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Abstract

:

The purpose of this study is to analyze the combustion characteristics of the port fuel injection (PFI) engine considering the fuel mixing ratio, bore to stroke (B/S) ratio and gaseous and particle emissions. Experiments were conducted in a small single-cylinder PFI engine with a displacement of 125 cc. The fuel used in the experiment was a mixture of pure gasoline and ethanol. The engine was operated at 5000 rpm at full load and wide-open throttle. In addition, combustion and exhaust characteristics of the engines with a B/S ratio of 0.88 and 1.15 were analyzed. The combustion pressure inside the combustion chamber was measured to analyze the indicated mean effective pressure (IMEP) and the heat release rate, and the combustion rate was calculated. In the results of combustion characteristics by the difference of B/S ratio, the influence of flame propagation velocity and turbulence intensity is the largest. The 0.88 B/S ratio engine, which has a small bore, has a faster combustion rate than the 1.15 B/S ratio engine due to its larger flame surface area and larger turbulence intensity. This represents a higher efficiency combustion result. Finally, the high oxygen content of ethanol has the characteristic of decreasing soot formation and increasing particle oxidation.
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1. Introduction


As the depletion of petroleum resources continues and environmental pollution becomes more serious, fuel economy and exhaust regulations of internal combustion engines are rapidly strengthening around the world. Various techniques are being developed to increase the efficiency of gasoline engines to satisfy the emission regulations, such as fuel and knock characteristics [1], engine turbulence [2], exhaust gas recirculation strategies [3] and valve timing strategies [4].



The bore to stroke (B/S) ratio is a factor that should be considered early in the design stage of the engine. As the bore/stroke ratio decreases under the same displacement conditions, the cylinder surface/volume ratio at top dead center (TDC) also decreases, which increases engine efficiency due to the cooling reduction effect [5]. Like this, the B/S ratio is an important factor that directly affects engine efficiency. For this reason, various studies based on the B/S ratio have been previously conducted [6,7]. Most of the studies have been interpreted to compare the turbulence intensity, flame surface and thermal efficiency in the cylinder according to the B/S ratio. Experimental studies based on B/S ratios were often conducted. [8,9]. However, in the case of engine research based on most B/S ratios, the torque and engine power comparison is a study. On the other hand, in this study, the combustion pressure was measured to calculate the combustion rate in the combustion chamber and the engine loss compared to the abnormal cycle. In addition, gas and particle emission were also analyzed. In addition, gasoline engines utilizing increased compression ratio and output along with increasing the fuel octane number to overcome the disadvantages of fuel economy have been applied. In this respect, many studies are being conducted using ethanol, an oxygen fuel, which is harmless to the human body and is less burdened by environmental pollution. By lowering the fuel temperature, the volumetric efficiency can be improved, and as result, a mixture of gasoline and ethanol improves the engine performance [10,11,12].



Recently, gasoline engines have been studied while focusing on the development of a gasoline direct injection (GDI) engine in which fuel is injected directly into a cylinder. The combustion chamber cooling effect upon using a high compression ratio and latent heat of evaporation of the fuel is shown. Due to this cooling effect, knocking inhibition and volumetric efficiency are increased, thereby improving engine efficiency [13,14,15]. However, due to the lack of a homogenous air and fuel mixture, locally rich combustion occurs, and particle emission due to fuel wetting of the cylinder wall and the piston becomes a problem. As a result, the regulation of particle emission in gasoline vehicles has gradually strengthened to the same level as that of diesel vehicles [16,17,18,19]. Recently, due to the difficulty of satisfying stringent particle emission regulations, interest in port fuel injection (PFI) engines has been increasing since fuel is injected into existing ports to form relatively homogeneous mixtures. Catapano et al. [20] compared the combustion process and emissions from ethanol mixing in GDI and PFI engines. Particular emissions, in particular, also showed dramatic emission reductions from the PFI engine. B. Wahono et al. [21] showed the results of swirl and tumble ratio in the cylinder of PFI engine and studied the internal flow with increasing RPM. As such, research on the PFI engine is steadily progressing.



In addition to restrictions on light duty vehicles, enhanced restrictions have recently been levied on motorcycles. In particular, low-emission motorcycles, such as scooters, are used in a high proportion in urban areas, so the emission restrictions have been tightened from EURO 4, which is a European motorcycle emission regulation, to EURO 5. Therefore, it is necessary to study engine efficiency and exhaust gas reduction methods for motorcycles, including particle emission under high rpm and wide open throttle (WOT) conditions.



In this study, combustion and exhaust characteristics were analyzed for the bore/stroke ratio in a small single-cylinder PFI engine with 125 cc displacement. Furthermore, combustion and exhaust gas analysis studies were performed using a mixture of gasoline and ethanol. In addition, the particle emission under each experimental condition was measured to analyze the number and size distribution of particles emitted from the PFI engine.




2. Experimental Apparatus and Test Conditions


2.1. Experimental Apparatus


The experimental equipment setup and engine information are given in Figure 1. In this study, a PFI motorcycle engine was used and two engines with B/S ratios of 0.88 and 1.1, respectively, were analyzed to compare combustion and exhaust characteristics. Table 1 shows the information for the two engines. The intake flow rate is the natural flow rate under WOT conditions, and the lambda value was feedback to 1 using a lambda sensor and the NI labview system. Therefore, the AFR was the theoretical air-fuel ratio (14.7). Control factors such as the engine ignition timing and injection timing were controlled in real time using the Labview program, and the combustion characteristics were also analyzed using the Labview program. In the case of pressure data of the engine, the final combustion pressure data was used by performing three repeated experiments for 100 cycles of total combustion, and the heat release rate, combustion duration and engine efficiency were calculated based on the pressure data.



The main physical properties of gasoline and ethanol used in this study are shown in Table 2. Ethanol has the advantages of a higher octane number, latent heat of evaporation, and oxygen-rich fuel compared to gasoline, but it requires more fuel for similar power production than conventional gasoline because of lower heating value.



Exhaust gas and particle measurement equipment are shown in Table 3. The measurement of NOx and THC, which are gaseous substances, was carried out using a MEXA-9100 exhaust gas measuring instrument. In the case of particle number (PN), which is particulate matter, PN was measured by Pegasor Particle Sensor-Monitoring (PPS-M) and the particle size distribution of PN was measured through the engine exhaust particle sizer (EEPS) instrument. The measuring range of the PPS-M was 2.5 micrometers, and EEPS instruments can measure PN distributions with a size from 5.6 to 560 nm. Detailed equipment information is summarized in Table 3.




2.2. Experimental Conditions


The engine was operated at 5000 rpm and the ignition timing was fixed at BTDC 33.5 degrees, at an MBT of 5000 rpm. Fuel injection was carried out at an injection pressure of 4 bar. The fuel used in the test was a mixture of gasoline and ethanol, and the experiment was conducted at 20% v/v intervals from 100% gasoline (E0) to 60% ethanol (E60). For 80% ethanol, combustion stability decreased and misfire occurred. Since ethanol produces less heat than gasoline, more fuel must be injected to maintain a lambda 1 condition. Therefore, the experiment was carried out while advancing start of injection (SOI) based on the fixed EOI (aTDC 330), and the H/C ratio was changed by changing the ethanol blend ratio (Table 4).





3. Results


In this session, the experimental results using two engines with different bore to stroke values are shown. The bore and stroke values were 56 mm and 50.7 mm in the over-square engine, yielding a B/S ratio of 1.1. The under-square engine had a bore and stroke of 52 mm and 58.8 mm, respectively, yielding a B/S ratio of 0.88. The fuel injection timing was bTDC 60 degrees and the ignition timing was fixed at bTDC 33 degrees. In addition, the engine load was maintained in the high load section of the WOT curve and the experiment was performed in Lambda 1.



The motoring pressure results of two engines with different compression ratios are shown in Figure 2 as follows. The over square engine with a high compression ratio of 11.4 shows higher pressure than the under square engine with a compression ratio of 11.0, and the maximum cylinder pressure was also about 1.7 bar higher. It is believed that this is a general result where high pressures at high compression ratios were measured. However, the combustion results show the opposite of motoring pressure.



3.1. Effects of Bore to Stroke Ratio on Combustion Characteristics


Figure 3 shows the pressure and heat generation rate inside the cylinder according to the engine’s bore to stroke ratio. In general, high combustion pressures are measured in engines with high compression ratios, but this study shows higher combustion pressures at lower compression ratios. This resulted in high cylinder pressure in high compression ratio engines before the start of combustion, but high pressure in under square engines with low compression ratio due to differences in combustion process after ignition. The maximum pressure in the combustion chamber was also higher in the under-square engine than in the over-square engine, with 73 bar and 60 bar, respectively. In the case of the maximum pressure position, the under-square engine had a TDC maximum pressure at 12 degrees and the over-square engine had a TDC maximum pressure at 15 degrees. In the heat generation results, even under the same ignition timing, faster heat generation results could be seen in the under-square engine. As a result, it was judged that combustion occurs faster in the under-square engine than in the over-square engine. Further, the combustion speed was confirmed by the cumulative heat generation as shown in Figure 4. In this study, the combustion speed of each engine was defined by the combustion duration. The shorter the combustion duration calculated based on the cumulative heat release, the faster the combustion speed, and the longer the combustion duration, the slower the combustion speed. As can be seen from the results in Figure 4, the combustion duration in the under-square engine was short, which was determined that combustion speed was faster than the over-square engine.



In particular, the combustion speed of initial combustion was faster because the difference in CA10 was apparent. The cause of the difference in combustion speed could be largely divided into flame propagation and turbulence intensity according to the combustion chamber shape. In the case of flame propagation, differences could be seen in the result of the area occupied by the flame surface at the instantaneous volume of the combustion chamber. In fact, in a previous study, the flame surface was compared according to the B/S ratio. In short stroke engines, the flame surface area vs. momentary volume results were high only up to about 20% of the total volume of the combustion chamber, whereas in long stroke engines, the area occupied by the flame surface in the instantaneous volume of the combustion chamber approaches 60%; this reduces the combustion duration. As a result, the flame propagation speed was faster because the flame surface area was larger in the long stroke engine. Therefore, the results of this study also show that the long stroke, under-square engine produced a shorter combustion time than an over-square engine [5]. Next, when the turbulent intensity in the combustion chamber increased, flame propagation proceeded rapidly, resulting in a shorter combustion duration. Turbulence intensity in gasoline engines had a great influence on combustion. As the turbulence intensity increased, the flame propagation speed increased. The turbulence intensity inside the combustion chamber changed according to the B/S ratio, and as the B/S ratio decreased, the turbulence intensity increased near the initial stage of the intake planet and TDC. This results in shorter combustion duration for under-square engines with a B/S ratio of 0.88.



Figure 5 shows the pressure and volume (P–V) diagram for the B/S ratio and three different losses and indicated mean effective pressure (IMEP) compared to the ideal cycle. In general, it is judged that the loss of the engine is consumed in the range (energy conversation efficiency). In the case of IMEP, the result was about 50% including the pump loss. In addition, other studies have shown that the IMEP results are around 35–40% [7]. The IMEP results of this study show a result between 60% and 70%, which was considered to have a high result because it did not include exhaust heat loss. In addition, the result of heat loss might be somewhat inaccurate because it was measured based on the pressure data, but the tendency of the loss result was reasonable and judged. From the minimal heat loss to combustion time loss and exhaust blowdown loss, the relative values for each loss are shown in Figure 6. Heat losses via the cylinder wall during the second half of the compression stroke (during the combustion duration) and during the expansion stroke were 26.6% and 23.2%, followed by combustion losses of 11.6% and 8.7%, and finally, blowdown losses of 2.5% and 2.3%, respectively. The most significant factors in the heat losses observed were the flame propagation and combustion time mentioned above. Differences in flame propagation due to engine shape also affect heat transfer. In particular, when the bore and stroke size were changed, the timing and the contact area of the flame and the contact between the piston and the cylinder wall change—both of which affect heat transfer. In the case of long stroke engines, they have a relatively narrow bore and the piston is far from the spark plug, so that the flame surface first contacts the cylinder wall before contacting the piston. In short stroke engines, on the other hand, the flame first contacts the piston before the cylinder wall. This causes greater heat transfer to the piston tower. In the case of the cylinder wall, constant temperature control is possible through the coolant, but in the case of the piston tower, since no additional temperature control is performed, more heat transfer occurs and a large heat loss occurs. Next, in the case of the loss of combustion time, the burning time due to the flame propagation and turbulence intensity in the long stroke, under-square engine was reduced and the loss corresponding to this duration was reduced. Finally, the 2.5% blowdown losses were similar between models.




3.2. Effects of Ethanol Blend on Combustion Characteristics


Figure 7 shows the results of cylinder pressure and heat release according to ethanol content. According to the B/S ratio, combustion characteristics of 20% intervals from 0% to 60% of ethanol were compared. As can be seen from the results, as the ethanol blending ratio increased, the combustion pressure increased and the combustion duration shortened. This is because ethanol had higher oxygen content than gasoline, which results in more active combustion. Therefore, the combustion pressure was gradually increased and the initial combustion speed was fast. Figure 8 and Table 5 show the combustion duration results from CA10 to CA90 for over-square and under-square engines. As can be seen in Table 5, the difference between the combustion speeds of the over and under square engines was largely about 4 degrees in CA 50, and the difference in combustion speed was about 2 degrees on average. This result seems to be due to the difference in the flame surface mentioned above. Both engines also have shorter combustion duration as ethanol blending rate increases. This is because the laminar flame propagation speed of ethanol is faster than that of gasoline. Noteworthy is that the flame propagation speed in the combustion chamber was not significantly affected by the turbulent flame propagation speed, but more so by the laminar flame propagation speed.



Figure 9 shows the P–V diagram according to ethanol content and shows the calculated losses under each condition. As the content of ethanol increased, the net loss of time indicated by the change of combustion time increased, and the net indicated work could be relatively increased. However, the results upon varying the ethanol content did not show much difference. As can be seen from these results, when ethanol was mixed with gasoline, the combustion characteristics of the engine were not significantly affected. However, ethanol fuel had a lower low calorific value than gasoline, so the difference in fuel consumption was large. Figure 10 shows the results of fuel consumption compared to the same output according to B/S ratio and ethanol content. Figure 11 shows the results of IMEP under each condition. First, the fuel consumption and IMEP results according to the B/S ratio could be confirmed by the high IMEP resulting in the relatively low-loss in under-square engines. As a result of increasing ethanol content, the IMEP also increased in both over-square and under-square engines. As shown in the combustion chamber internal pressure results and loss results, it was determined that the combustion speed was also increased. In the case of fuel consumption, the amount of fuel injected was increased due to the low heat value of ethanol.




3.3. Emissions of B/S Ratio and Ethanol Blend


In this session, we measured and compared the exhaust gas NOx and THC emissions from the two engines used in the experiment, and then analyzed the emission trends and concentrations by particle size via additionally measuring the particle number. For particulate matter, PPS-M and EEPS equipment were measured at the same time to compare the emission trends. In addition, analysis of gaseous and particulate matters released with increasing ethanol content was also conducted.



3.3.1. Gas Emissions


Figure 12 shows the results for NOx and THC emissions for each experimental condition. In the case of NOx, when only gasoline fuel was used, the emission from the over-square and under-square engines was similar. As the ethanol content was increased, NOx was reduced. Since the latent heat of evaporation of ethanol was higher than that of gasoline, this results in a cooling effect by lowering the ambient temperature at the time of combustion. It was found that the NOx emission results decreased as the ethanol content increased in both the over-square and under-square engines. In the case of under-square engine, as the intake valve seat was smaller than that of the over-square, the fuel injected into the port decreased and the amount of droplets flowing into the combustion chamber increased, thus increasing the latent heat of vaporization in the combustion chamber. This result was due to the effect of reducing the internal temperature, however, the difference was not significant. In the case of THC, another gaseous substance, its emission was reduced with increasing ethanol content. In the case of gasoline, which was basically a hydrocarbon paraffinic, and since ethanol contains oxygen, HC emission was estimated to be lower than 100% gasoline condition. On the other hand, THC emission results according to the B/S ratio did not show a big difference and appear to show similar levels of emission.




3.3.2. Particle Emissions


Finally, Figure 13 and Figure 14 compare the particle numbers (PN) with increasing ethanol blending ratio in over- and under-square engines. In the case of PN measured in PPS-M, the average value of PN measured for certain duration of time was shown, and in the case of emission concentration by particle size, the cumulative result was shown at the same time.



First of all, the difference in results between the over-square and under-square engines was evident. Compared with the over-square engine, the PN emission was higher in the under-square engine, and the particle size of the emitted PN was larger in the under-square engine. In the case of the under-square, 100% gasoline yielded 80.58 nm and then decreased by about 60.43 nm upon increasing ethanol ratio. On the other hand, in the case of PN discharged from an over-square engine, 52.33 nm at 100% gasoline injection was observed and then decreased by about 33.98 nm upon increasing ethanol ratio. As such, there is a difference in PN emission results depending on the B/S ratio. This might be due to the fuel injection method of the PFI engine. Fuel was injected into the port due to the characteristics of the PFI engine. However, if the intake port and valve seat do not have enough heat to vaporize all the fuel, or if there is not enough time for the fuel to evaporate, droplets of fuel are introduced into the combustion chamber. The inflow of droplets causes incomplete combustion, which causes PN emissions [20]. Particularly, the under-square engine emits more PN than the over-square engine, because the size of the intake valve must decrease as the bore size decreases. It is judged that the heat for vaporizing fuel decreases in the interior of the combustion chamber. In addition, as the droplet size is larger than that of the conventional engine, the particle size of the PN appeared to be larger than that of the PN emitted from the over-square engine.



The PN results with the ethanol blending ratio indicate that the PN emission was reduced as the ethanol blending ratio increased. Over square engine shows low PN results except for the E20 condition. Ethanol is a fuel having a high latent heat of vaporization and oxygen content, and the latent heat of evaporation adversely affected PN emission because it relatively cooled the ambient temperature. On the contrary, the oxygen content had a great effect on reducing the PN emission since the combustion reaction was actively progressed. Under the E20 condition, the effect of high latent heat of evaporation of ethanol was expressed more, and the atomization was lowered due to the cooling effect in the port, resulting in increased PN emission. However, after the E20 condition, the oxygen content was greatly increased, which was considered to decrease the PN again. Under square engines, on the other hand, tended to decrease with increasing ethanol content. This was because the oxygen content of the fuel increased as the ethanol content increased, so that combustion inside the cylinder was more active and incomplete combustion decreased [22,23]. The particle also had a close relation to the polycyclic aromatic hydrocarbons (PAHs), and the addition of alcohol to gasoline decreases the aromatic content in blend fuels [24,25]. Finally, in the case of the under square engine, PN increased by the small heat capacity of the intake valve and the fuel wetting on the wall of the cylinder due to and the bore size was reduced. Since these have a direct effect on PN emissions, it is believed that PN emissions are the main cause of decrease as the ethanol blending ratio increases.






4. Conclusions


In this study, the main focus was placed on improving the combustion characteristics and particulate matter emission characteristics of PFI system small gasoline engines. To analyze combustion and exhaust characteristics for engine combustion chamber shape, two engines with the same volume but different bore and stroke ratios (1.1 and 0.88) were compared and analyzed. Additionally, we analyzed the efficiency on engine performance by mixing with ethanol and gasoline, which are alternative fuels for reducing engine exhaust gas. In addition, emission analyses were conducted for particle emissions not regulated in the PFI engine. The following are the summary and conclusions of this study:



The combustion pressure in the combustion chamber was measured as higher in the long stroke (0.88 B/S ratio) engine compared to the short stoke (1.15 B/S ratio) engine. This was influenced by flame propagation and turbulent flow in the combustion chamber. Due to this combustion speed difference, the time loss in the long stroke engine was reduced and the engine indicated a greater mean effective pressure.



Increasing the mixing ratio of ethanol to gasoline fuel increased the combustion pressure and combustion speed of the engine, which was considered to be the result of the laminar flame propagation speed of ethanol being faster than that of gasoline. As a result, engine performance was improved, but fuel consumption was increased due to the low heating value of ethanol.



In the case of NOx emission, the effect of B/S ratio was not large, but when ethanol was present, NOx was reduced. This is because ethanol, which had a higher latent heat of vaporization than gasoline, increased the cooling effect in the combustion chamber. This results in lower combustion temperatures and lower NOx emissions. In the case of THC, since ethanol contained less hydrocarbons and more oxygen than gasoline, the THC decreased as the ethanol mixing ratio increases.



Finally, PN emissions were greatly affected by engine geometry. For engines with a B/S ratio of 1.1, the heat from the intake port was greater than that of the 0.88 B/S ratio engine, because the engine head and intake valve were larger in the former. This caused an evaporation difference of the injected fuel due to the characteristics of the PFI engine injecting the fuel into the intake port, causing a difference in the liquid film generated in the port and the valve. Subsequently, more PN emissions were observed from the 0.88 B/S ratio engine. In addition, depending on the ethanol mixing ratio, the PN content and sizes were reduced.
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	PFI
	Port Fuel Injection



	GDI
	Gasoline Direct Injection



	HRR
	Heat Release Rate



	SOI
	Start of Injection



	EOI
	End of Injection



	IMEP
	Indicated Mean Efficiency Pressure



	PN
	Particle Number



	WOT
	Wide Open Throttle



	EEPS
	Engine Exhaust Particle Sizer



	TDC
	Top Dead Center
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Figure 1. Schematic diagram of the engine test system. 
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Figure 2. Motoring pressure for over- and under-square engines. 
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Figure 3. In-cylinder pressure and heat release rates for over- and under-square engines. 
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Figure 4. Integrated heat release and combustion duration for over- and under-square engines. 
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Figure 5. The P–V diagram for over- and under-square engines compared to the ideal cycle. 
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Figure 6. Three difference engine losses and indicated work for over- and under-square engines. 
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Figure 7. In-cylinder pressure and heat release rate for over- and under-square engine vs. ethanol blending ratio. 
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Figure 8. Combustion duration for over- and under-square engine as ethanol blending ratio. 






Figure 8. Combustion duration for over- and under-square engine as ethanol blending ratio.



[image: Energies 13 00321 g008]







[image: Energies 13 00321 g009 550] 





Figure 9. The P–V diagram and three engine losses for over and under square engines and ethanol blending ratio. 
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Figure 10. Fuel consumption for over- and under-square engine and ethanol blending ratio. 
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Figure 11. Indicated mean effective pressure (IMEP) and coefficient of variation (COV) for over- and under-square engine and ethanol blending ratio. 
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Figure 12. (a) NOx and (b) THC emissions for over- and under-square engine vs. ethanol blending ratio. 
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Figure 13. Particle number and size distribution for ethanol blending ratio in over-square engine. 
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Figure 14. Particle number and size distribution for ethanol blending ratio in under-square engine. 
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Table 1. Specifications of the test engines.
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Specifications

	
Over Square

	
Under Square






	
Engine displacement (cc)

	
125




	
B/S ratio

	
1.15

	
0.88




	
Bore (mm)

	
56

	
52




	
Stroke (mm)

	
50.7

	
58.8




	
Connecting rod length (mm)

	
90

	
100




	
Compression ratio

	
11.4

	
11




	
Intake valve opens

	
CAD

	
BTDC 362

	
BTDC 367




	
Intake valve closes

	
BTDC 143

	
BTDC 148




	
Exhaust valve opens

	
ATDC 148

	
ATDC 142




	
Exhaust valve closes

	
ATDC 354

	
ATDC 351
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Table 2. Test fuel properties.
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Main Properties of Gasoline and Ethanol




	
Properties

	
Gasoline

	
Ethanol






	
Chemical Formula

	
C5–C11

	
C2H5OH




	
Density @ 15 °C (kg/m3)

	
46.3

	
131.3




	
Research Octane Number

	
95

	
108




	
Lower Heating Value (MJ/kg)

	
42.5

	
26.9




	
Latent Heat of Vaporization (kJ/kg)

	
305

	
840




	
Stoichiometric Air to Fuel Ratio

	
14.7

	
8.95




	
O2 Content (%)

	
-

	
34
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Table 3. Specifications of the gas and particle emissions measurement devices.
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Emission Measurement Device

	
Item

	
Description






	
MEXA-9100 (THC)

	
Measurement principle

	
Flame Ionization Detector (FID)




	
Measuring range

	
10–50,000 ppm




	
Linearity

	
±1.0% of full scale




	
Response

	
±1.0% of full scale




	
MEXA-9100 (NOx)

	
Measurement principle

	
Chemiluminescence method




	
Measuring range

	
0.00–10,000 ppm




	
Linearity

	
±1.0% of full scale




	
Response

	
±1.0% of full scale




	
PPS-M (PN)

	
Measurement principle

	
Measurement of electrical charge




	
Measuring range

	
1 μg/m3–250 mg/m3




	
Detectable particle size

	
Min: 23 nm




	
Max: 2.5 μm




	
Response time

	
0.2s (10Hz data acquisition)




	
EEPS (PN distribution)

	
Measurement principle

	
Measurement of electrical charge




	
Measuring range

	
5.6–560 nm




	
Concentration range

	
104–109 #/cm3




	
Inlet cyclone 50% cut point

	
1 μm




	
Response

	
0.1–60 s
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Table 4. Fuel properties and start of injection (SOI) for ethanol blending ratio.






Table 4. Fuel properties and start of injection (SOI) for ethanol blending ratio.





	Fuel Properties
	E0 (G100)
	E20 (G80)
	E40 (G60)
	E60 (G40)





	Ethanol (%)
	0
	20
	40
	60



	H/C ratio
	1.99
	2.13
	2.29
	2.48



	LHV_mixture (MJ/kg)
	43.4
	39.9
	36.6
	33.3



	Heat of vaporization (kJ/kg)
	305
	414
	523
	630



	SOI (bTDC deg.)
	60
	78
	93
	117
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Table 5. Crank angle of combustion duration for over- and under-square engine as ethanol blending ratio.
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	Over Square
	CA10
	CA30
	CA50
	CA90



	E0 (G100)
	−4.58
	3.45
	8.61
	23.78



	E20 (G80)
	−4.59
	3.39
	8.54
	23.16



	E40 (G60)
	−5.22
	2.89
	8.12
	23.09



	E60 (G40)
	−5.45
	2.56
	7.69
	22.59



	Under Square
	CA10
	CA30
	CA50
	CA90



	E0 (G100)
	−7.19
	−0.07
	4.43
	21.78



	E20 (G80)
	−7.83
	−0.49
	4.07
	21.06



	E40 (G60)
	−8.29
	−1.18
	3.26
	21.24



	E60 (G40)
	−8.25
	−1.06
	3.35
	20.35
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