake-Specific Fuel Consumption


Figure 9 shows the effect of the EGR rate on engine BSFC at different loads. It can be found that the BSFC of pure diesel fuel was lower than that of the biodiesel–diesel blends. In addition, when burning biodiesel–diesel blends, the BSFC of the diesel engines grew with increasing EGR rates. For example, at 100% load, when the EGR rate was increased to 5%, 10%, and 15%, the fuel consumption of the engine was improved by 0.74%, 1.49%, and 2.23%, respectively, compared with EGR = 0%. This is because as the EGR rate increases, the oxygen concentration in the cylinder decreases, and local oxygen deficiency increases. The fresh air is not sufficient to support the effective combustion of fuel in the cylinder, resulting in increased fuel consumption. A similar trend was found in a study by Sun et al. [38].




3.2.2. Brake Thermal Efficiency


The brake thermal efficiency (BTE) is the key index to measure the economy index of the engine. The lower the BSFC, the better the economy. Figure 10 shows the effect of the EGR rate on engine BTE. The BTE was highest when the diesel engine was fueled with pure diesel fuel. In addition, the BTE decreased continuously as the EGR rate increased. More specifically, the BTE was the highest at a 0% EGR rate, followed by 5%, 10%, and 15%. For example, at 100% load, when the EGR rate was increased to 5%, 10%, and 15%, the BTE of the engine was improved by 0.76%, 1.54%, and 2.43%, respectively, compared with EGR = 0%. This is because the cylinder temperature and O2 concentration decrease as the EGR rate increases. Thus, it results in the deterioration of combustion. In addition, the increase in the EGR rate increases the combustion duration and reduces the combustion reaction rate, thus reducing the thermal efficiency. A similar trend was found in a study by Devarajan et al. [39].





3.3. Emission Characteristics


3.3.1. NOx Emissions


For biodiesel- and diesel-fueled engines, EGR is commonly used as an effective method to reduce NOx emissions. Figure 11a-c shows the NOx emissions at different EGR rates.



Compared to pure diesel, biodiesel–diesel blends had higher NOx emissions. In addition, the NOx emissions decreased continuously with the increase in the EGR rate. At 100% load, when the EGR rate was 5%, 10%, and 15%, NOx emissions were reduced by 49.9%, 64.3%, and 73.9%, respectively, compared with EGR = 0%. NOx emissions depend on the cylinder temperature, oxygen content, and reaction time. With increasing EGR rates, the oxygen concentration in the intake air decreases, and the cylinder temperature decreases; this significantly inhibits NOx formation and results in lower NOx emissions. A similar trend was found in a study by Jiang et al. [40].



The NOx distribution field in the cylinder is shown in Figure 12. The NOx distribution decreased gradually with the increase in the EGR rate. Combined with the cylinder temperature distribution field in Figure 12, it can be found that the NOx distribution is influenced by the cylinder temperature distribution, and NOx is easily generated in the high-temperature gathering area. In addition, the reduction in oxygen concentration in the cylinder is also the main reason for inhibiting NOx formation.




3.3.2. CO Emissions


Figure 13a–c shows the CO emissions at different EGR rates. It can be seen that the CO emissions of the biodiesel–diesel blend were lower than that of pure diesel fuel, and CO emissions increased with the EGR rate. For example, at 100% load, when the EGR rate increased to 5%, 10%, and 15%, the CO emissions increased by 7.28%, 8.7%, and 9.58%, respectively. This is due to the low temperature and lack of oxygen. Thus, CO generation increases with increasing EGR rates. In addition, when the oxygen content and temperature in the cylinder continue to decrease, the production of incomplete combustion products increases, which in turn leads to increased CO emissions. A similar trend was found in a study by Sun et al. [37].




3.3.3. Soot Emissions


Figure 14a–c shows soot emissions at different EGR rates. It can be seen that the soot emissions of biodiesel–diesel blends were lower than those of pure diesel. The soot generation gradually increased with the increase in the EGR rate. For example, at 100% load, soot generation was greatest at an EGR rate of 15%, followed by 10%, 5%, and 0%. In particular, the soot generation at an EGR rate of 15% was 41.7% higher than that at an EGR rate of 0%. This is due to the increasing EGR rate. When the oxygen content in the combustion chamber continues to decrease, the EGR rate inhibits the oxidation of soot and leads to soot production. Biodiesel fuel can improve combustion due to the oxygen in the biodiesel. Thus, biodiesel can reduce CO emissions. In addition, as the EGR rate continues to rise, the cylinder combustion temperature decreases, which is not conducive to complete combustion of the fuel and generates a greater amount of soot. A similar trend was found in a study by Liu et al. [41].




3.3.4. HC Emissions


Figure 15a–c shows the HC emissions at different EGR rates. It can be seen that the HC emissions of the biodiesel–diesel blend were lower than those of pure diesel fuel. When biodiesel–diesel blends were burned, HC emissions continued to increase as the EGR rate increased. More specifically, the HC emission was the highest at an EGR rate of 15%, followed by 10%, 5%, and 0%. This is due to the increasing EGR rates. When the oxygen content in the combustion chamber continues to decrease, the EGR rate inhibits the oxidation of CO and leads to CO production. Biodiesel fuel can improve combustion due to the oxygen in biodiesel. Thus, biodiesel can reduce CO emissions. In addition, with increasing EGR rates, the oxygen concentration in the cylinder decreases, and the temperature decreases, weakening the oxidation of HC and leading to an increase in HC emissions. A similar trend was found in a study by Labecki et al. [42].






4. Conclusions


Nowadays, with the rapid development of the economy and industrial automation, the shortage of resources [43] and environmental pollution [44] are becoming more and more serious. In this study, a 3D-CFD model was developed by using CONVERGE software and combined with detailed kinetic mechanisms to study the effects of different EGR rates on the combustion and emission characteristics of a diesel engine fueled with biodiesel–diesel blended fuel. The effects of different EGR rates on the in-cylinder pressure, in-cylinder temperature, BSFC, BTE, NOx emissions, HC emissions, CO emissions, and soot emissions of the biodiesel/diesel blended fuel engine were simulated and analyzed by adjusting the EGR rates. The main conclusions are as follows.




	(1)

	
With the increase in the EGR rate, the engine cylinder pressure and cylinder temperature decrease. This is mainly due to the increase in the EGR rate. The increased EGR increases the exhaust gas in the cylinder and reduces the oxygen concentration.




	(2)

	
With the increase in the EGR rate, NOx emissions decrease. In particular, when the EGR rate is 15%, NOx emissions are reduced by 78.89%. This is because the increase in the EGR rate reduces the oxygen concentration and cylinder temperature, which inhibits the generation of NOx. Moreover, the greater the EGR rate, the more obvious the reduction in NOx.




	(3)

	
However, with the increase in the EGR rate, HC, CO, and soot emissions increase. Too high an EGR rate will be unfavorable to the power performance and economy of the engine, so the EGR rate should not be too high.









In short, while reducing NOx emissions, the optimal EGR rate that has a positive impact on engine power characteristics and emissions is 10.
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Nomenclature




	BSFC
	Brake-specific fuel consumption



	BTE
	Brake thermal efficiency



	CFD
	Computational fluid dynamics



	CO
	Carbon monoxide



	CO2
	Carbon dioxide



	EGR
	Exhaust gas recirculation



	NOx
	Nitrogen oxides



	PM
	Particulate matter



	UHC
	Unburned hydrocarbon



	hi
	Specific enthalpy of inflow gas, J/kg



	ma
	Mass of the gas flowing into the cylinder, kg



	pc
	Pressure in the cylinder, Pa



	Pre
	Prandtl number in the ε equation



	Prt
	Molecular Prandtl number



	R
	Total number of reactions



	rA
	Droplet radius, m



	t
	Time, s



	ρl
	Density of the liquid, kg/m3



	[Xn]
	Molar concentration of substance n



	µe
	Effective viscosity, Pa·s



	Ca, C1
	Injector constants



	cεa, cεb, Sa, Cs
	Empirical constants



	D
	Mass diffusion coefficient, m2/s



	f
	Mass fraction of evaporated fuel,%



	H
	Latent heat of vaporization of the blended fuels, KJ/kg



	ha
	Specific enthalpy of outflow gas, J/kg



	Ha
	Latent heat of vaporization of the rapeseed oil, KJ/kg



	Hb
	Latent heat of vaporization of the diesel fuel, KJ/kg



	hb
	Specific enthalpy of leakage gas, J/kg



	k
	Molecular conductivity coefficient



	mb
	Mass of the gas flowing out of the cylinder, kg



	mc
	Total mass of the material in the cylinder, kg



	me
	Mass of the fuel flowing into the cylinder, kg



	mi
	Mass of the gas into the cylinder, kg



	N
	Total number of substances



	Nm
	Mass of the micro-element control body component m, kg



	Ntt
	Total mass of the micro-element control body component, kg



	Oa
	Anseger number of the droplet



	Prk
	Prandtl number in the k equation



	qe
	Latent heat of evaporation of fuel, J



	QF
	Fuel heat release, J



	Qw
	Heat loss, J



	RA
	Initial radius, m



	Rc
	Gas constant, J/(K·kg)



	Sa
	Source item



	Sm
	Generation rate of the component m per unit time kg/s



	Ta
	Fluid temperature, K



	Tb
	Wall temperature, K



	Tc
	Cylinder body temperature, K



	TKH
	Taylor number



	us
	Specific internal energy in the cylinder, J/kg



	u
	Velocity vector, m/s



	V
	Working volume, cm3



	Wa
	Proportion of diesel in the blended fuel



	Wb
	Proportion of biodiesel in the blended fuel



	We
	Weber number of the continuous phase



	xn
	Chemical symbol of component n



	y+
	Dimensionless distance



	Yi
	Mass fraction of m components, %



	μτ
	Shear velocity, μm/s



	τij
	Reynolds stress, Pa



	θ
	Crankshaft angle, deg



	σ
	Surface tension, dynes·cm−2



	τ
	Oil beam presence time, s



	Ω
	Wave height index



	Λ
	Wavelength, m



	ρ
	Fluid density, kg/m3
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Figure 1. Comparison of cylinder pressures for different grids. 






Figure 1. Comparison of cylinder pressures for different grids.



[image: Energies 15 04153 g001]







[image: Energies 15 04153 g002 550] 





Figure 2. Flow chart of the experimental setup. 
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Figure 3. Cylinder pressure between experiment results and simulation results at different loads. 
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Figure 4. HRR between experimental results and simulation results under different load conditions. 
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Figure 5. NOx emissions in experiments and simulations under different load conditions. 
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Figure 6. The cylinder pressure curves at different EGR rates: (a) 100% load; (b) 50% load; (c) 25% load. 
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Figure 7. The cylinder temperature profiles at different EGR rates: (a) 100% load; (b) 50% load; (c) 25% load. 
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Figure 8. The temperature field distribution in the engine cylinder. 
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Figure 9. The effect of EGR rate on engine BSFC at different loads. 
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Figure 10. The effect of EGR rate on engine brake thermal efficiency at different loads. 
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Figure 11. NOx emissions at different EGR rates: (a) 100% load; (b) 50% load; (c) 25% load. 
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Figure 12. The NOx distribution field in the cylinder. 
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Figure 13. The effects of different EGR rates on CO emission: (a) 100% load; (b) 50% load; (c) 25% load. 
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Figure 14. The effect of different EGR rates on soot emissions: (a) 100% load; (b) 50% load; (c) 25% load. 
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Figure 15. The effect of different EGR rates on HC emissions: (a) 100% load; (b) 50% load; (c) 25% load. 
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Table 1. Engine specifications and boundary conditions.
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	Type
	Value
	Type
	Value





	Bore × stroke (mm)
	190 × 210
	Initial cylinder turbulentkinetic energy (m2/s2)
	18.375



	Connecting rod (mm)
	410
	Compression ratio
	14



	Rated speed (r/min)
	1000
	Initial pressure in the inlet (MPa)
	0.192



	Fuel injection holes
	8
	Effective power (kW)
	220



	Nozzle radius (mm)
	0.28
	Spray Angle (°)
	150
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Table 2. Measurement range, uncertainty, and accuracy of relevant parameters.
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	Parameters
	Measuring Range
	Accuracy
	Uncertainty





	Pressure
	0–25 MPa
	±10 kPa
	±0.55%



	Engine speed
	1–2000 rpm
	±40 rpm
	± 0.24%



	Crank angle encoder
	0–720 °CA
	±0.5 °CA
	±0.30



	BTE
	-
	±0.5%
	±1.70%



	BSFC
	-
	±5.10 g/(kW·h)
	±1.50%



	NOx emissions
	0–6000 ppm
	±10 ppm
	±0.54%



	CO emissions
	0–12% vol
	±0.04%
	±0.33%
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Table 3. Performance index of blended fuels.






Table 3. Performance index of blended fuels.





	Item
	Diesel
	RME





	Cetane number (−)
	50
	53.88



	Viscosity (cPs/40 °C)
	2.75
	4.556



	Lower calorific value (MJ/kg)
	42.7
	39.73



	Oxygen content (% m/m)
	0.3
	10.7



	Density at 15 °C (kg/m3)
	837
	882



	Saturation (%)
	–
	4.45
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