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Abstract:

 To face the challenges of fossil fuel shortage and stringent emission norms, there is growing interest in the potential usage of alternative fuels such as bio-ethanol and bio-butanol in internal combustion engines. More recently, Acetone–Butanol–Ethanol (ABE), the intermediate product of bio-butanol fermentation, has been gaining a lot of attention as an alternative fuel. The literature shows that the acetone in the ABE blends plays an important part in improving the combustion performance and emissions, owing to its higher volatility. Acetone and ethanol are the low-value byproducts during bio-butanol production, so using acetone and ethanol as fuel additives may have both economic and environmental benefits. This study focuses on the differences in combustion, performance and emission characteristics of a port-injection spark-ignition engine fueled with pure gasoline (G100), ethanol-containing gasoline (E10 and E30) and acetone-ethanol-gasoline blends (AE10 and AE30 at A:E volumetric ratio of 3:1). The tests were conducted at 1200 RPM, under gasoline maximum brake torque (MBT) at 3 bar and 5 bar brake mean effective pressure (BMEP). Performance and emission data were measured under various equivalence ratios. Based on the comparison of combustion phasing, brake thermal efficiency, brake specific fuel consumption and various emissions of different fuels, it was found that using acetone as an oxygenate additive with the default ECU calibration (for gasoline) maintained the thermal efficiency and showed lower unburned HC emissions.
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1. Introduction


With significantly increasing vehicle production all over the world, the problems of unsustainable fossil-fuel consumption and environmental pollution become more and more severe. There is a growing demand for the replacement of fossil fuels [1]. Meanwhile, there is growing interest in oxygenate additives and alternative fuels which could decrease engine-out emissions to meet the stricter exhaust emission legislations. However, oxygenate additives such as methyl tertiary butyl ether (MTBE) added to gasoline was reported to have a largely negative environmental impact [2,3] such as the issues with polluting the ground water [4]. In recent years, bio-ethanol is one of the alternative fuels that have been used to partly replace gasoline in SI engines all over the world. U.S. and Brazil are the two largest producers of bio-ethanol; most of the gasoline in the U.S. contains up to 10% ethanol and up to 20%–25% in Brazil, and it has been widely used in conventional cars without modification [5]. Meanwhile, higher ethanol content fuels, such as E85 in the U.S., and pure ethanol in Brazil, have also been successfully used in “flex-fuel” vehicles. Such strategies can reduce the reliance on petroleum fuels and enhance energy independence [6].



Compared to gasoline produced from non-renewable fossil oil, bio-ethanol is known as a sustainable energy source and can be produced from various kinds of biomass such as sugarcane, corn, sugar beet, cassava and red seaweed [7,8]. Using bio-ethanol as an alternative fuel additive can decrease greenhouse gas emissions and help mitigate global warming [9]. Ethanol has a higher latent heat of vaporization as well as a higher octane number than that of gasoline and it contains 34.7% oxygen by weight, which could provide advantages such as increasing volumetric efficiency, knock suppression, performance improvement, more complete burning, and emission reduction [10,11,12].



Many studies have been conducted on the combustion and emission analysis of gasoline blended with ethanol in spark ignition (SI) engines. He et al. [3] studied emission characteristics in an electronic fuel injection (EFI) engine with E0, E10 and E30 and found that the engine-out total hydrocarbon emissions (THC) were drastically reduced and a lower THC, carbon monoxide (CO) and Nitrogen Oxide (NOx) emissions were achieved at idle conditions. Kumar et al. [13] reported that improved engine performance and lower emissions could be obtained with higher ethanol percentages with proper optimization. Ceviz et al. [14] found that the coefficient of variation (COV) in indicated mean effective pressure, CO and THC emissions decreased using ethanol-unleaded gasoline blends. Schifter et al. [15] showed that the combustion rate, efficiency and fuel consumption increased, whereas HC and CO emissions decreased with 0%–20% ethanol additives in a single cylinder engine. Turner et al. [16] reported that ethanol and its faster flame speed could lead to a reduced combustion initiation duration and faster combustion, while also improving the stability, efficiency and engine-out emissions. Ozsezen et al. [17] examined ethanol-gasoline blends on a vehicle with the four cylinder gasoline engine, and reported a slight increase of the wheel power and brake specific fuel consumption (BSFC) compared to gasoline. Jia et al. [18] showed that CO and HC emissions were lower with E10, while NOx were found to have no significant reduction.



However, the cold start behavior of the engine becomes poor with increasing ethanol content due to its high latent heat of vaporization [19,20]. Acetone might be one of the potential oxygenate fuels which could be used because of its similar latent heating value relative to gasoline. Acetone (as also known as dimethyl ketone) may originate not only from coal, natural gas or petroleum sources but also from microbial fermentation [21]. It has been claimed that using acetone as an additive in gasoline could reduce emissions and increase efficiency due to its low flash point and smaller carbon chain [22,23]. Some investigation has been reported as the beneficial effect of acetone in the blended fuels by our previous researches: Nithyanandan et al. [24] tested a few blends of gasoline and ABE (A:B:E = 3:6:1) mixture, ranging from 0% to 80% volume ratio, in a PFI engine and found that a small amount of ABE addition (<40%) can enhance thermal efficiency and reduce emissions. Then, Nithyanandan et al. [25] studied the combustion performance and emissions of ABE-gasoline blends (30% ABE by volume) by the different component volumetric ratio (ABE30 (3:6:1) and ABE30 (6:3:1)) in a single cylinder SI engine at different loads; the results showed that the combustion efficiency might be enhanced by acetone. Meng [26] reported the preliminary experimental investigation using G100, E30 and AE30 as the test fuels, and the results showed that AE30 has the advantages of HC emission and the brake thermal efficiency due to the acetone ingredient. Wu et al. [27] invested the impact of acetone in ABE-diesel blends in a constant volume chamber and found that a high fraction of acetone could lower soot formation due to a shorter combustion duration and stronger premixed combustion, as well as enhance the combustion efficiency.



In recent years, the industrial-scale production of bio-butanol has been developed rapidly in many counties and companies via ABE fermentation from agricultural sources. However, the high-cost of bio-butanol production limits the usage of it as an alternative fuel [24,27]. Acetone and ethanol are the low-value byproducts (at the volume ratio of 3:1) based on the economic evaluation of bio-butanol production [28]. Using acetone and ethanol from industrial ABE fermentation as alternative fuel additives in the vehicle engine have both economic and environmental benefits. In addition, there are no studies carried out on the experimental investigation of using acetone and ethanol as gasoline additives.



The aim of this work is to investigate the potential usage of acetone and ethanol as gasoline alternative fuel additives in the in-use vehicle by the comparable analysis. A more detailed research about the combustion, performance and emission characteristics were investigated by the experiments which had been done on a port fuel injection SI engine fueled with pure ethanol-free gasoline (G100), ethanol-containing gasoline (E10 and E30) and acetone-ethanol-gasoline blends (AE10 and AE30). Blends containing 90% and 70% gasoline (by volume) were tested to represent commercial gasoline.




2. Experimental Setup and Methods


2.1. Engine Test Bench


The experiments were conducted on a single cylinder port fuel injection (PFI) research engine that has less than 30 KW (40 HP) and 52 Nm (38 lb-ft) peak output and the general specifications are shown in Table 1. Two iron castings produced by Ford are used to modify the original V8 engine to the single-cylinder engine. The cylinder head is from the left bank of the V8 engine and the single cylinder bore aligns with cylinder two on the head. Rocker arms from cylinders one, three and four were removed to reduce the frictional losses. The other modifications made to the engine have been detailed in ref [29]. A GE type TLC-15 dynamometer controlled by a DYN-LOC IV controller and DTC-1 digital throttle controller from DyneSystems is coupled with the engine. The engine is controlled by a calibrated Megasquirt II V3.0 Engine Control Unit (ECU), which allows on-line adjustment to change the fuel injecting time and spark advanced angle. A Bosch injector # 0280150558 rated at 440 cm3/min at a fuel pressure of 3 bar is selected to guarantee enough fuel mass for lower stoichiometric air-fuel ratio fuels. The schematic of the engine test bench is shown in Figure 1.


Figure 1. Schematic of the engine test bench.
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Table 1. Engine specifications.


	Parameters
	Value





	Displaced Volume
	575 cc



	Stroke
	90.1 mm



	Bore
	90.3 mm



	Connecting Rod Length
	150.7 mm



	Compression Ratio
	9.6:1



	Number of Valves
	4



	Fuel Injection
	Port Fuel Injection (PFI)









For the data acquisition, the in-cylinder pressure was measured using a Kistler type 6125B pressure transducer together with an AVL 3057-AO1 charge amplifier and indexed against a crankshaft position signal from a BEI XH25D shaft encoder. Air mass flow, temperature of intake manifold and exhaust gas were also measured by the sensors. All the measurements are recorded by a National Instruments (NI) data acquisition system with LabVIEW code. The NOx and lambda measurements were performed through a Horiba MEXA-720 NOx non-sampling type meter in the exhaust manifold of the engine. Measurements of unburned hydrocarbon (UHC), carbon dioxide (CO2) and carbon monoxide (CO) were made using a Horiba MEXA-554JU sampling type meter. Exhaust gas temperature was measured using a type-K thermocouple located in the exhaust manifold [30].



The calibration process can correct systemic errors and all instruments used in this study were calibrated before the experiments. The H/C and O/C atom ratio settings in analyzers were adjusted based on the properties of the fuel blends. The Horiba MEXA-554JU analyzer (Horiba Ltd.: Shanghai, China) was calibrated with the standard gas before each experiment and purged after each measurement.




2.2. Uncertainty Analysis


All the physical quantities measured by the instruments and sensors are subject to uncertainties. Uncertainties in the experiments can arise from the instrument selection, condition, calibration, environment, observation, hysteresis, linearity, repeatability, bias noise, reading and test planning [31]. The accuracy of the experiments can be proved by the uncertainty analysis followed by the method described by Holman [32]. The primary measurements in this study are listed in Table 2, and the percentage uncertainties [33,34] were also estimated based on the specifications and calibration certificates.


Table 2. List of measurements and the instrument measuring rang, accuracy and percentage uncertainties.


	Measurements
	Measuring Range
	Accuracy (±)
	Percentage Uncertainties (± %)





	Engine speed
	1–5000 RPM
	0.2%
	0.1



	Torque
	0–300 N∙m
	0.5% FS
	0.3



	Exhaust Gas Temperature
	0–900 °C
	1 °C
	0.15



	CO emission
	0%–10% volume
	0.06%
	0.6



	HC emission
	0–10,000 ppm
	12 ppm
	0.12



	CO2 emission
	0%–20% volume
	0.5%
	0.5



	NOx emission
	0–3000 ppm
	3%
	0.18



	AFR
	4–200
	0.3
	0.1



	Air flow mass
	0–800 g/min
	1%
	1.8









In order to have reasonable limits of uncertainties for the computed values such as brake power, brake thermal efficiency and brake specific fuel consumption, the estimated uncertainty in the calculated result can be obtained on the basis of the uncertainties in the primary measurements. Following the analysis method about the product functions, the combined uncertainty of the calculated result can be obtained by Equation (1).
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(1)




where R is the calculate result and x is the independent measurement. The calculated uncertainty of break power, brake thermal efficiency (BTE) and brake specific fuel consumption (BSFC) is 0.32%, 1.83% and 1.83%, respectively. It should be noted that the measurements and calculated uncertainties in the main engine characteristics do not have noticeable influences on the variation of the engine characteristics.




2.3. Fuels


Five test fuels were used in this study—G100, E10, E30, AE10 and AE30. Ethanol-free gasoline (Research Octane Number (RON) = 92), referred to as G100, (100% gasoline) was used as the baseline fuel for all the blends. Two ethanol-gasoline splash blends were prepared with 10%, 30% ethanol by volume in gasoline, referred to as E10 and E30. In the recent previous studies [25,26] investigating the acetone impact, ABE blends were used, in which acetone, butanol and ethanol were in the ratio of 3:6:1. So in this study, acetone and ethanol mixtures were prepared at a volume ratio of A:E = 3:1. In addition, two acetone-ethanol-gasoline blends referred to as AE10 and AE30 were prepared using 10%, 30% (by volume) acetone-ethanol mixtures in gasoline. For example, AE10 has 7.5%, 2.5% and 90% acetone, ethanol and gasoline by volume, respectively. The acetone and ethanol used are analytical grade with 99.5% and 99.8% purity, respectively, and supplied by Decon Laboratories, Inc. Properties of the neat fuels are listed in Table 3. Furthermore, Table 4 shows the calculated properties of the test fuel blends.


Table 3. Neat fuel properties of blended fuels [4,25,35,36].


	Parameter
	Gasoline
	Acetone
	Ethanol





	Molecular formula
	C4–C12
	C3H6O
	C2H5OH



	Oxygen (Mass %)
	0
	27
	35



	Density (kg/m3)
	715-765
	790
	790



	Energy Density (MJ/l)
	32.20
	23.38
	21.17



	Lower Heating Value (MJ/kg)
	43.4
	29.6
	26.8



	Octane Number
	92
	117
	100



	Self-ignition temperature (°C)
	~300
	465
	420



	Boiling Temperature(°C)
	25–215
	56.2
	78



	Stoichiometric A/F ratio
	14.7
	9.5
	9



	Latent Heat of Vaporization (25 °C) (kJ/kg)
	380-500
	518
	904



	Laminar Flame Speed (LFS) (cm/s)
	~33 a
	~34 b
	~48 c



	Ignition Limits in Air (volume %) [Lower-Upper]
	0.6–8
	2.6–12.8
	3.5–15







a p = 1 atm, T = 325 K; b p = 1 atm, T = 298 K; c p = 1 atm, T = 343 K.







Table 4. Calculated properties of blended fuels for test.


	Fuel Type
	Lower Heating Value (MJ/kg)
	Density (kg/m3)
	Energy Density of Stoichiometric Air-Fuel Mixture (MJ/L)
	Stoichiometric Air/Fuel Ratio
	Oxygen (Mass %)





	G100
	43.4
	730
	31.7
	14.7
	0



	E10
	41.6
	736
	30.6
	13.90
	3.75



	E30
	38.1
	748
	28.5
	12.73
	11.06



	AE10(3:1)
	41.8
	736
	30.8
	13.94
	3.17



	AE30(3:1)
	38.8
	748
	29.0
	12.85
	9.36









It is well known that acetone and ethanol contain oxygen, and such kind of oxygenate additives incorporated into gasoline would alter the physicochemical properties like density, volatility, octane rating and, especially, enthalpy of combustion. However, these properties directly affect the engine combustion, performance and the level of emissions [37].



The addition of ethanol and acetone would increase the blends’ latent heat of vaporization, which would cause a charge-cooling effect during the intake process. As a consequence a positive effect on volumetric efficiency is expected with increasing additive content [8]. The different laminar flame speeds (LFS) of acetone and ethanol compared to gasoline would also have an effect on the combustion process as LFS plays an important role in the early combustion phase [38]. However, the LFS also strongly depends on pressure and temperature. So, at the same engine load, the combustion phasing of the blends would be determined by the balance of increase in LFS and the reduction in temperature due to charge cooling [30]. Due to the differences in stoichiometric air/fuel ratio, the injected fuel mass will vary slightly at the same engine operation conditions which might change the brake specific fuel consumption (BSFC). Acetone has a lower viscosity, a lower boiling point of 56 °C and a higher vapor pressure than ethanol (as calculated by Antoine equation [39]), which consequently makes it more volatile, and this could help the blend’s spray collapse significantly [40]. Fuel-borne oxygen in the additives would cause a more complete combustion and influence the energy efficiency [41].





3. Test conditions and Procedure


The effect of acetone and ethanol addition to pure gasoline was investigated at different loads and equivalence ratios. The results under stoichiometric conditions are first presented and discussed in detail, and then some results over the range of equivalence ratio are presented for completeness.



3.1. Test Conditions


In this study the engine speed was fixed at 1200 RPM. The throttle plate was fully opened and the engine load was set to 3 bar and 5 bar BMEP (brake mean effective pressure) by setting the intake manifold pressure to 60 kPa and 90 kPa. The equivalence ratio of the fuels was swept from rich to lean, i.e., φ = 0.83–1.25. To perform an analysis of the oxygenate additives blended fuels in the common SI engines without any specific modifications, the spark timing was set to gasoline MBT (maximum brake torque, 19° BTDC (before top dead center) at 3 bar and 25° BTDC at 5 bar). The measured engine torque, lambda and NOx were averaged over a 60-s period, while the UHC, CO and exhaust gas temperature were recorded directly from the displayed data. Each experiment was performed three times in a temperature-controlled laboratory. Each experiment began at the cold-start condition; once the engine was warmed up, data were recorded at steady state at each operating point. The data displayed in the resulting plots show the averaged results for the data sets at each operating point. The test conditions are summarized in Table 5.


Table 5. Test conditions.


	Engine Speed
	1200 RPM





	Throttle Position
	100%



	Engine Load (BMEP)
	3 bar, 5 bar



	Equivalence Ratio
	0.83–1.25



	Spark Timing
	Gasoline MBT



	Fuel Pressure
	3 bar










3.2. Engine Combustion Characteristics Analysis


The engine combustion characteristics are first analyzed based on the in-cylinder pressure traces. Although the experiments were performed at both 3 bar and 5 bar BMEP, only the 3 bar combustion results are shown for the sake of brevity. The results under 5 bar BMEP were quite similar and showed the same trends.



3.2.1. In-Cylinder Pressure Traces


The engine combustion characteristics are analyzed based on the in-cylinder pressure traces of different fuels as described above. All the in-cylinder pressure are the mean trace of several 25 consecutive engine cycle samples recorded over a 60 s period. As shown in Figure 2, E30 shows the highest peak pressure and it is advanced relative to the other fuels, while G100 has the lowest peak cylinder pressure and the most retarded combustion phasing. Comparing the two groups of data, i.e., AE10 and E10 with AE30 and E30, the fuels with acetone show slightly lower in-cylinder pressure and retarded phasing (moving from left to right along the x axis) relative to the ethanol-gasoline blends. Note that the spark timing was maintained constant, and the faster combustion of ethanol-gasoline blends is due to ethanol’s higher laminar flame speed. This is discussed in detail in the following section.


Figure 2. In-cylinder press trace at 3 bar BMEP, φ = 1, 1200 RPM, gasoline MBT.
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3.2.2. Normalized Mass Fraction Burnt (MFB)


The normalized MFB profile is a quantity with the scale of 0 to 1 describing the cumulative percentage of fuel consumed during the combustion process as a function of crank angle, which can be used to evaluate combustion phasing. It is calculated following the procedure developed by Rassweiler and Withrow [42]. Figure 3 presents the normalized MFB profiles of different fuels at the stoichiometric ratio.


Figure 3. Mass Fraction Burned (MFB) at 3 bar BMEP, φ = 1, 1200 RPM, gasoline MBT.
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The MFB is divided into three separate combustion phases as described by Heywood [43]. Based on the calculation of the MFB trace in Figure 3, the first stage of combustion considered as ignition delay is the crank angle interval between the spark discharge and the 10% MFB location, expressed as 0%–10% MFB, and the combustion duration is defined as the crank angle interval between 10% and 90% MFB [38]. The 90%–100% MFB duration is the flame termination period in which the flame extinguishes on the combustion chamber surfaces.



Figure 4 shows the ignition delays and combustion durations of different fuels under stoichiometric conditions. It is seen that G100 has the highest ignition delay while the ethanol-gasoline blends have a lower value than the acetone-ethanol-gasoline blends. E30 and AE30 have a lower ignition delay than E10 and AE10 respectively. This is because this period of early combustion during which flame development occurs, the combustion rate is mainly affected by the LFS (laminar flame speed) of the fuel-air mixture. Ethanol has a higher LFS than that of acetone and gasoline has the lowest. On the other hand, the latent heat of vaporization would also impact the combustion rate because of the charge cooling effect [44]; however, the decrease of pre-ignition temperature due to charge cooling by adding ethanol and acetone is not obvious. This is due to the engine using PFI, which would reduce the charge cooling effect. Figure 4 shows the combustion duration of different fuels. E30 has the shortest duration; G100 and AE10 have the longest duration; however, there is no big difference among these test fuels. Factors such as in-cylinder mixture motion turbulence, flame quenching, dilution, and heat loss dominate this phase of the combustion process [45]. Improved laminar flame speed as the ethanol and acetone concentration is insignificant compared to these other factors because the bulk charge is burned as the turbulent flame during this rapid-burning period.


Figure 4. Durations of 0%–10% MFB and 10%–90% MFB, at 3 bar BMEP, φ = 1, 1200 RPM.
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The 50% MFB location, also known as CA50 (Crankshaft Angle where 50% of the fuel has burned), is shown for different fuels in Figure 5. CA50 represents the center of combustion and shown in terms of CAD ATDC. E10 and AE30 have similar combustion phasing because the decrease in the combustion rate due to the reduction in ethanol content from E10 to AE30, is compensated by the acetone content. This also shows that the impact of acetone on combustion phasing is less pronounced than that of ethanol due to its relatively lower LFS. Similar trends were observed in Reference [15], where the combustion phasing was advanced relative to that of G100 with the increase of ethanol and acetone content. As a consequence, the combustion phasing should be optimized by retarding the spark timing to obtain the maximum brake torque based on the amount of ethanol and acetone.


Figure 5. CA50 location at 3 bar BMEP, φ = 1, 1200 RPM.
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Figure 6 shows the ignition delay, combustion duration and CA50 location of the different fuels at varying equivalence ratios. All the fuels behave similarly in that the durations are longer at the leaner conditions and shorter at richer conditions. This is due to faster flame development at richer conditions. As described in Ref. [43], the flame burning velocity varies based on the air fuel mixture equivalence ratio. The combustion slows down when the mixture becomes leaner while the peak burning velocity is achieved at a slightly richer (than stoichiometric) condition and then begins to decrease with further enrichment. It also appears that the differences in the combustion duration are further apparent relative to G100 at leaner equivalence ratios, showing the enhancement of combustion rate due to ethanol and acetone; on the other hand, the LFS is more sensitive to the equivalence ratio at leaner conditions [43]. The center of combustion is retarded progressively as the mixture becomes leaner. G100 has the longest ignition delay and E30 shows the shortest at all the test points as LFS has the main impact on the early combustion rate.


Figure 6. Ignition delay (a), combustion duration (b) and CA50 location (c) with varying equivalence ratio at 3 bar BMEP, 1200 RPM.
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3.2.3. Coefficient of Variance (COV)


Using alternative fuels should not compromise combustion stability, as it is known to impact engine efficiency [46]. The COV of indicated mean effective pressure (IMEP) is used here for the comparison of combustion stability. With the recorded in-cylinder pressure traces of a series of consecutive combustion cycles, the COV can be calculated by the standard deviation of IMEP ([image: there is no content]):
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(2)
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(3)






[image: there is no content]



(4)







In this experiment, data from more than 200 combustion events were acquired to calculate the COV. Figure 7 shows the COV of different fuels at different equivalence ratios. No significant variation between different fuels is seen in the results. It also can be observed that the COV value increases as the mixture becomes leaner; similar results were seen in Ref. [47]. Heywood [43] reported that drivability problems in vehicles normally arise when COV exceeds 10% in conventional combustion engines. The different fuels at the stoichiometric ratio show a rather small COV value (<2%) indicating stable combustion [46] and E10 has been shown to have a relatively small COV value with the similar results in an existing literature [14]. In addition, when the air fuel mixture is quite lean (around φ = 0.83), G100 has the highest COV value indicating that the ethanol and acetone addition may improve the combustion stability.


Figure 7. COV with different equivalence ratios at 3 bar, 1200 RPM.
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3.3. Engine Efficiency Analysis


3.3.1. Brake Thermal Efficiency


Brake thermal efficiency (BTE) indicates how well an engine can convert the chemical energy in the fuel to mechanical energy and represents the different fuels’ energy conversion efficiency. However, the fuel energy input changes with the fuel properties, mainly based on the lower heating value as calculated for the fuel blends in Table 4. Figure 8 shows the BTE of different fuels at stoichiometric conditions at 3 bar and 5 bar BMEP. It is clearly seen that the BTE is higher with higher engine load due to the relative reduction in heat loss, [48] engine friction and pumping losses [46]. At both loads, G100 has the highest BTE as the spark timing in the ECU MAP is based on the gasoline calibration. The other fuels have a relatively advanced combustion phasing and might result in a faster pressure rise rate during the compression process and lower the net useful work. To optimize the efficiency of the fuels with oxygenate additives, spark timing should be retarded to achieve maximum output power. As E10 and AE30 have a relatively similar phasing as shown in Figure 2 and Figure 5, the obvious increase of BTE by 0.17%–1.14% is due to the higher oxygen content in the AE30 which enhances the combustion process. However, the combustion phasing and oxygen content of the fuel have the contradicting effects on the BTE, so that the result of E10 and E30 shows a rather small change. On the other hand, the test engine is a single cylinder that has only a small change of output torque with different fuels. With adding acetone, AE10 and AE30 are observed a decreased BTE by 1.99% and 0.97% compared with G100 at 3 bar (0.9% and 0.13% at 5 bar), respectively. Meanwhile, the results show that the difference in BTE relative to that of G100 is relatively small while using the oxygenated fuels without optimizing the spark timing.


Figure 8. Brake thermal efficiency (BTE) at 1200 RPM, φ = 1.
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3.3.2. Brake Specific Fuel Consumption


Brake specific fuel consumption (BSFC) is the fuel mass consumed per unit power output, which indicates engine performance. As described in Figure 9, the BSFC rises as E% and AE% increases compared to pure gasoline. At 3 bar BMEP, E10, E30, AE10 and AE30 cause 6.51% and 15.35% and 5.97% and 15.16% increments in BSFC compared to G100, as well as 3.62% and 15.19% and 4.68% and 13.94% at 5 bar BMEP, respectively. Such an increase is due to the lower stoichiometric air/fuel ratio of the fuels blends as well as the differences in energy density as shown in Table 4. As the air mass intake is the same at a fixed engine speed and load, more fuel mass is needed for lower stoichiometric air-fuel ratio fuel blends. In addition, with increasing load, the BSFC decreases due to the BTE increase leading to a more economic operation and the higher percentage increase in brake power compared to the increase in fuel consumption [48]. The BSFC of ethanol fuel blends is found to be higher than that of the acetone-ethanol fuel blends at the same blend ratio mainly because acetone has a relatively higher lower heating value (LHV) and energy density than ethanol. The non-MBT timing also has an effect on the BSFC value of different fuel blends as the efficiency is not maximized. In summary, the differences in BSFC result from a combination of lower energy density as well as variations in the fuel conversion efficiency due to the combustion phasing differences shown earlier [30]. Finally, using acetone to replace some parts of the ethanol as an oxygenated additive in the commercial gasoline might reduce the BSFC.


Figure 9. Brake specific fuel consumption (BSFC) at 1200RPM, φ = 1.
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3.4. Engine Emission Analysis


In this section, the regulated gaseous SI engine emissions including CO, HC and NOx are analyzed at both 3 bar and 5 bar loads at different equivalence ratios. The exhaust gas was sampled near the exhaust manifold as raw emissions without the use of a catalytic converter.



3.4.1. Unburned Hydrocarbon (UHC)


The UHC emissions are the consequence of incomplete combustion of the hydrocarbon fuel and can provide an insight into combustion completion. As described in the reference, [49] there is an estimation of the relative importance of the various sources contributing to engine-out HC emissions at part load in a warmed-up engine: mixture in the crevices about 38%, oil layers and deposits about 16% each, flame quenching about 5%, and in-cylinder liquid fuel effects about 20%, exhaust valve leakage less than 7%. So, the engine-out HC emissions are primarily a result of engine configuration, fuel structure, oxygen availability, and residence time [4]. Figure 10 shows the UHC emission under stoichiometric conditions at different loads.


Figure 10. Unburned hydrocarbon (UHC) emissions at 1200RPM, φ = 1.
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There is a slight increase in HC emission at higher engine loads likely due to higher fuel injection resulting in more unburned fuel in the crevice and oil layers [50]. At the stoichiometric ratio, the HC emission is lower with the increase of additive blends as AE30 and E30 show a 19.7% and 16.47% at 3 bar (18.6% and 11.6% at 5 bar) decrease relative to G100, respectively (Figure 10). This behavior can be justified by the fuel-borne oxygen that could improve combustion quality and thus reduce unburned fuel. There is a negligible difference in HC emissions between AE10 and E10 as the fuel composition variation is rather small. However, AE30 shows a 3.8%–8% decrease relative to E30 at stoichiometric ratio. It can also be observed in Figure 11, which presents the UHC of blended fuels at various equivalence ratio, that AE30 has the lowest HC emissions at all the test points. This might be explained by the relatively higher BTE and better volatility of acetone leading to an improvement of the fuel pre-mixing, better combustion and post-flame oxidation. In addition, with richer air-fuel mixtures, the UHC emissions rise sharply for all the test fuels due to the lack of oxygen causing incomplete combustion [3]. From the analysis above, the acetone additive in the ethanol–gasoline has a more effective role in the HC decrease. Comparing this conclusion with the previous work, although Nithyanandan [25] reported a higher HC with ABE (6:3:1) at higher loads, ABE30 (3:6:1) still shows a relative HC reduction than that of gasoline; apart from that, the butanol effect in the fuel cannot be neglected.


Figure 11. Unburned hydrocarbon (UHC) emissions with equivalence ratio varying at 1200 RPM, 3 bar (top) and 5 bar (bottom).



[image: Energies 09 00256 g011 1024]







3.4.2. Carbon Monoxide (CO)


Carbon monoxide (CO) from the internal combustion engines is a product of incomplete combustion due to insufficient amount of air in the air-fuel mixture or insufficient time in the cycle [51], and is mainly controlled by the air-fuel ratio in the cylinder. Production of carbon monoxide primarily occurs in fuel-rich combustion when there is a lack of O2 to fully form CO2. Figure 12 presents the CO emissions under stoichiometric conditions both at 3 bar and 5 bar BMEP. For all the fuels, CO emissions decrease at higher load due to a better combustion achieved by more oxygen in the mixture and higher BTE, as well as in the higher cylinder temperature, which could improve the CO oxidation efficiency. Similar results on the impact of load can be found in Ref. [10,46,52] using different fuel blends. G100 has the lowest CO emission both at 3 bar and 5 bar and higher CO emissions were observed with addition of ethanol and acetone which seems different from the results in existing literatures [8,16,47] about oxygenate fuels. It might be explained with the trends in Figure 10, the oxygenated fuel blends have a relatively lower BTE at the gasoline MBT causing the CO emission to be increased. In addition, the oxygen content in the fuel reduces the gross heating value of the fuel, which lowers the combustion temperature and further retards the oxidation reaction of the carbon monoxide [53]. AE10, E10 and E30 have negligible differences and AE30 has the highest CO emissions, which could be coupled with the lowest HC emission of AE30. This could be explained by unburned gases returning to the cylinder from the crevice, which might partially react during the expansion and exhaust stroke during post-flame oxidation [50]. However, the slight CO exhaust differences among the fuels should not cause any problems with the use of three-way catalytic converters. The CO emission of different fuel blends under different equivalence ratios is shown in Figure 13. Mixtures richer than stoichiometric produce high levels of CO and are extremely sensitive to small changes in equivalence ratio. However, mixtures at stoichiometric and leaner conditions produce little CO emissions and are relatively insensitive to equivalence ratio changes. No major differences can be observed among different fuel blends. Meanwhile, adding acetone to the fuel blends seems to make it less sensitive to the equivalence ratio at richer conditions; this might have be advantageous under fuel-rich operation such as full load and transient accelerating.


Figure 12. Carbon monoxide (CO) emissions at 1200RPM, φ = 1.
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Figure 13. Carbon monoxide (CO) emissions with equivalence ratio varying at 1200RPM, 3 bar (top) and 5 bar (bottom).
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3.4.3. Nitrogen Oxide (NOx)


Nitrogen Oxide (NOx) is a mixture of compounds such as: nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O), dinitrogen trioxide (N2O3), dinitrogen tetroxide (N2O4), and dinitrogen pentoxide (N2O5) [54]. High temperature and high oxygen concentrations result in high NOx formation rates [43]. Figure 14 shows the NOx emissions for different fuel blends tested under stoichiometric conditions. At higher load, NOx emission is much higher than that at lower load because more fuel consumption results in a higher in-cylinder temperature. While combustion temperature measurements were not taken directly, the effect is supported by the exhaust manifold temperature data, which change proportionally with the maximum cylinder temperature as shown in Figure 15 (as all other conditions are held constant). All the fuel blends produce a lower exhaust temperature compared with G100, which can be explained based on the parameters in Table 3: the lower LHV and higher latent heat of vaporization of oxygenated fuels both have the effect of reducing the in-cylinder peak temperature. However, the heat capacity of the combustion products also has a relationship with the exhaust gas temperature. Based on the stoichiometric chemical reactions of gasoline, ethanol and acetone with same air mass presented in Ref. [39], ethanol produces more triatomic combustion molecules than acetone and gasoline, thus increasing the heat capacity resulting in lower in-cylinder temperature. On the other hand, higher LHV and lower latent heat of acetone also result a higher in-cylinder temperature than that of ethanol. As a consequence, it can be observed that E30 has the lowest exhaust temperature in Figure 15. The NOx emission at 3 bar has the same trends with the exhaust gas temperature, however the result at 5 bar seems to have a different trends with temperature. E30 has the lowest exhaust temperature, however, a relatively higher NOx emission at higher load based on more fuel-borne oxygen may contribute to NOx formation. So the engine-out NOx emission is dependent on both the temperature and the oxygen concentration.


Figure 14. Nitrogen Oxide (NOx) emissions at 1200 RPM, φ = 1.
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Figure 15. Exhaust manifold temperature at 1200 RPM, φ = 1.
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NOx emissions of all the test fuel blends, measured at various equivalence ratios are presented in Figure 16. It is seen that the NOx emissions have increasing trends for all fuels at both loads when the equivalence ratio approaches 1. This is due to a higher flame temperature under stoichiometric conditions, where the NOx emission is increased particularly by the increase of thermal NO [10]. The relationship of laminar flame adiabatic temperature and equivalence ratio can be found in Ref. [55], and the maximum temperature is found at slightly rich conditions. Under fuel-lean conditions, there is enough available oxygen and the NOx decrease is primarily influenced by the laminar flame adiabatic temperature decrease. When the air fuel mixture becomes richer, the NOx formation becomes lower due to the lack of oxygen and is mainly affected by the oxygen concentration [39], so, G100 shows a relatively lower NOx compared to the oxygenate additive fuels because no oxygen content exists in the gasoline molecules. However, there is no clear correlation between the fuel type and the NOx emission reduction ability as shown in Figure 16. Engine operating condition has more influence on NOx emissions rather than different fuels in SI engines similar with the conclusions made by Hsieh [10]. Meanwhile, there are still some inconsistencies in NOx emission results observed by other researchers [54].


Figure 16. Nitrogen Oxide (NOx) emissions with equivalence ratio varying at 1200 RPM, 3 bar (top) and 5 bar (bottom).
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4. Conclusions


A single cylinder research PFI engine was used to experimentally evaluate the combustion, performance and emission behavior when using acetone as an oxygenate additive in ethanol-containing gasoline. Four splash-blended fuels (E10, E30, AE10 and AE30) were compared to ethanol-free gasoline (G100), used as a baseline. The tests were conducted at 1200 RPM, gasoline MBT, at both 3 bar and 5 bar BMEP, and the in-cylinder pressure trace, performance and emission data were measured under varying equivalence ratios. A detailed analysis of fuel property differences such as density, lower heating value, laminar flame speed, latent heat of vaporization, and oxygen content were expected to influence the engine combustion, efficiency and emissions behavior.



The conclusions from the experiment can be drawn as follows:

	
Acetone has a relatively lower laminar flame speed than that of ethanol; AE10 and AE30 have retarded phasing compared to ethanol-gasoline blends (E10 and E30) at gasoline MBT, implying that using acetone as an oxygenate additive could narrow the differences relative to pure gasoline without any modifications on commercial engines



	
There is a negligible reduction in BTE with acetone addition relative to pure gasoline and ethanol-containing gasoline; meanwhile, the BSFC can be improved relative to ethanol–gasoline due to the higher LHV of acetone.



	
No combustion stability problems were caused by acetone addition based on the COV-IMEP calculation. E10 has been shown to have a relatively small COV value compare with other blends.



	
AE30 shows the lowest HC emission under different equivalence ratios because of the better volatility of acetone leading to an improvement in the fuel pre-mixing, better combustion and post-flame oxidation. Compared with G100, E10 and E30 also show the improvement of HC emission as the ethanol addition increases.



	
Higher CO emission from AE30 at stoichiometric ratio might be due to more unburned gases returning from the crevice and partially reacting during the expansion and exhaust stroke in the form of post-flame oxidation. In addition, the AE blends were less sensitive to the equivalence ratio at fuel-rich conditions in terms of CO emission, which might reduce CO at full load and transient accelerating.



	
The NOx emissions were more influenced by engine operating conditions rather than due to different fuels (negligible changes).








In summary, there is potential usage of acetone as an oxygenate additive to commercial ethanol-containing gasoline for reduction in HC emissions without an efficiency penalty, without modifications to the default engine ECU calibration. Future work will involve studying the influence of the water contained in the bio-ethanol and the measurement of unregulated emissions such as aldehyde and acetone using the chromatography.
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