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Abstract

:

This paper presents a numerical investigation of the ignition and combustion process of a primary reference fuel in a partially premixed light-duty internal combustion (PPC) engine. Partially pre-mixed combustion is achieved by employing a multiple injection strategy with three short injection events of fuel pulses. The timing of the first two fuel pulses, 48 and 22 crank angle degrees before top dead center, are chosen with the purpose to stratify the fuel and air charge, whereas the third injection, at five crank angle degrees before top dead center, serves as an actuator of the main heat release. In addition to this baseline injection, three alternative injection strategies are studied, including a split-fuel two-injection strategy and modified triple-injection strategies. Large eddy simulations are employed utilizing a skeletal chemical kinetic mechanism for primary reference fuel capable of capturing the low-temperature ignition and the high temperature combustion. The large eddy simulation (LES) results are compared with experiments in an optical accessible engine. The results indicate that the first ignition sites are in the bowl region where the temperature is relatively higher, and the reaction fronts thereafter propagate in the swirl direction and towards the centerline of the cylinder. The charge from the first two injections initially undergoes low-temperature reactions and thereafter high-temperature reservoirs are formed in the bowl region. The main heat-release is initiated in the engine when the fuel from the third injection reaches the high-temperature reservoirs. Finally, the remaining fuel in the lean mixtures from the first two injections is oxidized. By variation of the injection strategy, two trends are identified: (1) by removing the second injection a higher intake temperature is required to enable the ignition of the charge, and (2) by retarding second injection, a longer ignition delay is identified. Both can be explained by the stratification of fuel and air mixture, and the resulting reactivity in various equivalence ratio and temperature ranges. The LES results reveal the details of the charge stratification and the subsequent heat release process. The present results indicate a rather high sensitivity of partially premixed combustion process to the injection strategies.
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1. Introduction


The rapid worldwide growth of the automobile and truck industry intensifies the request of crude oil and globally strains the economic situation on the fuel market [1]. Over the past decades concerns about fuel economy and stringent emission legislation have pushed forward the development of reciprocating combustion engines. Contemporary reduction of soot, NOx, unburned hydrocarbons, and carbon monoxide requires efficient after-treatment solutions as well as in-cylinder solutions, e.g., advanced high-pressure fuel injection strategies, manipulation of engine flow, and optimal piston geometry design. One approach that has shown to potentially cope with the demands is the partially premixed combustion (PPC) engine. The PPC concept was first developed for heavy-duty (HD) engine conditions with diesel and gasoline fuel, e.g., [2,3,4], and has with optimization of various operating conditions, e.g., injection strategies, fuel octane number and exhaust gas recirculation, managed to simultaneously increase the engine efficiencies and to decrease the pollutants [5,6,7,8,9,10,11].



The possibility to extend the low-load operation limit for gasoline type fuel in light-duty (LD) PPC engines, i.e., fuel with high octane number (ON), has been the target of recent research. Methods such as re-breathing and exhaust gas retaining techniques and advanced injection strategies to control the onset of combustion have been investigated. Borgqvist et al. [12,13] showed that low amounts of residual trapping are favorable to minimize the gas-exchange loss, but the combustion efficiency is low due to the reduced in-cylinder temperature. Sellnau et al. [14,15] employed a triple injection strategy with fuel octane number of 91. They showed that at low-load conditions, low levels of soot, and low noise could be obtained, with high level of exhaust re-breathing.



Despite these successful demonstrations of the PPC technique, the fundamental physics of the mixing and combustion processes requires further investigation. It is unclear how the fuel injected at different stages mix and ignites, how the reaction zone structures develop under different PPC conditions, and how the pollutant species are formed under low load conditions. Such detailed knowledge aids the understanding of the performance of PPC engines. This has motivated the present work, in which we employ high fidelity CFD approaches to simulate the detailed mixing and combustion process of an experimental PPC engine.



Three-dimensional numerical investigations on partially premixed combustion have been reported on singe-injection and low temperature combustion [16,17,18]. Some multi-dimensional CFD work was carried out using KIVA 3 VERC-Chemkin [15]. Most of the work was oriented towards emission-formation and heat-release rate analysis. Previous CFD results showed that with triple-injection, low levels of soot are obtained due to the overall lean conditions and the heat-release rates (HRR) were favorable (with lower peak HRR and longer combustion duration) due to combustion phasing close to top-dead-center (TDC), with low heat losses to the cylinder walls. There is, however, a lack of explanation of the combustion and emission behavior in multiple injection PPC engines. In this regard, numerical simulations and optical engine experiments are needed to explain the sequential ignition and combustion behavior in PPC engines, and how the combustion and pressure-rise rate are affected by the injection strategy.



This paper reports on a numerical investigation on partially premixed combustion in a light-duty compression ignition engine. The aim of the investigation is to improve the understanding of the sequential ignition and combustion process typical of light-duty PPC engines. Large eddy simulation (LES) is employed in this work. The simulations takes into account the spray breakup, evaporation, mixing with the ambient gas, and the subsequent combustion process in a partially premixed combustion engine modified for optical measurement. The injection strategy employs a triple fuel injection with primary reference fuel (PRF) with 69% iso-octane and 31% n-heptane (PRF69) in the presence of swirl and low levels of diluted air. The results are utilized to quantify the evolution of the fuel and air mixing, initial low temperature stage ignition, and high-temperature combustion. The impact of the multiple injection event on the charge stratification, and subsequently on the ignition behavior and emissions of CO, unburned hydrocarbons, and NOx, is identified.




2. Computational Cases and Engine Operation Conditions


The computation was performed for a five-cylinder VOLVO D5 optical engine. The original VOLVO engine was modified for optical access with a Bowditch design [19]. The piston has a bore of 81 mm and a stroke of 93.2 mm with a maximum piston bowl radius of 23.5 mm. The engine was operating at 800 rpm and at approximately 2 bar indicated mean effective pressure (IMEP). Combustion was enabled only in one cylinder, whereas the other 4 cylinders were motored. The compression ratio was set to 11.4:1. An alternating current (AC) dynamometer was used to control the engine speed and load, and an electrical heater in the intake manifold was used to control the inlet temperature. Negative valve overlap (NVO) was used for the control of combustion stability. For the NVO strategy, early exhaust valve closing (EVC) and late intake valve opening (IVO) were incorporated in order to retain large quantities of residuals in the cylinder. NVO provided thermal and dilution advantages of residual retaining in the cylinder. Specifically, the NVO was set to 60 CAD (crank angle degrees) and the global equivalence ratio was about 0.30. The intake temperature was maintained at 80 °C with the intake pressure at 1.35 bar. A direct injection Bosch common rail system was employed in the engine with a 5-hole nozzle solenoid injector and a 72° inter-jet angle. The injector had an umbrella angle of 140° and a nozzle hole diameter of 159 μm. To generate a partially premixed mixture a triple injection strategy was employed, with the corresponding injection timing at 48, 22, and 5 CAD before TDC, for the first, second, and third injection event, respectively. The injection duration was 2–3 CAD per injection event. The first injection was aimed to form a homogeneous fuel and air baseline charge, the second injection was intended to control the combustion phasing, while the last injection was used as an actuator for the main heat release. Combustion phasing denoted using the crank angle at which 50% of the total chemical energy in the fuel was released (CA 50) was kept at 5 CAD after TDC. A Kistler6053CC60 piezo-electric pressure transducer was used to measure the in-cylinder pressure. Further details about the engine configuration, piston geometry and experimental apparatus can be found in Refs. [12,13,20].



Borgqvist et al. [12] calculated the effect of NVO on the initial gas composition by using 0D AVL Boost numerical simulations. An NVO of 60 CAD corresponded to a 10% contribution of dilution of burned products to the fresh gas and with a 50° increase of the in-cylinder temperature charge, which has been considered in the simulations.




3. Computational Model


LES of fuel spray combustion in PPC engines provides temporally evolving and three-dimensional information of the temperature and composition in the cylinder. Such instantaneous and local information is important for understanding the physics of the reacting sprays and flow. The PPC engine is intended to operate under fuel-lean and low temperature combustion conditions, using advanced injection strategies and exhaust gas dilution. Under these circumstances, the in-cylinder charge is highly stratified, and the start of combustion is highly sensitive to the instantaneous properties of the gases [21,22]. LES offers the temporal and spatial resolution that can reasonably replicate the multi-mode ignition/flame propagation process in PPC engines [23].



The governing equations for combustion LES are made up of the spatially filtered continuity equation, and transport equations for momentum, enthalpy, and species mass fractions for the gas phase. The chemical reactions in the gas phase and the interaction between the liquid and gas phases were modeled in the source terms of the governing equations, e.g., to account for the heat, mass, and momentum exchange between the phases. The subgrid scale (SGS) terms in the gas phase governing equations were modeled using a one-equation eddy model discussed in Reference [24] and the partially stirred reactor model of Kong and Reitz [25] was used for turbulence/chemistry interaction. The Lagrangian particle tracking (LPT) approach was used for the liquid phase, taking into account of the effects of stochastic dispersion of droplets and spray-induced turbulence [26,27,28]. The droplets were assumed to have undergone atomization, and further disintegration of droplets was modeled with classical WAVE theory [29] and fuel evaporation was modeled following Crowe et al. [30]. In the simulations, 1 mg of fuel was injected using approximately 70,000 trajectory parcels and the initial droplet size distribution was assumed within the interval 5–159 μm, where 159 μm was the nozzle hole diameter. An open source CFD code, OpenFoam [31], was used to solve numerically the governing equations. TVD (total variation diminishing) finite volume scheme for compressible flows was employed to discretize the equations and the time integration was performed using a second order implicit method.



In PPC engines the combustion process is initiated by the low-temperature and high- temperature chemistry. Description of the ignition process in a complex stratified charge often requires a relatively detailed chemical kinetic mechanism. A central issue of LES of PPC engine is the integration of large chemical kinetic mechanisms with flow transport simulations since the computational cost is often prohibitively expensive. In this work, a multi-dimensional chemistry coordinate mapping (CCM) approach [32,33,34] was used. In CCM approach, the integration of the chemical reaction rates was performed in phase space, instead of in each computational cell in physical space. The phase space was made up of temperature, mass fraction of H-atom, scalar dissipation rate based on H-atom, and mass fractions of n-heptane. Identical thermochemical cells in physical space were mapped to the phase space, where the integration of the chemical reaction rates was performed. Thereafter, the integrated source terms were mapped back to the computational cells in physical space. The mapping errors were controlled by adjusting the phase–space resolutions and the physical cells with an error greater than the error tolerance was treated separately in the phase–space, to maintain the mapping accuracy. In the present simulation the resolution in the CCM phase space for temperature, mass fraction of H-atom, scalar dissipation rate based on H-atom, and fuel coordinate are 3 K, 10−4, 0.1, and 10−3, respectively. Details about the method and error analysis can be found in References. [34,35]. The CCM method has previously been used in LES simulations of diesel engine combustion [34,36], in RANS spray simulations [37], and recently integrated with the transport PDF method [38].



The PRF fuel mechanism of Liu et al. [39] is used, with 41 species and 126 reactions, including reactions of very important low-temperature combustion species, e.g., C7H15O2 and C8H17O2, as well as high-temperature species, e.g., OH. The mechanism is combined with the extended reactions for NOx formation, including 3 species and 16 steps [40].



The in-cylinder domain is discretized with the finite volume approach and with a layering method stretching in the radial direction, ensuring a fine resolution in the near nozzle region. The sector geometry is shown in Figure 1, as a 72° part of the full geometry and with a finest mesh resolution of 0.30 mm and a maximum mesh resolution about 1.2 mm. In the figure, regions I), II), and III) correspond to the target points of the fuel spray injections, respectively for the first, second, and the third injections, which are also labeled as the HCCI, the noise and the diesel injections.



The four simulated cases are presented in Table 1. Case 1 corresponds to the experimental injection strategy and cases 2–4 are considered to investigate the impact of the injection strategy and temperature on PPC engine combustion process. The total injected fuel to the sector domain (through 1 injector hole) is 1.56 mg, which is split into 0.5 mg, 0.5 mg, and 0.56 mg in the first, second, and third injections for cases 1, 2, and 4, respectively. For case 3 the second injection is removed and the fuel for the second injection is split and put to the first and the third injections.



LES is carried out starting from the bottom dead center (BDC) using dynamic mesh motion algorithm [41] to accommodate the piston motion. The engine flow field at 50 CAD before TDC is stored and used as the initial field for the injection and combustion. A dynamic mesh deformation method with mapping between meshes is employed to ensure low aspect ratio throughout the simulations. The walls are assumed to have constant temperature (liner, 373.15 K, piston, 373.15 K; cylinder head, 373.15 K) and as the intake manifold is not considered in the present study, the swirl motion is prescribed at BDC as solid body rotation flow with a swirl number of 2, consistent with the experimental condition.




4. Results and Discussion


4.1. Validation of the LES Model


The in-cylinder pressure predicted by the LES is in good agreement with the experiments, as shown in Figure 2. In LES, several parameters are unknown due to the use of NVO, e.g., the exact residual gas composition and temperature. Moreover, the quartz piston walls may behave as adiabatic during some parts of the compression stroke and no blow-by model for the piston rings are used. To account for this, the in-cylinder temperature in the LES is adjusted at 25 CAD before TDC (bTDC or −25 CAD after TDC, aTDC) to ensure the ignition delay and combustion phasing to match up with the experiments. Several temperatures were examined and a mean temperature of 930 K close to TDC was chosen. The effect of the incongruity in pressure during the late compression stroke is believed to have a minor impact on the structure in the PPC combustion process. The total injected fuel mass in the LES was readjusted to compensate for the experimental uncertainties, such as the real delivered fuel mass and fuel losses to, e.g., the crevice volume.



The intake valves are not considered in this work and instead the large-scale motions that are generated during the intake procedure are considered by the prescribed solid-body rotation flow. To investigate whether the turbulence fluctuations in the swirling flow play a pivotal role on the fuel and air mixing and combustion process, an initial turbulence field is superimposed to the mean swirling flow. The turbulence field is generated using the synthetic turbulent method developed recently [42]. The predicted pressure trace from the reacting case simulations employing the synthetic turbulence field is compared with the pressure trace for the baseline case 1, in Figure 2. In the case of initial turbulence with a root-mean-square of velocity fluctuation of 1.5 m/s, the intake temperature had to be increased by additionally 20 K compared with the case with no initial turbulence fluctuations, which corresponds to approximately a 10 K increase at the intake valve closing. It is seen from Figure 2 and Table 2 that the two pressure-rise rates are comparable, except a slightly higher pressure-rise rate for the case with the initial turbulence taken into account. The required higher initial temperature and the predicted higher pressure-rise rate are owing to that the temperature field and the stratification of the mixture are all relatively more homogeneous when turbulence is stronger. Nevertheless, the main source of turbulence production in the present DI PPC engine is the fuel injections. Considering the unknown turbulence fluctuation in the initial field in the experiments, to simplify the simulations the effect of background turbulence is compensated for by a slight increase of intake temperature in the following sensitivity studies.




4.2. Characteristics of the Partially Premixed Combustion Process


The stratification of the partially premixed mixture for case 1 under the motored run condition is examined. Figure 3 shows the scatter plot of the computational cells in an equivalence ratio and temperature (Φ-T) space. The scatter density indicates the probability density (PDF) of finding the cells at the given Φ and T. The plot is generated at 5 CAD aTDC, which for the baseline case 1 corresponds to the onset of high temperature ignition. Five zones that are identified for the thermal- and charge-stratified mixture as labeled (I)–(V). The mixtures correspond respectively to a thermally stratified air charge without fuel in the wall vicinity (region I), a thermally stratified charge with the equivalence ratio between 0.15 and 0.3 in the wall vicinity (region II), a mixture near the wall, and cooled by the engine cylinder-wall (region III), a fuel rich mixture generated in the central part of the engine by the last injection (region IV), and a partially premixed fuel and air mixture generated by the first two injections, at equivalence ratio between 0.15 and 0.35 at around the temperature 800 < T < 970 K (region V). From the figure, it is seen that with the current injection strategy there is a high probability to find a region in the engine without any fuel, and most of the charge is in the equivalence ratio range below 0.4.



To explore the details of the mixing and combustion characteristics for the baseline case 1, a sequential 2D distribution of key species and temperature in a horizontal plane in the squish volume 8.6 mm below the cylinder head are displaced in Figure 4. In the figure several important species for low-temperature combustion are shown; the low-temperature species C7H15O2, the intermediate temperature species hydro-peroxide HO2 and hydrogen peroxide H2O2, the high temperature species hydroxyl radicals OH, as well as temperature. The transitions from low temperatures chemical reactions to high temperature reactions can be identified. For some large hydrocarbon fuels, such as the fuel-blend in this case with n-heptane and iso-octane, the negative temperature coefficient (NTC) behavior and two-stage ignition processes are manifested. It is useful to categorize and investigate the importance of the different reactive species, e.g., the species shown in Figure 4, at different pressure and temperature conditions. The chemistry can be divided into different temperature-dependent regimes, e.g., by Westbrook [43],



	
Low-temperature chemistry, T < 850 K



	
Mid-temperature chemistry, 850 K < T < 1200 K



	
High-temperature chemistry, T > 1200 K






Different elementary reactions are dominant in different regimes. Ignition is related to the chain-branching mechanism that can drive a chemical system to completion in a short period of time and in the PPC engine, the combustion process involves reactions in all of the chemistry regimes.



C7H15O2 (denoted as RO2), presented in the first column in Figure 4, belongs to the low-temperature regime, where it is difficult to accomplish the radical chain-branching process. C7H15O2 is formed by the reaction between an alkyl-radicals (R) and oxygen, R + O2 + M = RO2 + M. If the temperature remains below 800 K, the RO2 species can undergo isomerization, in which a hydrogen atom from the heptyl-radical moves and breaks the oxygen bonds, to form QOOH (where Q is C7H14). QOOH will react to form ketohydroperoxide (KET) and a radical species hydroxyl (OH). If a cross-over temperature of approximately 800 K is reached, the KET is decomposed into smaller species and releases at least two radicals and chain branching is achieved. The levels of heat-released in this process may depend on the levels of KETs, and with a higher concentration of KETs, more heat is released.



In the intermediate temperature regime, the important reactions to form more radical species involve thermal decomposition of H2O2, shown in the second column in Figure 4. HO2 is commonly manifested before the onset of the high temperature ignition, but H2O2 can start to accumulate at low temperatures; however, the highest concentration of these species is found prior to the onset of ignition. Therefore, HO2 and H2O2 are considered precursor species for ignition. As the temperature approaches 1000 K, the important reactions between H radicals and HO2, and an alkane RH and H2O2, are


H + HO2 + M = HO2 + M



(1)






RH + HO2 = R + H2O2.



(2)







For the higher temperatures in the intermediate-temperature regime the chain-branching elementary reaction


H2O2 + M = OH + OH + M,



(3)




is important. Low temperature reactions and intermediate temperature reactions are seen to be very important to avoid misfire in PPC combustion engines. As the PPC engines generally operate under low-temperature conditions, the reactions above play an important role in the onset of the main heat-release. In particular, the chain-branching elementary reaction (3) appears to be important. Factors in the system that affect the chemical time scales of H2O2 would also affect the ignition process. In the high temperature regime, the most important elementary reaction is


H + O2 = O + OH



(4)




which is well discussed in the literature and incorporated into most chemical reaction mechanisms. OH is seen in the fourth column in Figure 4. For a fully homogeneous fuel and air mixture, such as in the HCCI engine, the time period between the first stage and second stage ignition is typically very short and combustion occurs over the entire engine very rapidly.



It is seen from Figure 4 that the PPC engine combustion behavior is very different from the HCCI engine; the mixture does not homogeneously ignite over the entire cylinder domain. Instead, the start of combustion is initiated at a “preferred” location. The low-temperature species RO2 is formed at the downstream region near the wall. It is quickly consumed due to the high ambient temperature near TDC, around 1000 K, and high levels of hydrogen peroxide are found in a much wide region that the RO2. At 3 CAD aTDC the RO2 vanishes except in the wall boundary layer, where the low temperature inhibits further chemical reactions. Prior to TDC, chemical reactions in the intermediate temperature regimes are manifested by the presence of HO2 and H2O2. The fuel from the first and second injection has penetrated to the bowl region, either from the squish region by the compressing piston motion, pushing the fuel into the bowl, or by the second injection where a part of the directly injected fuel was oriented into the bowl. This partially premixed fuel mixture corresponds to that of region V shown in Figure 3. The fuel from the first two injections undergo chemical reactions in such a way that when the last fuel injection is directed into the bowl, the fuel mixes with the hot temperature reservoirs adjacent to the fuel-jet impingement location, which initiate the high-temperature reactions and the main-stage ignition event. If the reservoirs are too cold, it is likely that the cold fuel from the last injection quenches the combustion process. This makes the control of the interactions between the last injection and the two first injections very important for the combustion process.



Furthermore, from Figure 4 it is observed that HO2 and H2O2 do not co-exist at high mass fraction levels (however note the magnitude difference in the legend) in the same regions. This is consistent with Equation (2) that HO2 reacts to form H2O2. When ignition occurs, between TDC and 1 CAD in the given cross-section, H2O2 and HO2 individually have very high local values compared with the surroundings and when they finally are entirely consumed, the high-temperature species OH appears. As OH is represented in the high-temperature chemistry regime, OH is encompassed with a high temperature, shown in column 5 in Figure 4. At TDC it is seen that the first OH sites correspond to the regions where both HO2 and H2O2 are consumed. The ignition and the reaction fronts are thereafter propagating towards the fuel impingement region, and also transported in the azimuthal direction, along with the swirl motion.



Figure 5 shows an image sequence of the mixture fraction and mass fractions of HO2 and OH, together with temperature in the vertical plane along the injection axis. The mixture fraction field indicates the fuel distribution. The third injection can be seen at −2 CAD. HO2 is found near the wall due to the second injection, and by the end of the third injection, HO2 has accumulated in the cross-section following the fuel-jet trajectory in the bowl. In the elapsed time between 0 CAD and 5 CAD, the ignition process has started in the recirculation zones, as describe in Figure 4, and by 5 CAD it has reached the cross-section shown in Figure 5. The high temperature is thereafter found primarily in the piston bowl, spreading from the adjacent hot reservoirs, and propagating into the rest of the domain as the piston expands in the cylinder. Again, the OH is found in regions where the temperature is high and HO2 has been oxidized.



The combustion event for the entire engine, starting from low-temperature reactions to the high-temperature reactions, is shown in Figure 6 in the Φ-T space. At 10 CAD bTDC mainly the low-temperature chemistry is occurring, below approximately 1000 K (solid red dots) with some HO2 (bright blue to dark blue color) seen between 800 K and 1000 K. As the temperature of the cylinder increases by the compressive work from the piston and by the chemical reactions before the start of the last injection at 5 CAD bTDC, HO2 is extended towards the higher temperature regions around equivalence ratio of 0.5. Around TDC at this equivalence ratio, the first indication of high-temperature reactions appears with OH (white to black color) as well as elevated levels of ignition chemistry over a range of equivalence ratio owing to the last injection. Between 5 CAD and 10 CAD, the main-stage heat release occurs under mainly fuel-lean conditions, around equivalence ratio 0.5 and 1.0, but also in the slightly fuel-rich mixtures, with the highest mass fraction of OH at equivalence ratio about 0.8 and temperature 2700 K. The entire main-combustion event under the current conditions is approximately 15 CAD, as also seen in the pressure trace in Figure 2.



Furthermore, scatter plots of the cells in the physical space are presented in Figure 7 in the Φ-T space with the densely scattering region denoting high probability of finding the cells in the given Φ and T. At −2 CAD, the last injection has occurred, as shown by the fuel rich states in the left box. The first high temperature ignition can be seen in the box to the right. The fuel from the last injection mixes either with the ambient air at 3 CAD, cf. Figure 7b, without reacting (region I), or mixes and ignites with the ambient gas (region II). Meanwhile, the fuel and air mixture undergoes ignition around equivalence ratio 0.3–0.4 or ignites by mixing with the hot combustion gases (region III). At 5 CAD, cf. Figure 7c, there are rather rare fuel-rich mixtures seen due to mixing, and the equivalence ratio of the thermochemical states in the high-temperature manifold is decreasing as a result of mixing with the ambient unburned gas, in the direction as indicated by the arrows. At 10 CAD the reaction occurs mainly at Φ~0.7 and below approximately 2000 K. The ignition events shown in Figure 5, Figure 6 and Figure 7 help explaining the slow pressure-rise rate process that is typical for the PPC combustion engines.



Overall, the sequential combustion event for the light-duty PPC engine is shown to be controlled by the mixing process, between the ambient air and the fuel from the first two injections, and the low- and intermediate temperature reactions of the partially premixed mixture. The mixture undergoes an ignition event in the recirculation zone at a location with a mixture more prone to reactions, adjacent to the fuel jet-wall impingement region of the final injection. The fuel from the last injection is shown to mix with the hot gas and to initiate the main stage ignition event.




4.3. Sensitivity to the Injection Strategy


To investigate the sensitivity of the PPC combustion process to the injection strategy three modified injection strategies are considered. The three additional cases, cf. Table 1, are case 2 with postponed second injection timing, case 3 with the second injection fuel mass being divided and put into the first and last injection, and case 4 with the second injection at an earlier timing. The predicted pressure traces for the three cases are compared with the predicted pressure trace for the baseline case 1, Figure 8. It is seen that the peak pressure of case 2 is lower than that in case 1 unless the intake temperature is increased. In this case, an increase of the initial temperature of 15 K at 25 CAD bTDC gives a pressure-rise rate closer to that of case 1. For case 3 without any adjustment of the initial temperature the pressure trace shows a poor ignition, nearly a misfire. After increasing the temperature by 15 K, and 30 K, the maximum pressure is still lower than that in case 1. For case 4 with an earlier second injection, a misfire is predicted even after the initial temperature is increased by 30 K. Due to incomplete combustion, the IMEP (indicated mean effective pressure) are significantly lower in these cases, cf. Table 2.



As a summary, it appears that the PPC process is very sensitive to the injection strategy. To understand the reason for the predicted behavior for the different injection strategies, an image sequence of the volume-based PDFs of the fuel and air distribution for six different crank angles is shown in Figure 9. At −15 CAD the injection process has just ended for case 2, and it therefore appears as if less fuel is injected. At the same time, the shown CAD is closer to the second injection for case 1, and thus there is a higher probability of finding fuel-rich mixtures than that for cases 3 and 4. At −10 CAD, a high probability of finding a mixture with equivalence ratio around 0.2 is shown for cases 3 and 4. This is attributed to the long mixing time in the case and it is reasonable to believe that the mixture is becoming more homogeneous. Meanwhile, a mixture of higher equivalence ratio is developed for case 2. The reason for this is that the second fuel injection is directed into the piston bowl, and owing to the high jet velocity, the fuel is quickly mixed with the air in the bowl. Contrary to case 2, case 1 exhibits a more stratified mixture, owing to the sequential mixing process: first a relatively rapid mixing between the high speed fuel jets from the first and second injection with the air in the squish volume (because the fuel from the first and the second injections is impinging the upper part of the piston, cf. Figure 1), and then a relatively slower mixing of the mixture in the squish volume with the ambient air in the bowl.



At −5 CAD, the early injection cases, case 3 and 4, exhibit a very homogeneous mixture around Φ = 0.1–0.2. Case 3 has second injection and therefore it lacks the fuel-richer mixtures. Case 1 is found to have a more stratified fuel and air mixture, as compared with the other cases. At this instance and until TDC, significant low and intermediate temperature reactions are starting to occur for case 1, cf. Figure 6. Between −5 CAD and TDC the third fuel injection is taking place and richer mixtures are obtained for all cases, and between 5 CAD and 10 CAD the main-stage heat release is occurring for cases 1–3.



The fuel from the first injection in case 3 and the first and second injection for case 2 are directed to the squish volume, cf. Figure 1. Therefore, it is seen that a less stratified fuel and mixture distribution is obtained with early fuel injections for the current engine geometry. The fuel from the second injection in case 2 is directed to the bowl and thus two separated fuel lean regions are predicted in the cylinder. As discussed earlier, the main difference between these cases and the baseline case 1 is that the second injection for case 1 is directed to the squish volume such that it mixes with the fuel from the first injection, and then to the bowl region following the relative low speed flow. This strategy gives a globally more stratified mixture than the other cases.



The effect of the fuel injection strategy on the heat-release rate (HRR) is plotted in Figure 10, for mixtures at various ranges of equivalence ratio. In Figure 11 the corresponding mass of the fuel in the various ranges of equivalence ratio is shown. The heat-release rate is calculated for the fuel mass inside a certain Φ-range, normalized with the total energy that is delivered by the fuel mass within the Φ-range. The delivered fuel energy is calculated by multiplying the fuel mass with the fuel heating value. The heating value for the PRF69 fuel is approximately 44.83 MJ/kg and the total injected fuel is 1.56 mg. This yields approximately a total of 70 J energy input. Note that the unit for the y-axis in Figure 10 is in 1/s.



It is seen that HRR for the mixtures within 0 < Φ < 0.2 is rather low (as compared with the other mixtures, cf. Figure 10a,b) and it is seen that almost 50% of the fuel mixtures are within this range for all cases. Between the four cases, case 1 exhibits the lowest percentage of fuel mass in this range. The highest HRR is found for cases 3 and 4, which have high amounts of fuel in this region. Owing to the last fuel injection, the contribution of the heat-release in this mixture range is lower after −5 CAD, as the percentage of fuel in this interval is lower. Overall, the reactiveness of the fuel in this interval is lower, and thus it does not contribute significantly to the global heat release in all cases.



Shown in Figure 10b or Figure 11b are the HRR and fuel mass in the interval 0.2 < Φ < 0.7. This is the mixture containing the second largest amount of fuel. Around TDC, case 1 has the highest amount of fuel within the given Φ-range. Significant HRR before TDC is only found in case 1 and case 2. Case 3 exhibits an abrupt HRR starting around 2 CAD aTDC, thereafter the heat release reaches similar values as for case 1 and 2. Since the fuel mass of case 3 is lowest in this range of equivalence ratio, the overall contribution of the mixture in this range to the total heat release rate is low, which explains the difficulty of ignition of case 3 as shown earlier. For case 4 both HRR and the fuel mass are rather low in this range of equivalence, which explain the reason of misfire for case 4.



Figure 10c or Figure 11c show the HRR and fuel mass in the range of equivalence ratio 0.7 < Φ < 1.2. Compared with the baseline case 1, case 2 with a later second injection results in higher amount of fuel-rich mixture in the later stage (later than TDC), and as such a higher HRR around TDC. Since the fuel mass in this equivalence ratio range is significantly lower than that in the fuel-lean mixtures the overall contribution of the fuel mass in this fuel-richer mixture to total heat release and pressure-rise rate is low. As expected, case 3 without the second injection yields the highest amount fuel mass in the 0.7 < Φ < 1.2 range, which gives rise to the highest HRR among all cases in the equivalence ratio range. Similar to case 2, the fuel mass for case 3 in the equivalence ratio range of 0.7 < Φ < 1.2 is so low that its contribution to the total HRR is low. Case 4 with an earlier second injection shows the opposite behavior to case 2, with lower fuel mass and lower HRR in the equivalence ratio range of 0.7 < Φ < 1.2.



For the equivalence ranges Φ > 1.2 the behavior is similar to that of 0.7 < Φ < 1.2. The above analysis indicates two important factors affecting the fuel/air mixing and HRR:




	
the injection timing;



	
the injection direction and piston bowl position.








It is clear that if the fuel injection is early, e.g., case 4, there will be longer mixing time and more fuel mass in the fuel-lean mixtures. If the fuel is injected later, e.g., case 2, the fuel injection is directed to the bowl and much faster mixing of fuel and air will occur, resulting also a larger amount of fuel in the fuel-lean mixture.





5. Conclusions


LES is carried out to investigate the mixing and combustion process of PRF69 fuel in a light duty experimental engine. The simulations are based on LPT coupling of spray and the gas phase. A skeletal chemical kinetic mechanism is considered with a computationally efficient method, the chemistry coordinate mapping method. The LES model is validated by comparing with engine pressure trace obtained from experiments. Due to the lack of experimental data for the flow field there are uncertainties in the initial conditions, e.g., initial turbulence and initial temperature. The sensitivity of LES results to the initial turbulence and initial temperature are investigated. It is shown that satisfactory agreement with the experimental pressure trace can be achieved for different initial turbulence field by adjusting the initial temperature field. This allows us to further investigate the sensitivity of the PPC engine combustion process to injection strategies. Based on the LES results the following concluding remarks are given:




	
Depending on the equivalence ratio the stratified mixtures behave differently. Fuel-lean mixtures (Φ < 0.2) ignite earlier but their overall heat release is low. The main effect of fuel-lean mixtures is to assist the ignition of the fuel-richer mixtures. Mixtures in the equivalence ratio range of 0.2 < Φ < 0.7 have the highest heat release rate. In the present PPC engine most of the fuel lies in these mixtures; thus, optimization of the engine performance is largely depending on the mixtures in the equivalence ratio range of 0.2 < Φ < 0.7. The mixtures in the equivalence ratio range of 0.7 < Φ < 1.2 give also high heat release rate but they also give rise to high CO and NO emissions. Mixtures in the equivalence ratio range of Φ > 1.2 gives rise to the emissions of unburned fuel, CO, and soot.



	
The performance of PPC engines is very sensitive to the injection strategies. Multiple injection of fuel generates stratified fuel/air mixture. Too earlier injection would result in a fuel-lean mixture, e.g., in the equivalence ratio range of Φ < 0.2; higher initial temperature is required to ignite such mixture and the pressure-rise rate will be high, similar to that in HCCI engines. Too later ignition would result in fuel-rich mixtures similar to diesel engines.



	
The performance of PPC engines is also sensitive to the orientation of the injection. The injected fuel stream interacts with the piston bowl. If the fuel is injected directly to the bowl the mixing would be fast and fuel-lean mixtures would be generated. In the present study it is seen that too late second injection would yield a direct injection of the fuel to the bowl.
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Figure 1. The triple injection strategy and the target points for case 1 and the experimental work (a) and the simulated sector mesh geometry (b). The spray target points are marked using the cross symbol in the left subfigure, whereas they are labeled as I–III in the right subfigure. Details about the engine configuration and piston geometry can be found in Borgqvist et al. [12,13,20]. 
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Figure 2. Experimental pressure trace and large eddy simulation (LES) pressure trace, with the first, second, and third injection events, which are indicated as II, II, and III, for the baseline case 1. 
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Figure 3. Fuel and air charge stratification in the baseline case 1. Five regions are identified as (I) an air charge without fuel, (II) a thermally stratified charge at constant equivalence ratio, in the wall vicinity, (III) a near wall mixture seen by the low temperature, and (IV) a fuel rich mixture in the central part of the engine from the last injection and (V) a premixed mixture between equivalence ratio 0.15 and 0.35 at around the ambient mean temperature. 
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Figure 4. Instantaneous snapshots of mass fractions of (from the left) RO2, HO2, H2O2, OH, and temperature during an ignition event for the baseline case 1 between −1 CAD and 3 CAD in the horizontal plane 8.6 mm below the cylinder head. 
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Figure 5. Instantaneous snapshots of the mixture fraction and mass fractions of HO2 and OH, as well as temperature, between −10 CAD and 15 CAD in the vertical cross section along the injector axis, for the baseline case 1. 
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Figure 6. Three species typical for the low, intermediate, and high temperature combustion chemistry regimes plotted in the equivalence ratio and temperature phase space, from −10 to 15 CAD for the baseline case 1. An active low-temperature chemistry event is indicated by RO2 until 5 CAD; thereafter, ignition is initiated at higher temperatures. The main-stage heat-release is found to start between top-dead-center (TDC) and 5 CAD and lasts until 10 CAD to 15 CAD. 
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Figure 7. Fuel and air charge stratification from LES for the baseline case 1. 
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Figure 8. Predicted pressure traces for cases 1–4 at various adjusted initial temperatures. 
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Figure 9. Volume-weighted PDFs for fuel and air mixture distribution as a function of equivalence ratio, for the four cases between −15 CAD and 10 CAD. (a) 15 CAD bTDC; (b) 10 CAD bTDC; (c) 5 CAD bTDC; (d) TDC; (e) 5 CAD aTDC; (f) 10 CAD aTDC. 
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Figure 10. Normalized heat-release rate from the mixtures at various ranges of equivalence ratio (a–e) and total heat-release rates (HRR) from all equivalence ratios (f). The HRR is normalized with the total energy input of the fuel within the respective Φ-range. The adjusted initial temperatures are case 2: 15 K; case 3: 30 K; case 4: 30 K. 
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Figure 11. Normalized mass of fuel from the mixtures at various ranges of equivalence ratio. The fuel mass is normalized with the total fuel mass injected to the cylinder, i.e., 1.56 mg. The adjusted initial temperatures are case 2: 15 K; case 3: 30 K; case 4: 30 K. (a) ϕ < 0.2; (b) 0.2 < ϕ < 0.7; (c) 0.7 < ϕ < 1.2; (d) 1.2 < ϕ < 2; (e) ϕ > 2. 
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Table 1. Simulated case. Case 1 corresponds to the experimental case, whereas the cases 2–4 are performed to investigate the effect of injection strategies on the partially premixed combustion (PPC) engine performance. CAD: crank-angle degree; bTDC: before top-dead-center.
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	Case
	Injection
	1
	2
	3





	1
	(CAD bTDC/mg fuel per hole)
	48/0.5
	22/0.5
	5/0.56



	2
	(CAD bTDC/mg fuel per hole)
	48/0.5
	17/0.5
	5/0.56



	3
	(CAD bTDC/mg fuel per hole)
	48/0.765
	-
	5/0.815



	4
	(CAD bTDC/mg fuel per hole)
	48/0.5
	27/0.5
	5/0.56
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Table 2. Indicated mean effective pressure (IMEP) and Peak pressure-rise rate (PRR) of the studied cases. T0 is the temperature of the in-cylinder charge at 25 CAD bTDC.
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	Case
	Specification
	IMEP [bar]
	Peak PRR [bar/CA]





	1
	Baseline case
	2.58
	2.48



	1a
	Case 1, with initial turbulence
	2.55
	2.95



	2
	Second injection retarded
	2.29
	1.51



	2a
	Case 2 with 15 K higher T0
	2.56
	2.90



	3
	Second injection removed
	1.61
	-



	3a
	Case 3 with 15 K higher T0
	2.09
	0.39



	3b
	Case 3 with 30 K higher T0
	2.35
	1.25



	4
	Second injection advanced
	1.33
	0.14



	4a
	Case 4 with 15 K higher T0
	1.35
	0.45



	4b
	Case 4 with 30 K higher T0
	1.44
	1.36
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Mixture fraction
002 004

'I'TE;fT"
ttq;ﬁtt
ytti"‘tt

CAD CAD CAD CAD CAD





media/file13.png
3CAD 2cAD |’ 5 CAD 10 CAD

e i |

_--‘__.—-—

1500 2000 2500 1500 2000 2500
Temparature [K] Tamparalura [K] 1000 2500

1500 2000
Tamgearaiure K]





media/file12.jpg





media/file18.jpg





media/file9.png
Mixture fraction

0.02 0. 04
0 055601
0 OCDI

t-‘!‘-‘!‘!‘

0(1)04 00008 0.001 0.002

0 001832

L L}

Temperoiure

2583 393

bbbl

TDC
CAD CAD CAD CAD CAD






media/file14.jpg





media/file20.jpg





media/file5.png
e ®

g

EE

800

S00

Temperature [K]





media/file15.png
(=]
T y T rs)
{o
<
||.||-|| PT Lide m
..... =27
lllll -"'"
S 333
-t s 1o
S l\\\‘nr‘| ™ —
“ P o
lllllll = -0 unv m
"N = fo=
~ S o
s —
lo
-
[
¥ X o ¥ 1
n o S|
T % = e
B
| - - g
- < 4y 4' i
228 8
W ®© @© © o
O O 00 4
L] L] . L]
IR —
W0 o ) o) 0 o) 0 o
w0 n < < (] ™ Y al
[1eq] @inssaid 1opuljko
lo
™
- o
u«l.ll!..\u\-\-\\\.. N
'cuh--n\-\oc‘ ‘||‘\
i R B
s:‘o snnla -+ \\ ™)
llllll llllonoa \s m
cl':an 3 0”.
¥ X > = EEET— s
@
T + o |e®
= -
L2 2 2 2 B 8 o
©® ®© ®© ®© T N
O O O O ~J 01
c e e £
. 6§ 6§ § § 18
g o o «© |
= = =3 =
| E E E E ]
w nu v nu %
L L] L] .
- — i
0 o 0 o) 7} o) T oB
wn n < < ™ ™ Y ol
[1eq] @inssaid 1opuljhD
(=]
n
lo
<
ir-}
™
LA lo
--ﬂ\-\u\\:\r N
l“.ﬂ.ﬂ‘-
H\(l\\\\ﬂ;\\ =
) M 1ma
[ Z5H
llll.lll Illlll <
Swaa X .Oﬁ.lu.
Wt (]
5 s B £
H lll’ O_I
- bl ) ~
- oo =
o
m m m |
€ € ¢
Qo 9 9 18
585 _
- 3 3
EEE o
AR ) f
- — ———
1) " .
5 = o S o S o B
n n < ™ 2] N ol

<
[1eq] ainssaid 1opuljho





media/file19.png
HRR for 0.2 <¢ < 0.7

HRR for ¢ < 0.2

o
- oM< ~N
OO O
S ®®
(ONONONS] L
23y’ o
o
=
<
)
o
B
=
o)
AN RRARE R
“ % N s -

[s/1] ABisua payoslul [B10} Yum pazijewiou HyH

. . - s 2 O
-0 M N
D0 OO
v v u v
© © ©
O000
beot o

12
)
<
| 02
o
E
=
o
{w
i
—_—
)
] : , [N _ : o
8 ¢ & 8 8§ § & 8 & » |

[s/1] ABiaua pajalul |80} Yum pazijewiou HyH

HRRfor0.7<¢<1.2

HRRfor1.2<¢<2.0

k
20

QNM <
Q0O OO
v aov
M © © ©
QOO O
XXX 2
e
a)
<
NS)
(]
E
-
o
wn
|
)
o o o o o o o o o o o o
N ¥ = B e EEE EW _
[s71] AB1aua pajoslul [e}0} Yum paziiewsou HHH
. ’ L O
QAN Mm< N
2339
O © © ©
0OO00O
20 2
=4
a
S
5[
Q
S
=
o
wn
I
o o o o o o o o o o o
o wn o wn o wn o wn o wn |
wn < < ™ (%] (oY) N - ~—
[s71] ABisue pejslul [e10) yum pazijewiou HyH

HRR for ¢ > 2.0

Total HRR

D L e L L R T T

120 S L

Time (CAD)

(=]
o0
[s71) ABsaua pajosiul [e10) M PaZIeuLIoU HYH
. ! o
AN .-2
Q00 S
w v un
T © © «© "
QOO0 s
oo e
>
1
>
n
+2
n
*» =
(@)
n
+ S
.-s.m.
>
I E
3 F
B
o
K
»
|un
o !
= by
%) *
- 4 A 4 i 'y . 0
8§ F 2 2 R g & W F a4 5
[s71] ABisus pajoalul €10} yum pazijewiou HYH





media/file2.jpg
—o-Exp. React.

Simulation. React. case 1
Simulation. Case with turbulence
—Simulation. Non-React.

60

o
S

»
S

@
<]

Cylinder Pressure [bar]

N
=]

-150 -100 =50

150

o}






nav.xhtml


  energies-13-05535


  
    		
      energies-13-05535
    


  




  





media/file11.png
Equivalence ratio [-]

0.0012

Equivalence ratio [+]

25 25 ‘ 25 i
L —
-10 CAD -5 CAD % _ngC L 1.2x10
2 . 2 ~ ~ i : o
= - =
1.5 215 ‘f': : s
g g g
| 8 o
s s g
& 3 : e
w i g.
=
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500 0
Temperature [K) Temoperature (K] Temperature [K] 4
25 , 25 ; v 25 v 2.5x10
10 CAD 15 CAD
2 . . M 4 2 . :
2. {815+ 5
o o m
g € .
=2 | = S, e }
s s ¥ X % e 3'
3 =) & Vi o7 e -
o S !/ e 3 = g‘
oSk e 3
) . “.-
: i 1 ] 0 : i . | I : i
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500 0

Temperature [K) Temperature [K) Temperature [K]





media/file6.jpg





media/file1.png
|
H H H TDC
48 CAD 22 CAD 5CAD

“HCCI-inj”  “Noise -inj”  “Diesel-1nj”

(a) (b)





media/file10.jpg





media/file7.png
C7H1502 HO?2
3x10% 5x105  8x10° 0.0001 0.0002

|
0 00001  1.29x10°S 0.000241 373 R

Temperature
0

-1 CAD

1 CAD

2CAD

H202 OH
0.001 0002 0.003 0.004 0.0004 00008 0.001 0.002
EE—— - I

0 0.004634

o

0.001832





media/file16.jpg





media/file3.png
- - -Simulation. React. case 1

—Oo—-Exp. React.

- - -Simulation. Case with turbulence

——Simulation. Non

—React.

60

150

100

-100 -50

-150





media/file17.png
15 CAD bTDC 10 CAD bTDC
25 25
#Case 1
4 Case 2
= - ®Case 3
:20 :20 *Case 4
& e b
Z1s Z1s
— £
oy oy
-] Q
£10 510
[ = c
[+ Q
o o
5 g s
w w
0 : ) R e e e e o S
) 0.1 02 03 04 O 06 07 08 09 . 0.1 02 03 04 O 06 07 08 09 1
Equivalence ratio Equivalence ratio
5 CAD bTDC TDC
« #Case 1 «~ #Case 1
4 Case 2 4 Case 2
— ®Case 3| — ®Case 3
&.20 +Case 4 LL'LZO +*Case 4
(=] (&)
o o
2 c |2 d
815 815
= =
ES S
@ 1]
£10 810
c c
[+ Q
) )
E 5 € 5
w w
“ 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 06 07 08 09 1
Equivalence ratio Equivalence ratio
5 CAD aTDC
25 25
x20 T20
w w
(&) (&)
a a
815 31
£ £
ES S
[} Q
€10 &1
& &
i 5‘ i
% 01 02 03 06 07 08 09 1 b 01 02 03 06 07 08 09 1

0.4 0.5
Equivalence ratio

04 0.5
Equivalence ra






media/file4.jpg
600 700 800
Temperature [K]





media/file0.jpg
il

|
TECAD  BCAD _3CAD
HOCHN"  “Noisc-in" “Diesehin”

(a) (b)





media/file21.png
Mass of mixture with ¢ <0.2

& Case 1
4-Case 2
®-Case 3
“*-Case 4

o
©

ot
(-]

Normalized mass of fuel with ¢ < 0.2
o o
@ .

o
3

(a)

50 -40 -30 -20 -10 0 10 20
Time [CAD)

Mass of mixture with 0.7 < ¢ < 1.2

0.1
(c) - Case 1
0.09} 4-Case 2
®-Case 3
0.08 L4
0.07
0.06

Normalized mass of fuel with 0.7 < ¢ < 1.2
© o o o
o © ©o o
D

O
(-
-h

=)

Mass of mixture with 0.2 < ¢ <0.7

J ’
&Case 1
~ 0.45: 4-Case 2
=) adl @ Case 3 p
4‘; "’| *Case 4
v
~ 0.350  (b)
o
=
-‘;‘ 0.3
)
2 0.25¢
©
2 02
3
® 0.15}
N
©
E 0.1
[}
Z
0.05

o 40 -30 -20 -10 0 10 20
Time [CAD]

Mass of mixture with 1.2<¢$ <2.0

0.05
"l (@) & Case 1
0.045} 4-Case 2
o ®-Case 3
‘:I‘ 0.04 - Case 4
-

g
o
@
[

o
o
L

o
o
]
(3]

0.015}

Normalized mass of fuel with 1.2 <
(=] =)
o o
—7* N

0.005}

2

Mass of mixture with ¢ > 2.0

(e)

- =30

-2 -10
Time [CAD]

#Case 1
4-Case 2|
®-Case 3
*-Case 4






