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Abstract:

 In order to directly control the premixed combustion phasing, a Jet Controlled Compression Ignition (JCCI) for diesel premixed compression ignition systems is investigated. Experiments were conducted on a single cylinder natural aspirated diesel engine without EGR at 3000 rpm. Numerical models were validated by load sweep experiments at fixed spark timing. Detailed combustion characteristics were analyzed based on the BMEP of 2.18 bar. The simulation results showed that the high temperature jets of reacting active radical species issued from the ignition chamber played an important role on the onset of combustion in the JCCI system. The combustion of diesel pre-mixtures was initiated rapidly by the combustion products issued from the ignition chamber. Moreover, the flame propagation was not obvious, similar to that in Pre-mixed Charge Compression Ignition (PCCI). Consequently, spark timing sweep experiments were conducted. The results showed a good linear relationship between spark timing in the ignition chamber and CA10 and CA50, which indicated the ability for direct combustion phasing control in diesel PCCI. The NOx and soot emissions gradually changed with the decrease of spark advance angle. The maximum reduction of NOx and soot were both over 90%, and HC and CO emissions were increased.
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1. Introduction

Due to the higher thermal efficiency and greater reliability of direct injection diesel engines, they are extensively employed in stationary and portable engines. However, the trade-off between NOx and soot in the direct injection diesel engine needs to be overcome immediately due to the increasingly stringent emission legislation. In 1981, a hot premixed diesel combustion mode was proposed by Hu to overcome this relationship [1,2]. Subsequent research has been performed on this topic since then [3,4]. This combustion mode is usually called Pre-mixed Charge Compression Ignition (PCCI) or Homogeneous Charge Compression Ignition (HCCI) [5,6,7,8]. For diesel PCCI, the end of injection is usually earlier than ignition, therefore there is no direct relationship between fuel injection phasing and combustion phasing, unlike in mixing controlled combustion. Thus, the challenge was how to achieve active and direct control of combustion phasing.

The ignition process in PCCI is greatly affected by fuel properties, therefore research on combustion phasing control in PCCI was often around the control of fuel properties. Through in-cylinder blending using port fuel injection of gasoline and early direct injection of diesel, the peak cylinder pressure and peak heat release rate varied with the change of gasoline percentage, but the degree of linearity among them was reduced with an increase of gasoline percentage [9]. The study conducted by Johannes revealed that the diesel fuel stratification played an important role in the combustion timing control. With high stratification, two-stage combustion mode can be observed. Nevertheless, with improving mixing the combustion was retarded. If the diesel was completely mixed little effect of injection timing remained [10]. Although the chemical reactivity can be controlled through the blend of diesel and gasoline, higher heat transfer loss fraction would be seen for higher gasoline ratios. Additionally, the brake fuel conversion efficiency generally decreased as gasoline ratio increased [11]. Inlet heating was another way to control the combustion phasing. By changing the intake temperature, the crank angle at the start of heat release rate changed, but the variation in the range of intake temperatures was restricted by the load. In addition, the intake temperature cannot be changed instantaneously when load changes [12]. To expand the load range variable intake valve timing was often applied in PCCI. Using retarded intake valve closing timing, the load became wider for clean combustion while the combustion efficiency would be inferior. However, as the injection timing was retarded towards the Top Dead Centre (TDC), the effect of intake valve timing on the combustion phasing was weakened greatly [13]. Exhaust Gas Recirculation (EGR) was usually used to retard the combustion phasing [14]. The combustion phasing was delayed greatly with the increase in EGR rate [15]. The peak heat release rate and peak pressure were correspondingly reduced too. However, the impact of the EGR has two sides: a high EGR rate has a negative effect on the soot and performance.

In fact, all of the above measures were indirect approaches to govern the chemical-thermophysical properties of mixing, leading to a slow response to load variation and unavoidable advanced ignition at high load. Therefore, a compound combustion mode may be favored. It was revealed that by employing the Pulse Flame Jet (PFJ) system the onset of the ignition of homogeneous fuel-air mixture can be changed appropriately with the ignition timing of the PFJ igniter. Combustion characteristics from the images were similar to those of the auto-ignition case [16]. This showed that PFJ had the potential for actively controlling the start of homogenous charge combustion. Another similar research was done on the Hydrogen Assisted Jet Ignition (HAJI) system developed by Watson [17]. High efficiency and low NOx emissions as well as high combustion stability can be achieved in HAJI systems. Both the above systems draw upon the jet ignition concept introduced by Semenov in the late 1950s. This concept was further developed by Gussak. By employing this concept, the first jet ignition engine under the name of LAG was designed by Gussak [18,19]. The LAG system is equipped with a cam-actuated injector. The additional injector introduces a rich mixture into a pre-chamber. The flame jets issued from pre-chamber create multiple ignition sites leading to rapid combustion in the main chamber. A more feasible jet ignition system named Turbulent Jet Ignition (TJI) was developed by MAHLE Powertrain [20,21]. The fuel consumption was reduced by nearly 25% at part load. Ultra-low NOx emissions were achieved as well [22].

Although jet ignition systems had been developed extensively, most of them referred to gasoline engines or gas engines. Few were related to diesel engines, especially to diesel premixed combustion. Therefore, diesel premixed combustion employing a jet ignition concept called Jet Controlled Compression Ignition (JCCI) was investigated in this paper. The objective in this paper is to investigate the impact of the JCCI system on combustion phasing control of diesel premixed combustion.



2. The JCCI System

The principle of the JCCI system is that the near-critical ignition of premixed diesel mixture in main combustion chamber is initiated by jets of active radical species issued from an ignition chamber. Two key characteristics are involved in the JCCI system. First, a small ignition chamber comprised of a gas fuel injector and a spark plug is mounted on the cylinder head in a diesel engine. One or more small orifices are used to connect the ignition chamber and the main chamber. Furthermore, the compression ratio is reduced to avoid the auto-ignition of the premixed diesel fuel. After the rich gas fuel-air mixture in the ignition chamber is ignited by the spark plug, jets of combustion products pass through the connecting orifices. The near-critical premixed diesel fuel-air mixture is “ignited” by them. The multiple ignition sites shorten the flame propagation distance leading to rapid combustion in the main chamber, similar to that of HCCI. Therefore, the premixed combustion phasing can be controlled actively and directly by the spark discharge in the ignition chamber.



3. Experimental and Numerical Setup

A single cylinder, four-stroke, naturally aspirated, direct injection diesel engine with some modifications was used in the experiments. The original cylinder head was modified to use the JCCI system. The final profile of the JCCI system is illustrated in Figure 1. A spark plug and LPG injection pipe were assembled in the ignition chamber. The bottom of the ignition chamber was a dismountable nozzle with six orifices and a diameter of 1 mm. The ignition chamber was mounted at the original position of the diesel injector while the diesel injector was mounted beside the ignition chamber. The compression ratio was reduced from 19 to 12. The main specifications of the test engine are listed in Table 1.

Figure 1. The profile of the JCCI system.
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Table 1. Test engine.


	Engine type
	Specifications





	Bore × stoke
	86 mm × 72 mm



	Compression ratio
	12



	Ignition chamber volume
	1.7 mL



	Rated speed for diesel engine
	3000 rpm



	Rated power for diesel engine
	5.68 kW



	Intake valve opening (IVO)
	8.5° BTDC



	Intake valve closing (IVC)
	44.5° ABDC



	Exhaust valve opening (EVO)
	55.5° BBDC



	Exhaust valve closing (EVC)
	8.5° ATDC












The schematic layout of the experimental setup is shown in Figure 2. The fuel used in the ignition chamber was Liquid Petroleum Gas (LPG) and a Port Fuel Injection (PFI) gaseous fuel injector was employed to control the injection of LPG. A ball check valve was placed in the ignition chamber to prevent backfire. The gas injector can be protected from the blast of high pressure and high temperature combustion mixture. The LPG injection pressure was fixed at 0.4 MPa with a pressure regulator to ensure that LPG could be injected into ignition chamber during compression stoke. The LPG injection and ignition control programs were developed based on LabVIEW. A mechanical Pump-Pipe-Injector system was used to control the injection of diesel fuel in the main chamber. The injection timing of diesel fuel was set at 45° Before Top Dead Centre (BTDC) to create a premixed air-fuel mixture. The spray angle of the nozzle was set to 90° to avoid fuel impingement on the cylinder bore.

Figure 2. Experimental setup.
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The regulated exhaust emissions of CO, CO2, O2, THC and NOx were measured with a Horiba 7100 analyzer (Horiba Ltd., Kyoto, Japan). The smoke emission was measured with a FULI opacity smoke meter (FULI Analytical Instrument Co. Ltd., Guangzhou, China). The soot emissions were indicated by the measured smoke. All the emissions measured were sampled from the same point in the exhaust pipe. A piezo-electric pressure transducer, AVL GH14DK (AVL List Gmbh, Graz, Austria), coupled with a Lance0601 charge amplifier (Lance Technologies Inc., Qinhuangdao, China) was used to measure the cylinder pressure. An optical crankshaft encoder with 0.1° Crank Angle (CA) resolution was used to measure the crank position. The pressure data from 100 consecutive cycles was recorded for each test condition using an NI CompactRIO high speed DAQ module (National Instruments, Austin, TX, USA). The cylinder pressure-crank angle data acquisition and combustion analysis programs were developed based on LabVIEW.

The experimental procedure was designed to achieve a general understanding of the impacts of JCCI system on the control of combustion phasing. First, the load sweep experiments were conducted at a fixed spark timing of 15° BTDC.

The experimental pressure curves from the load sweep experiments were used to validate the numerical models using the CFD package AVL FIRE. The computational models and boundary conditions are listed in Table 2. Mesh cells near 120,000 at Top Dead Centre (TDC) were shown in Figure 3. The detailed combustion characteristics were analyzed according to the numerical results at the brake mean effective pressure (BMEP) of 2.18 bar. Consequently, spark timing sweep experiments were done to further analyze the effect of spark timing on combustion and emission characteristics. The operating conditions are listed in Table 3.

Figure 3. Computational grid at TDC.
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Table 2. Computational models and boundary conditions.


	Computational setup
	Specifications





	Turbulent model
	RNG k–ε model [23]



	Breakup model
	KH-RT model [24]



	Combustion model
	ECFM-3Z model [25]



	Swirl ratio
	2.5



	Intake pressure
	1.01 bar



	Intake temperature
	293 ± 3 K



	Cylinder liner temperature
	470 K



	Cylinder head temperature
	550 K



	Piston wall temperature
	550 K



	Ignition chamber wall temperature
	580 K








Table 3. Operating conditions.


	Operating parameters
	Specifications





	Speed
	3000 rpm



	BMEP
	1.09 bar to 3.27 bar



	Spark timing
	20° to 5° BTDC



	Diesel injection timing
	45° BTDC



	LPG injection timing
	120° BTDC
















4. Results and Discussion


4.1. Numerical Analysis of Ignition Process in JCCI

The load sweep experiments covered the range from 20% to 60% of the rated power. The max BMEP reached 3.27 bar. The apparent heat release rate (AHRR) was calculated from cylinder pressure using the First Law of Thermodynamics. Heat transfer was not considered in the calculation of AHRR. Both cylinder pressure and AHRR were employed to validate the computational models. The comparison results are shown in Figure 4. It can be observed that the predicted pressure curves matched the measurements well. The minimum deviation of peak pressure and position of peak pressure between simulation and measurement appeared at the BMEP of 2.18 bar. The predicted peak pressure was 3.55 MPa, that was almost same as the measured value (3.56 MPa). The predicted position of peak pressure was 6.8° ATDC that was the same as the measured data. The maximum deviation of peak pressure between predicted peak pressure and was below 0.04 MPa. The predicted AHRR is a little far from the experimental data. This can be expected from the increasing deviation between the predicted pressure and experimental pressure during expansion stroke as the increasing load, but the peak AHRR and the location of AHRR of predicted data were still close to those of the measurements.

Figure 4. Comparisons of in-cylinder pressure and AHRR between simulations and experiments.
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According to the comparison between the simulation and the measurement, the numerical results at BMEP of 2.18 bar were chosen to analyze the combustion characteristics in JCCI. The combustion characteristics after spark discharge including equivalence ratio, temperature, flame surface density and OH mass fraction are shown in Figure 5.

Figure 5. The distribution of equivalence, temperature, OH mass fraction and flame surface density at BMEP of 2.18 bar.
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It can be seen from Figure 5a that the distribution of diesel fuel in the main chamber was not very homogenous. An over-rich region cannot be completely avoided. The mixing time is not sufficient at a high speed, even though the injection timing is advanced greatly. Moreover, the low injection pressure using mechanical pump as well as the low injection backpressure cannot be avoided. Both these factors deteriorate the mixing process to some extent.

The evolution of the combustion process can be observed from Figure 5b. High temperature jets were introduced from the ignition chamber into the main chamber. Although the temperature of these jets decreased after passing through the six orifices connecting the ignition chamber and main chamber, it was enough to initiate the main combustion. Not only the ignition of fuel-air mixtures near the jets can be observed, but also the ignition of those beyond the jets can be seen. Except for the small areas with high temperature caused by the combustion of over-rich fuel-air mixture, most of the main combustion temperature was kept fairly low.

The distribution of OH mass fraction is shown in Figure 5c. After the discharge, large amounts of reacting active radicals were produced in the ignition chamber. As the high temperature jets injected into the main chamber, these active radicals were introduced as well. The evolution process of OH mass fraction was similar with that of temperature. As the introduction of active radicals, the main combustion was initiated quickly. The high OH mass fraction can be seen in the high temperature region as well.

In order to explore the flame propagation process, the distribution of flame surface density was presented in Figure 5d. The flame surface density is defined as flame surface area per unit volume [26]. Via this definition of term the process of flame propagation can be seen in Figure 5c. After the discharge of the spark plug, the flame appeared near the spark plug. It was propagated quickly and extensively in the ignition chamber, but most of the flames extinguished after they passing through the orifices. Only small areas with flame propagation can be seen in the region near the jets even though the main combustion was initiated. Due to the absent of flame propagation, the multiple auto-ignition of diesel fuel can be expected.



4.2. Analysis of Spark Timing Sweep Experimental Results


4.2.1. Effects of Spark Timing on Combustion Characteristics

Figure 6 shows a comparison of the cylinder pressure and AHRR at different spark timings for BMEP of 2.18 bar. As seen in the Figure 7, the fuel amounts injected of the spark timing sweep experiments varied little. As spark advance angle decreased, the peak cylinder pressure decreased proportionally. The Location of Peak Pressure (LPP) was retarded as well, except for that of 5° BTDC. The increase in pressure was caused by compression and combustion. For a fixed speed and load, the pressure variation caused by compression barely changed in the tests. The variation in the peak pressure and LPP were mainly related to the combustion, which meant that the combustion was correspondingly delayed. This delay can also be seen for AHRR in the results. Although the peak AHRR only changed by a small amount, the location of the peak AHRR changed proportionally with the spark timing.

Figure 6. Comparison of cylinder pressure and apparent heat release rate at different spark timings.



[image: Energies 07 04519 g006 1024]





Figure 7. Comparison of brake thermal efficiency at different spark timings.
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CA10 (crank angle where 10% of the total heat is released) and CA50 (crank angle where 50% of total heat release is released) are two important parameters that indicate combustion characteristics. The former is usually used to indicate the start of combustion and the latter is usually chosen to indicate the combustion phasing. As seen in Figure 8, CA10 and CA50 changed proportionally with the decrease of spark advance angle, presenting good linearity with spark timing. The fitted variation slope of CA50 and CA10 were 1.34 and 1.4, respectively, which meant that duration from CA10 to CA50 barely changed as well.

Figure 8. Variation of CA10 and CA50 with the spark timing.



[image: Energies 07 04519 g008 1024]











All above combustion characteristics were closely related with spark timing. First, with decrease of spark advance angle the onset of combustion were retarded gradually. Then most of combustion appeared over TDC and kept away from TDC gradually. As a result the peak pressure decreased gradually and the location of peak AHRR was retarded correspondingly.



4.2.2. Effects of Spark Timing on Emissions

Figure 9 shows the variation in NOx and soot emissions with spark timing for the BMEP of 2.18 bar. It can be clearly observed that NOx were greatly reduced compared with the original diesel engine, and the maximum reduction was greater than 95%. The NOx emissions were mainly affected by the combustion temperature and local equivalence ratio. In contrast, the end of the diesel fuel injection was before the ignition. Thus, the mixture homogeneity was improved to some extent compared with the original diesel engine. Hence, the level of the local mixture heterogeneity was decreased. Then, the combustion temperature correspondingly decreased. The compression ratio of the JCCI engine was reduced from 19 to 12. Therefore, the compression temperature of the in-cylinder gas before the start of combustion decreased greatly. Consequently, the combustion temperature was reduced accordingly. Both the above factors contributed to the significant reduction in the NOx emissions. In addition, an obvious linear relationship between NOx emission and the spark timing of ignition chamber can be seen in Figure 9. A steeper slope in the NOx variation was found when the spark timing was advanced from 15° BTDC to 20° BTDC. For one thing, the main combustion was advanced with an advance of the spark timing. Then, the combustion temperature increased with an advance of the combustion. For another thing, the diesel mixing time decreased with an advance in the spark timing with fixed fuel supply timing. Therefore, the local mixture homogeneity was likely to decrease and therefore, NOx increased proportionally with increasing spark advance angle.

Figure 9. NOx and soot emissions at different spark timings.
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It can also be observed that the soot emissions were reduced proportionally with decreasing spark advance angle showing a similar trend as the NOx emissions. The maximum reduction in soot emissions, compared with the original diesel engine, was greater than 90% as well, and can be attributed to an improvement of the mixture homogeneity. As the spark advance angle decreased, there was mixing time for the fuel-air mixture. However, at the spark timing of 20° BTDC, the soot achieved a level comparable with the original engine.

Figure 10 shows the variation in HC and CO emissions with spark timing for the BMEP of 2.18 bar. Compared with the original diesel engine, they were much higher. This can be attributed to a decrease of the combustion temperature and the deteriorated atomization caused by the advanced injection timing. Moreover, both emissions showed similar trends. First, they decreased with increasing spark advance angle, then, a slight increase can be observed at a spark timing of 20° BTDC.

Figure 10. HC and CO emissions at different spark timings.
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As mentioned before, increasing combustion temperature can be expected as the spark advance angle increases, therefore, the oxidation of CO and HC would be accelerated. However, as seen from Figure 7 the thermal efficiency of 20° BTDC was a little lower than 15° BTDC, therefore, the slight increase in HC and CO would be expected as well.





5. Conclusions

In the present work, the effect of the JCCI system on the combustion characteristics and emissions has been evaluated in terms of combustion phasing control for diesel premixed combustion. Both experimental and numerical results have been presented on a single cylinder natural aspirated diesel engine without EGR. The main combustion in the JCCI system was initiated by high temperature jets of reacting active radicals. The flame propagation process was not obvious, except for the area near the jets. The combustion process in the main chamber was similar with that in PCCI. Additionally, theequivalence rate was not uniform as well, due to the low injection pressure using a mechanical pump.

The effect of spark timing on the combustion characteristics revealed that combustion phasing can be controlled by using JCCI. Therefore, the control of pressure rise rate at high load in JCCI would be expected using the spark timing. Moreover, the spark timing is an effect way to optimize the emissions and thermal efficiency. However, the control window of spark timing was not very wide in terms of emissions and efficiency. High HC and low efficiency would both suffered be for a too advanced spark timing or too delayed spark timing.
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