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Abstract:



Due to the serious issues caused by air pollution and global warming, emission regulations are becoming stricter. New technologies that reduce NOx and PM emissions are needed. To cope with these social exhaust gas regulation demands, many advanced countries are striving to develop eco-friendly vehicles in order to respond to stricter emissions regulations. The homogeneous charged compression ignition engine (HCCI) incorporates a multi-stage combustion engine with multiple combustion modes, catalyst, direct fuel injection and partial mixing combustion. In this study, the HCCI combustion was applied to analyze and review the results of engines applying HCCI combustion without altering the conventional engine specifications. The optimization of exhaust gas recirculation (EGR) and compression ratio changes provides an optimal fuel economy. In this study, potential for optimum economy within the range of IMEP 0.8 MPa has been evaluated.
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1. Introduction


Due to the severity of air pollution caused by global automobile emissions, exhaust air emissions are being intensified. Future regulations are expected to become stronger. Therefore, a new concept of combustion technology is urgently needed to achieve reductions in NOx and PM emissions at the combustion level. Based on this backdrop, the advanced countries are striving to develop eco-friendly cars for environment-friendly cars. At the center of the new generation of engines for these next-generation vehicles is the homogeneous composite compression ignition (HCCI) combustion concept. The application is expanding the scope of multiple combustion modes, the application of catalyst applications, the use of direct fuel supply, and the incorporation of partial examples [1,2,3,4,5,6,7,8].



There are various similar concepts to the HCCI concept engine such as Active Thermos-atmosphere Combustion (ATAC) [9], Compression-Ignition Homogeneous Charge (CIHC) [10], Premixed Lean Diesel Engine Combustion (PCCI) [11,12], Controlled Auto-Ignition (CAI) [13,14,15] and Stratified Charged Compression Ignition (SCCI) [14,15,16]. The ATAC engine concept is applied most easily to two-stroke cycle gasoline engines. As stated above, the concepts of the CIHC, PCCI and HCCI engines involve a form of internal combustion at the point of auto-ignition with homogeneous mixed fuel and oxidizer. The application of CAI engines is mainly for reduction in fuel consumption and NOx emissions. Finally, SCCI engines have the potential to overcome many of these barriers: the stratified charged mixture improves emissions and combustion efficiency under operating conditions of partial load and a range of speeds and loads.



Maurya et al. [17] investigated the thermal efficiency and emissions in HCCI engines in accordance with different air-fuel ratios and intake air temperatures (120–150 Celsius). Kim et al. [18] have investigated experimentally and numerically the effect of the premixed ratio and supply conditions of premixed fuel in partial HCCI engines. Lu et al. [19] suggested new combustion modes such as HCCI, SCCI and Low Temperature Combustion (LTC) which of prominent characteristics are the use of lean fuel/air mixtures and their Exhaust Gas Recirculation (EGR) rate.



Charalambides [20] investigated the difference between the HCCI auto-ignition process and the pre-auto ignition propagation through homogeneous mixture or fuel stratification, internal exhaust gas recirculation (IEGR) and spark-assisted IEGR lean burn and visualized flame images using proper orthogonal decomposition (POD) for investigating the temporal and spatial repeatability of the auto ignition phenomenon.



In this paper, research on the development of dual system diesel engines is conducted. A two-stage injector is used to apply the HCCI combustion method without significant alteration of the engine data in both the combustion mode and the utility. In the case of the two-stage injector applied in this study, there is a tendency toward a partial combustion rather than a complete HCCI combustion. Further, the effects were analyzed by considering the effects of various combustion factors to improve combustion and exhaust performance. Appying forced charging, EGR and compression ratio change, fuel economy optimization and emission reduction in the IMEP 0.8 MPa range was investigated. As the 2nd stage injection system was applied to this study rather than the implementation of a complete HCCI combustion setup, there is a tendency towards partial premixed diesel combustion, and the effects of various combustion factors for improving combustion and exhaust performance are discussed.




2. Experimental Methodology


2.1. Experimental Apparatus


The engine used in this paper was a four-stroke single cylinder, direct injection engine. The engine specifications and a schematic diagram of the combustion and exhaust analysis in a HCCI engine are shown in Table 1 and Figure 1, respectively.


Figure 1. Experimental apparatus for analysis of the combustion and exhaust performance in a HCCI engine.
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Table 1. Engine specifications.







	
Engine Type

	
Single Cylinder

	
Base Engine






	
Fuel type

	
Diesel

	
Diesel




	
Num. of cylinder—Bore × Stroke (mm)

	
1—102 × 100

	
4—102 × 100




	
Stroke volume (cc/cylinder)

	
817

	
817




	
Number of intake valve (/cylinder)

	
2

	
1




	
Compression ratio

	
Variable (Max. 17.8)

	
17.8




	
Fuel supply system

	
Common-rail

	
Mechanical (VE pump)




	
Num. of nozzle hole × dia. (mm)

	
5 × φ0.168

	
5 × φ0.26




	
Injection pressure (bar)

	
<1350 bar

	
220 bar




	
Injection timing

	
Various

	
BTDC 13°




	
Max. rpm/Max. pressure (bar)

	
4000/120

	
2300/100




	
Intake charging

	
Supercharging

	
W/O




	
Swirl

	
Variable (SCV)

	
-




	
EGR

	
With

	
W/O




	
Conrad/Crank radius (mm)

	
167/50

	
167/50










The fuel density and viscosity of the diesel fuel used in this research were 0.85 g/cm3 at 15 °C, and 1.9–4.1 cST@40 °C, mm2/s, respectively. The engine specifications that affect the HCCI combustion are the swirl ratio of the intake port, the configuration of the combustion chamber, the compression ratio and the fuel supply system of the HCCI system. As shown in Figure 1, the system includes an engine dynamometer, control panel, data acquisition system and sensors. The dynamo-meter system is an AC 126 kW manufactured by AVL (Graz, Austria). The pressure sensors used for measuring in-cylinder pressure were a model 6051 (piezo-electric type) and a model 4045A2 (resistance type), both from Kistler (Winterthur, Switzerland). A pressure signal was acquired at every 0.1 crank angle degree (CAD) using 7200/rev with a Kistler shaft encoder (this signal is used for crank angle reference). The heat release rate used pressure signal was calculated by a zero-dimensional combustion model according to the in-cylinder pressure of an average of 100 cycles for each operating point. The composition of the exhaust gas emissions (CO, HC and NOx) were measured by a gas analyzer (MEXA 9100D, Horiba, Tokyo, Japan) and smoke opacity was measured by a smoke meter (AVL 415).



The variation of compression ratio is the method used for adjusting the height of the cylinder heat using a height plate. The EGR was adjusted through the opening and closing of the EGR valve in the connecting passage of the exhaust pipe and the intake pipe. When the EGR valve adjustment was not possible only with the increase in the EGR ratio, the EGR rate was adjusted by increasing the back pressure of the exhaust pipe. The measurement of EGR rate during the time of the experiments was calculated using the ratio of CO2 of the exhaust gas to CO2 of the intake pipe measured with the exhaust gas analyzer. For this Equation (1) was used. Supercharging was implemented in the experiments by applying an automobile supercharger.
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(1)








2.2. Determination of Experimental Conditions


The basic combustion and emission characteristics using a 2-stage injection method were investigated and the factors to improve the combustion and emission performance were evaluated. Figure 2 shows the effects of fuel injection timing changes and variations on the combustion and exhaust emission characteristics. It indicates the schematic diagram for the qualitative characteristics in Figure 1. From the results of Figure 2a, as 1st injection timing in the HCCI mode is advanced, the NOx emissions were excellent compared to conventional combustion. The 2nd injection timing had relatively less effect on the NOx emissions. The smoke emissions, as shown in Figure 2b, have a significant impact on the injection timing of the 1st (early injection) and 2nd (late injection). As the 1st injection timing is advanced and 2nd injection is retarded from TDC, the smoke reduction characteristics get better. It is considered that the injection timing of the 1st injection has an effect on the reduction of NOx and smoke and the 2nd injection only has an effect on the reduction of the smoke.


Figure 2. Emission performance of multiple injection diesel DI-HCCI combustion (1400 rpm, 30 mm3/stroke). (a) NOx; (b) Smoke.
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As shown in the previous paper [21], the experimental results indicate that when the injection timing of the first stage is advanced or the injection timing of the second stage is delayed, the exhaust performance such as NOx and smoke emissions is excellent, but the IMEP performance shows a deterioration. As the amount of fuel injection rate becomes large, the power loss becomes larger. Considering such injection timing, exhaust gas and IMEP characteristics, it was judged that BTDC 80–60 degree was suitable for the first injection stage and ATDC 10 degree was suitable for the second injection stage. From the abovementioned results, considering the way to improve the performance, the main factor of the performance improvement method is to delay the ignition of the first injected fuel to burn close to the TDC; the ignition of the second injected fuel is also retarded as much as possible and the premixing rate is increased. The technology for realizing these contents is shown in Figure 3. The technical solution for realizing the research is shown in Figure 4. The experimental conditions used in this paper are illustrated in Figure 5.


Figure 3. Effect of injection timing of multiple injection method (SOI: Start of Injection, SOC: Start of Combustion).
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Figure 4. Engine performance improvement of the multiple injection method.
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Figure 5. Test parameters and conditions.
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3. Results and Discussion


3.1. Consideration of Emission Characteristics and Combustion Control Factors for the Various Air-Fuel Ratios


The combustion control factor applied to the HCCI engine has an effect on its parameters. It is necessary to understand the basic concepts of combustion control such as the operating conditions, and fuel amounts (loads). At first, the air-fuel ratios for investigating the characteristics of NOx and smoke were applied to set the range of air-fuel ratio (fuel amounts) for each factor. Figure 6 shows the characteristics of NOx and smoke in accordance with changing air-fuel ratio when the injection amount and supercharging rate conditions are 20, 30, 40 mm3/stroke and 100, 1200, 1400 mbar, respectively. As the multi-injection method HCCI technology was applied, the NOx emissions are reduced to about 30% more than the base engine (conventional engine) as shown in Figure 6a. These characteristics at the split injection mode were enhanced to the premixed performance or the power performance was excellent in the performance of NOx reduction. However, the smoke characteristics, as shown in Figure 6b, were worse than in the base engine in the case of TDC injection. For the multi-injection case, the injection timing improved the premixed performance, and it could be confirmed that the smoke was very low.


Figure 6. Characteristics on the emissions of NOx and smoke in accordance with the air-fuel ratio (multiple injection mode). (a) NOx characteristics according to the air-fuel ratio; (b) smoke characteristics according to the air-fuel ratio.



[image: Energies 10 02146 g006]






As a result, the characteristics of the air-fuel ratio at the predetermined injection amount and the injection timing confirmed that the boundary conditions selected for application of combustion parameters for the various combustion and improved exhaust should be set before and after the A/F = 30.




3.2. Effect on the Swirl Control Valve


One of the big problems with current HCCI diesel engine designs is poor mixing of the injected fuel and air and a lack of air mixing time. These problems could be improved through improved mixing performance by strengthening the intake swirl flow. The role of such a swirl could be evaluated differently depending on the operating range of engine.



The application of a swirl control valve (SCV) has been considered for use in a relatively lean region, since it tends to reduce the intake flow amount by blocking a portion of the intake port. Figure 7 shows the IMEP, A/F and emission characteristics when a SCV is applied and the experimental conditions were compression ratio 17.8, 1400 rpm and injection amount 20 mm3/stroke, respectively.


Figure 7. IMEP and emission performance applied SCV at the multi-injection mode (20 mm3/stroke, 1400 rpm). (a) IMEP; (b) A/F; (c) NOx; (d) Smoke (FSN: Filter Smoke Number defined according ISO 10054); (e) HC; (f) CO.
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As the SCV is installed at the intake port, from the power performance (0.35 MPa) and the air-fuel ratio (about A/F = 45) it could be seen that there was a loss of IMEP or it was a little rich. It is possible to confirm the result that the NOx and CO emission characteristics using SCV are increased but that of HC and CO is reduced. These results are determined as a result of the effect of mixing that appears more clearly than the side of the air-resistance phenomena caused by swirl flow.



Figure 7b shows the characteristics of A/F in case of with SCV and without SCR. The value of A/F is constant by installation or non-installation of a SCV. The NOx characteristics in Figure 7c increase in the case of SCV installation. In addition, it was found that the case where the 2nd injection timing is ATDC 5CA is larger in case of injection timing TDC. The reason is that the swirl momentum has a great influence on the injection timing of ATDC 5CA. However, in the case of the smoke characteristics shown in Figure 7d, it shows an opposite tendency to that of NOx characteristics. Under the influence of swirl moment the fuel and air should be sufficiently mixed because of the swirl (SCV). The HC and CO characteristics shown in Figure 7e,f show the trade-off relation between HC and CO as shown in the relation between NOx and smoke.



The heat release rate was investigated in order to confirm these various performance results in more detail, and the experiment results are shown in Figure 8 and Figure 9. The main phenomena in comparison with the results of the heat release rate are as follows:

	(1)

	
The ignition delay of the 1st injection according to the SCV




	(2)

	
Increase in the effect on the 2nd injection timing as the 1st injection time is advanced








Figure 8. The effect on the SCV of the heat release rate during the 2nd injection (1400 rpm, injection amount: 20 mm3/stroke, 2nd injection timing: ATDC 5°). (a) Injection timing, 1st injection: BTDC 50°, 2nd injection: ATDC 5°; (b) Injection timing, 1st injection: BTDC 60°, 2nd injection: ATDC 5°; (c) Injection timing, 1st injection: BTDC 80°, 2nd injection: ATDC 5°; (d) Injection timing, 1st injection: BTDC 100°, 2nd injection: ATDC 5°.
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Figure 9. The effect on the SCV of the heat release rate during the 2nd injection (1400 rpm, injection amount: 20 mm3/stroke, 2nd injection timing: TDC). (a) Injection timing, 1st injection: BTDC 50°, 2nd injection: TDC; (b) Injection timing, 1st injection: BTDC 60°, 2nd injection: TDC; (c) Injection timing, 1st injection: BTDC 80°, 2nd injection: TDC; (d) Injection timing, 1st injection: BTDC 100°, 2nd injection: TDC.
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As for the cause of the phenomenon as described above, it is considered to be the change of the swirl momentum in accordance with injected fuel amount (air-fuel ratio) and crank angle. The effect on the swirl flow is to promote the mixture but it caused an ignition delay owing to the rarefaction of the air-fuel ratio. This has been shown to have effects on the 2nd injection as the swirl momentum was aggravated and reduced according to the close TDC of the injection timing of the 1st injection.




3.3. Effect on the Exhaust Gas Recirculation


The EGR technology reduces NOx emissions by decreasing the combustion temperature during the diffusion combustion. Therefore, NOx reduction and the ignition control methodology are applied through the active use of EGR. However, an excess of EGR causes problems such as increase of the combustion instability and HC, CO emissions. Figure 10 and Figure 11 show the evaluation of the effect of EGR under the conditions of compression ratio 17.8 and 15.0, 1400 rpm, injection amount 20, 30 mm3/stroke, and the 30% of EGR rate. Figure 10 shows the various performance characteristics according to application of EGR as the compression ratio is 17.8. As shown in Figure 10a, the air-fuel ratio was less than half by using EGR. IMEP (Figure 10b) showed no large variation but it could be confirmed that the highest of IMEP is formed from about 10% of EGR rate. It could be applied to secure a 50 ppm or less in both the level of injection amount 20 and 30 mm3/stroke as the rate of EGR is about 10%. Since the smoke tends to increase in accordance with the increase the EGR rate in the case of the diffusion combustion, the smoke measurements showed a very rich smoke emission (Figure 10c). On the other hand, when the injection amount of the split injection is 20 mm3/stroke to apply the HCCI methodology, the smoke is not reduced in accordance with the increasing EGR rate. However, in case of 30 mm3/stroke, it is dramatically increased according to the increase of the EGR rate. The HC and CO characteristics shown in Figure 10e,f increase in accordance with increasing EGR rate. The emission characteristics of smoke and NOx at the compression ratio 15 as shown in Figure 11 were similar to the phenomena of Figure 10, but the smoke emissions at the condition of the compression ratio 15 was reduced at the 30 mm3/stroke in accordance with the increase of EGR rate as compared with Figure 10.


Figure 10. Performance characteristics of IMEP and emission applied to EGR (compression ratio: 17.8, 1400 rpm, injection amount: 20, 30 mm3/stroke). (a) Variation of air-fuel ratio according to EGR; (b) Variation of IMEP according to EGR; (c) Variation of NOx according to EGR; (d) Variation of Smoke according to EGR; (e) Variation of HC according to EGR; (f) Variation of CO according to EGR.
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Figure 11. Performance characteristics of IMEP and emission applied to EGR (compression ratio: 15.0, 1400 rpm, injection amount: 20, 30 mm3/stroke). (a) NOx according to EGR rate; (b) Smoke according to EGR rate.
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3.4. Effect on the Charging Pressure


In case where the conditions are split injection, 1400 rpm, injection pressure 100 MPa, compression ratio 17.8 and 20, 30, 40 mm3/stroke injection amount, Figure 12 and Figure 13 show on the emission characteristics of NOx and smoke in accordance with the charging pressure changes of 1000, 1200, 1400 mbar.


Figure 12. Characteristics of the heat release rate in accordance with change the boost pressure. (a) Injection timing, 1st injection BTDC 60CA 2nd injection ATDC 5CA, charging pressure = 1000 mbar; (b) Injection timing, 1st injection BTDC 60CA 2nd injection ATDC 5CA, charging pressure = 1400 mbar.
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Figure 13. Characteristics of the exhaust emission in accordance with change the boost pressure. (a) Characteristics of NOx emission (injection timing, 1st inj.: BTDC 80°, 2nd inj.: ATDC 5°); (b) Characteristics of NOx emission (injection timing, 1st inj.: BTDC 80°, 2nd inj.: ATDC 10°); (c) Characteristics of smoke emission (injection timing, 1st inj.: BTDC 80°, 2nd inj.: ATDC 5°); (d) Characteristics of smoke emission (injection timing, 1st inj.: BTDC 80°, 2nd inj.: ATDC 10°).
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Figure 12 shows the heat release rate in accordance with the change of the charging pressure. Because of the heat release rate, the increase of the charging pressure shows that both the 1st injection and the ignition or combustion of the 2nd injection are accelerated. In this case, it is considered that the smoke is reduced even if the ignition delay is shortened because the fuel mixture is generated efficiently by the proportion to charging pressure. In particular, the influence of the 2nd injection on the combustion rate pattern seems to be larger, which means that the fuel injected in the first stage is ignited at the crank angle at the ignition conditions is formed after the fuel injection. However, it is estimated that the 2nd injected fuel is more affected by ignition after the fuel is injected.



From these results, it was found that the increase of boost pressure decreases the emissions of NOx and smoke due to dilution of the mixture. As the HCCI combustion conditions are an injection timing such as 1st injection BTDC 80° and 2nd injection ATDC 10°, the smoke emissions are basically reduced. On the other hand, the reduction rates with increasing boost pressure indicated the characteristics of the partial-HCCI have slowed as compared to the conditions of 1st injection BTDC 80°, 2nd injection ATDC 5°. Therefore, it is possible to lower the boost pressure rate as the excellent premixing rate in terms of exhaust gas is a result of the injection angle. It could be necessary to strengthen the dilution with a relatively higher boost pressure under the conditions of partial-HCCI in the case excellent power performance is desired.





4. Conclusions


A multi-injection method with the HCCI combustion mode using a commercial engine was investigated in this paper. As the 2nd stage injection system was applied to this study rather than the implementation of a complete HCCI combustion, there is a tendency towards partial premixed diesel combustion, and the effects of various combustion factors for improving combustion and exhaust performance were discussed. The conclusions can be summarized as follows:

	(1)

	
Considering the characteristics of injection timing, exhaust gas and IMEP, the appropriate 1st injection timing has been determined to be BTDC 80–60° and a 2nd injection timing close to ATDC 10° has been determined to be reasonable. The results from the characteristics stated above were considered for ways to improve performance. The way to improve the performance is a delay such that the ignition of first fuel injection is close to TDC so that the combustion is active. The second fuel injection effect is to promote the premixing rate by possibly delaying the ignition.




	(2)

	
The main phenomena in comparison with the results of the heat release rate are as follows:

	(a)

	
The ignition delay of the 1st injection according to the SCV




	(b)

	
Increase in the effect on the 2nd injection timing as the 1st injection time is advanced










	(3)

	
The air-fuel ratio was evaluated at less than half by using EGR. IMEP showed no large variation but it could be confirmed that the highest IMEP is formed at about 10% of the EGR rate. As the injection amount of the split injection is 20 mm3/stroke to apply the HCCI methodology, the smoke is not reduced in accordance with the increasing EGR rate, however, in case of 30 mm3/stroke, it is dramatically increased according to the increase of the EGR rate.




	(4)

	
It is possible to lower the boost pressure rate as the best premixing rate in terms of exhaust gas depends on the injection angle. It could be necessary to strengthen the dilution with a relatively higher boost pressure at the condition of the partial-HCCI for the excellent power performance case.
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