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Abstract

:

The fine particulate matter (PM) emitted from jet aircraft poses a serious threat to the environment and human health which can be mitigated by using biofuels. This paper aims to quantify PM emissions from a small turbofan fueled with the alcohol to jet (ATJ) synthetic kerosene and its various blends (5%, 20%, and 30% of ATJ) with Jet A-1 fuel. Emissions from a turbofan engine (DGEN 380) with a high bypass ratio, applicable in small private jets, were studied. Among the four fuels tested, the PM-number emission index (EIN) was the lowest for the ATJ 30% blend. EIN for ATJ 30% dropped from 1.1 × 1017 to 4.7 × 1016 particles/kg of fuel. Burning alternative fuel blends reduced the particle mass emissions over the entire range of fuel flow by at least 117 mg/kg of fuel. The particles formed in the nucleation mechanism dominate PM emission, which is characteristic of jet engines. Thus, number-based particle size distributions (PSDs) exhibit a single mode log-normal distribution. The highest values of EIN were found for Jet A-1 neat compared to other fuels. The use of the ATJ additive did not cause significant changes in the size of the particles from nucleation mode. However, a magnitude reduction of nucleation mode was found with the increase in the ATJ ratio.
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1. Introduction


In recent years, interest in reducing the environmental impact of aviation has increased significantly, especially because of climate change and environmental pollution. Currently, the aviation industry is responsible for an estimated 2% of global greenhouse gas emissions [1,2]. This has motivated research for alternative aviation propulsion and sustainable aviation fuels [3,4]. Focusing only on gaseous harmful compounds emitted by aircraft engines is insufficient to fully address the environmental impact of aviation. It is also crucial to reduce particulate matter emissions, which can affect the growth and life-time of the contrails for example. In particular, particles containing sulfur and black carbon can act as nucleation centers for ice crystal formation. In turn, the simultaneous occurrence of contrails and cirrus clouds affect the heating of the earth’s surface and thus global warming [5,6]. On the other hand, particulate matter have significant impact on air pollution and thus on human health. Particles from aircraft engines are small enough to penetrate the respiratory system. Inhalable particles can cause, among other things, cardiovascular and respiratory diseases [7,8]. The vast majority of aviation emissions are generated at high altitudes, however, the regional aspect should be kept in mind. The health aspect of airport employees and people living in its the vicinity is important. The conventional approach exhaust emissions from aircraft engines assumes its control during the take-off, climbing, landing, and taxiing phases of the aircraft. The considered air operations, which are the subject of analyses of the impact of air transport on air quality, take place at altitudes of up to 950 m (3000 ft). This is evidenced by the regulations for the certification of aircraft engines, designed to limit exhaust emissions in areas adjacent to airports [9,10,11,12].



Although much research has already been done focusing on particulate emissions from aircraft engines, research into the emissions of non-volatile particulate matter (nvPM) in particular is still necessary. Regulatory limits for mass and number-based nvPM emissions will become applicable from 2023 [13]. Several projects have been developed focusing on particulate matter from aircraft engines, e.g., Research of Aviation PM Technologies, mOdelling and Regulation (RAPTOR) [14]; and AVIATOR—Assessing aViation emission Impact on local Air quality at airports: Towards Regulation [15]. RAPTOR focuses on, i.e., providing enhanced insights into PM including the ultrafine PM (UFP) component within aircraft exhaust emissions [14]. In turn, one of the goals of the AVIATOR is to measure emission from aircraft engine fueled with alternative fuel to find its impact on particulate matter formation in the plume but also locally, in the airport environment [15].



Biofuels are known to produce less particulate matter than conventional fuels, so they can contribute to reducing PM emissions in aviation [16,17,18,19,20,21]. Using a blend of biofuel and conventional fuel in aircraft engine can decrease the number and mass of emitted particles immediately behind the aircraft by 50–70% comparing to pure conventional fuel [18]. Since 2009 there are seven methods of producing alternative aviation fuels approved by the ASTM D7566 standard, which is a standard assigned for aviation turbine fuel containing synthesized hydrocarbons (Table 1) [22,23]. Bio-jet fuels are produced from, i.e., vegetable oil, lignocellosic biomass, algae, and municipal solid wastes. Aviation fuels must meet a number of requirements to be used in aircraft engines, mainly for safety reasons. Primarily biofuels should meet physicochemical properties described in the standard ASTM D7566, but also many environmental and operational requirements, like compatibility with the existing fuel infrastructure and reduction of greenhouse gas emission [22,24].



One of the technology process approved by ASTM D7566 in 2016 is Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK), which allows to blend ATJ-SPK with conventional fuel up to 50 vol %. The production of Alcohol to Jet (ATJ) can be divided in two main processes: production of the alcohol and conversion of the alcohol to jet fuel. Raw material for ATJ fuel is for example agricultural waste—like corn shoots, straw, and grass—but also cellulosic biomass. Raw material is subjected to the process of alcohol synthesis, and the product is alcohol with the chain length of 2–5 carbon atoms [22,26]. Currently, only ethanol and iso-butanol are allowed by ASTM D7566 norm. One of the main biotechnological production process for alcohol is fermentation of sugar by yeasts, but there is also a fermentation process developed by LanzaTech Ltd. (Skokie, IL, USA), which is based on carbon reach gases produced for example by steel mills [27,28]. The next steps of alcohol to jet process are: alcohol dehydration, oligomerization, hydrogenation, and fractionation (Figure 1) [26,29].



Since the approval of the ATJ-SPK process in 2016, only a few tests for particulate matter emission have been performed on ATJ fuel [30,31,32], while other authorized aviation biofuel production technologies are tested much more frequently, for example HEFA-SPK and FT-SPK [30]. The research was carried out on an engine that is used in private jets, which extends the results of research carried out on communication aviation engines. The goal of this study is to analyze PM emissions from a small turbofan fuelled with the blends of ATJ and Jet A-1. For this purpose, particle mass and number distributions are related to fuel flow and related to those from the neat Jet A-1 fuel. What is more, particle size distributions, both for particle number and volume emission indexes are presented to study the impact of ATJ on particle formation. The experimental data of PM emissions of ATJ-derived fuels, can be used for various engineering research and technical-economic analysis.




2. Materials and Methods


2.1. Test Engine, Fuels, Operating Schedule


The propellants used during this research were the conventional Jet A-1 fuel and Alcohol-to-jet Synthetic Paraffinic Kerosene produced from isobutanol. Before the test, the alternative fuel was mixed in the following volume proportions with the JetA-1 fuel: 0% ATJ, 5% ATJ, 20% ATJ, and 30% ATJ. The physicochemical properties of these fuel blends were presented by Przysowa et al. [23].



The DGEN 380 turbofan has been tested for gaseous emission [33,34,35] but not for particulate matter yet. The DGEN 380 turbofan was tested in the engine test cell located in ITWL using the data acquisition system and engine control system developed by price induction. General view of the test station is presented in Figure 2. Fuel tank and boost pump were located under the control room. The engine tests were carried out during a single day.



DGEN 380 is a two-spool unmixed flow turbofan with a high bypass ratio equal 7.6. It has six modules: (1) axial fan module, (2) gearbox module with a planetary gearbox, (3) low pressure (LP) module with a radial compressor, (4) high pressure (HP) module with an embedded starter-generator, (5) central module hosting the fan and HP rotor, (6) combustion and primary exhaust module with the annular combustion chamber, as well as the oil and fuel control unit. The engine core consists of a radial compressor and two axial turbines. The planetary gearbox with reduction ratio of 3.32 connects the low pressure (LP) spool and the fan. Basic information about the tested engine is presented in Table 2 [36,37].



The engine tests started with Jet A-1 aviation fuel (treated as the reference fuel). In subsequent runs, blends of Jet A-1 with ATJ-SPK biofuel in increasing concentration were used. Tests were carried out under specific ambient conditions: temperature 18–22.5 °C, atmospheric pressure 1000.1 hPa.



Table 3 presents the test matrix with the selected engine operating points and obtained temperatures of exhaust gas samples. The measurements started with a preliminary test run to warm up the engine and check proper operation of the engine and equipment. The engine test for each fuel blend was the same and consisted of eight thrust settings. Exhaust gas sampling took place for approximately 180 s for each value of thrust.




2.2. Apparatus and Procedures


Selected online instrumentation was mounted in a 3 m long sampling system to measure particle size distribution (PSD), carbon dioxide (CO2), carbon monoxide (CO), hydrocarbons (HC), and sample gas temperature in the sampling tunnel.



The sampling probe was made of stainless steel which is non-reactive in high temperature. Cyclone was used in accordance with ICAO recommendations. The cyclone functions by removing large particles, preventing counting errors, and keeping the instrument clean. The cyclone removes large particles and fibers that can cause excessive noise on one or more channels and are not the effect of jet engine operation.



Measurement of particle size distribution was performed with TSI 3090 EEPS (Engine Exhaust Particle Sizer). It enabled the measurement of a discrete range of particle diameters (5.6–560 nm) on the basis of their differing speeds. The degree of the electric mobility of particulate matter is changed exponentially, and measurement of their size is carried out at a frequency of 10 Hz.



Semtech DS analyzer was used to measure gaseous exhaust compounds. An exhaust gas analyzer used in this research allowed for the measurement of the concentration of CO, CO2, and HC. The exhaust gases were introduced to the analyzer via a cable, whose temperature was 191 °C which was required to measure the hydrocarbon concentration in the flame-ionization analyzer. In the next stage—after cooling the flue gas to 4 °C—the measurements of the concentration of carbon monoxide and carbon dioxide took place.




2.3. Data Analyses


The data acquired with TSI 3090 EEPS provided particle number concentrations and particle size distribution of the emissions from the tested engine. The differential number particle size distribution, dCN/d logDp, at a specified fuel flow rate (and thrust) was obtained by averaging the particle numbers recorded under the same engine operating condition from the same instrument particle size bins. The PM mass emissions were calculated by converting the PM number concentration data measured by the EEPS into the PM mass concentrations assuming unit density [38]. The particles are considered as spheres and the density is equally distributed according to certain model. The density change curve was taken into account, which was determined empirically for particulates from an aircraft jet engine. The particle number and mass concentrations were averaged and then used to calculate the emission index (EIN, EIV, EIM) for the given pollutant and test parameters.





3. Results


3.1. Particle Number Emission Indices


The average PM number emission indices (EIN) and their associated error bars were calculated from the EEPS data as provided in Figure 3 for the different test fuels. The average EIN decreasing from 2.2 × 1017 to 9.9 × 1016 particles per kilogram of Jet A-1 fuel as the engine fuel flow increased from 26 to 89 kg/h. Along with the increase in fuel flow to the value of 118 kg/h, a slight increase in the EIN to the value 1.2 × 1017 particles/kg was observed. The Figure also shows that, in comparison to the other fuels tested, Jet A-1 had the highest EIN values over the entire range of engine thrust (fuel flow rate). The values of EIN for the ATJ 30% were the lowest among the four fuels tested. The EIN for ATJ 30% dropped from 1.1 × 1017 to 4.7 × 1016 particles/kg of fuel when the fuel flow rate increased from 26 to 55 kg/h. Further increase in thrust (fuel flow rate) resulted in an increase in the EIN for all tested fuels, for ATJ 30% to the value of 1.1 × 1017 particles/kg of fuel. Thus, the EIN function takes a U-shaped curve with the emissions high at idle, dropping off to a minimum at mid-range power, and rising again at high fuel flow rate. This relationship was confirmed in the case of other publications on particulate matter emissions from jet engines [20,39]. As expected, the EIN values for the blends of ATJ 5% and ATJ 20% with Jet A-1 fell between the Jet A-1 and ATJ 30%, showing similar trend.




3.2. PM Mass Emission Indices


The PM mass emission indices (EIM) under various test conditions were calculated from the EEPS measurements. Figure 4 shows the effect of fuel blend and its flow rate (and thrust) on the EIM. Burning alternative blends fuels reduced the particle mass emissions over the entire range of fuel flow rates observed (except 120 kg/h fuel flow rate for ATJ 30% which will be discussed later on). At low fuel flow rates, EIM decreased substantially as the fuel flow rate increased, with the minimum 117 mg/kg fuel reached at a fuel flow rate of 89 kg/h. The reduction of EIM significantly decreased to the value of fuel flow rate equal to 40 kg/h, above this value the EIM remained constant or slightly increased. The higher concentration of the alternative fuel resulted in a more effective particle mass emission reduction. The reason for the increase in EIM at high fuel flow rates is most likely an increase in the particles emission of larger diameters in the soot mode [40,41,42]. Even a small number of particles with diameters greater than 50 nm significantly affects the mass emission, especially in the case of jet engines where particles with diameters less than 20 nm (nucleation mode) dominate. A detailed particle size distribution analysis is presented below.




3.3. Particle Size Distribution


The data recorded by the EEPS was averaged for the same fuel flow rate settings and then converted to differential number-based (dEIN/d logDp) and differential volume-based (dEIV/d logDp) particle size distributions. Figure 5 represents example plots of dEIN/d logDp and dEIV/d logDp under different fuel flow rate (additionally thrust is indicated) for DGEN 380 while burning Jet A-1 (Figure 5a,b), ATJ 5%/Jet A-1 blend (Figure 5c,d), ATJ 20%/Jet A-1 blend (Figure 5e,f), and ATJ 30%/Jet A-1 blend (Figure 5g,h). The particles formed in the nucleation mechanism dominate PM emission, which is characteristic of jet engines. Thus, number-based PSDs exhibit a single mode log-normal distribution. PSDs based on the number of particles indicate that particles with diameters greater than 100 nm are practically non-existent. Increasing the fuel flow rate results in the formation of particles in a soot mode due to coagulation and condensation of sulfur and aromatic hydrocarbons. A small number of particles with diameters greater than 30 nm and 100 nm are formed, resulting in bimodal or even trimodal PSDs in some cases (Figure 5b,d,f,h).



The center of the nucleation mode peaks showed relatively minor changes with thrust for the number PSDs. Their magnitude mostly decreased as thrust increased. In some cases (70% and 100% thrust in particular) the increases of magnitude were observed in nucleation mode peaks. The center of the soot mode peaks does not change significantly with increasing fuel flow rate. However, changes in the soot mode value caused by increasing engine thrust can be seen. As thrust increases, the magnitude of soot mode peaks mostly increases.



Fuel composition effects on the PSD can also be observed in Figure 5 for the four fuels. The highest values of EIN were found for Jet A-1 neat compared to other fuels. The use of the ATJ additive did not cause significant changes in the size of the particles from nucleation mode. However, a magnitude reduction of nucleation mode was found with the increase in the share of ATJ. This was seen in particular for ATJ 30% where the average reduction was about 50%. Other fuels were ranked in this respect between the Jet A-1 neat and ATJ 30%.



The relative magnitude of the EIV in soot mode was the highest for Jet A-1 neat. The addition of ATJ resulted in a reduction of magnitude of soot and nucleation mode. In the case of the 30% ATJ fuel, there is an upward trend for the soot mode, which indicates that particles larger than 560 nm could be produced.





4. Discussion


The presented data show that the use of the biocomponent reduces PM emissions. In order to determine the magnitude change for both EIN and EIM, the average percentage change was determined relative to the Jet A-1 fuel as shown in Figure 6. The median values for each fuel type as determined across all engine thrust levels were also calculated. As shown in Figure 6, the amount of reduction depends both on the share of the biocomponent and the engine’s thrust.



For the particle number index, the reduction ranged from 6% to 54% for the three blends. The associated median values across the entire thrust range for EIN were 14%, 33%, 51% for ATJ 5%, ATJ 20%, and ATJ 30%, respectively. The reductions of EIM varied from 5% to 61% for the tested fuels. The determined reduction was also dependent on the value of the thrust force. The median reduction in EIM were 22%, 47%, and 53% for ATJ 5%, ATJ 20%, and ATJ 30%, respectively.



Kinsey et al. [20] showed that the use of alternative fuels may result in a linear decrease in the EIN over the entire operating range of the engine. In the case of higher thrust values, it is associated with lower emission of the volatile fraction of particles precursors (lower sulfur and aromatic content) [20]. In the case of the presented results, only the non-volatile fraction is analyzed.



Figure 6 does not show the EIM reduction for the ATJ 30% fuel at 100% thrust. The reason is the increase in EIM resulting from the clearly bimodal PSD seen in Figure 5g. Clearly high concentration of particles with a diameter of ~50 nm can be seen. This resulted in a large increase in the generated mass, which in turn is not justified in the literature. There are many factors that could have caused the situation, including an uncontrolled change in the engine operation.



Based on Figure 6, it can be concluded that the reduction in the number and mass of particles increases with growing share of ATJ. The above-mentioned relationship is reported [31,43,44]. The change of the non-volatile EIN and EIM is related to the reduction of the sulfur content and the aromatic compounds in blend. Aromatics contained in the engine oil, which also cause formation of volatile particles, should be taken into account [45]. In addition, it should be considered that increasing the proportion of hydrogen in the fuel also reduces the formation of particulate matter in the soot mode. Reducing the share of aromatics results in an increase in the H/C ratio, therefore it is difficult to say what influences the PM emission to a greater extent [30,46,47].



Research shows that in the case of burning pure alternative fuels, soot formation is drastically reduced [20,44]. The effect on soot formation depends on the alternative fuel used, and so, for example, ATJ has higher sooting tendency, which can be attributed to its higher average molecular weight in comparison to FT-SPK and HEFA [44].



Due to the large reduction of the emission of non-volatile solid particles, it is important to take into account the solid particles formed after mixing exhaust gas with air [44]. Conducting this type of test requires taking a sample at a certain distance from the engine exhaust nozzle (e.g., 30 m) and usually from the engine mounted in the airplane. The obtained results often differ due to the adopted testing methodology, in particular the selected engine. The research also shows that in the analysis of the results, in addition to the PM loss correction model (in the case of a long measuring path), the temperature of the sample should be taken into account [20].




5. Conclusions


Particulate matter emissions were measured with the use of ATJ fuel and its various blends with Jet A-1 fuel. The research was carried out on a turbine engine with a high bypass ratio, applicable in very light jets which are small private jets. The tests were carried out in the entire range of engine thrust, concentration of particles, and all other values necessary to determine the emission indexes (EIN, EIM, EIV).



The particle size distribution in terms of their number, regardless of the fuel used, assumed the lognormal shape. The use of the ATJ fuel additive resulted in a decrease in its magnitude (the greater the share of ATJ, the greater the decrease). It was found that the use of ATJ fuel as an additive to Jet A-1 reduces the formation of particulate matter in the soot mode, which is mainly attributed to a reduction in the concentration of sulfur and aromatic hydrocarbons in the fuel.



The directions of further work include the assessment of the impact of fuel composition on the formation of the volatile particles and the analysis of black carbon content (BC).



On the basis of the obtained results, it can be stated that it is advantageous to use ATJ fuel in air transport in the highest concentrations. Studies have shown that increasing the share of ATJ gives the greatest ecological benefits. ATJ fuel has been approved for use since 2016 in a share of up to 50% of aviation fuel.
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Figure 1. Diagram of the ATJ-SPK process [26]. 
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Figure 2. Scheme of the engine test cell [36]. 
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Figure 3. Particle number emissions index (EIN) versus DGEN 380 fuel flow. Error bars represent single standard deviation. 
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Figure 4. PM mass emission index (EIM) versus DGEN 380 fuel flow. Error bars represent one standard deviation. 
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Figure 5. Differential particle number emission index (EIN) and differential particle volume emission index (EIV) PSDs for DGEN 380 burning Jet A-1 (a,b), ATJ5%/Jet A-1 blend (c,d), ATJ20%/Jet A-1 blend (e,f) and ATJ30%/Jet A-1 blend (g,h). Engine operating point is expressed as both fuel flow and percent rated thrust. 
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Figure 6. Average change in emissions index relative to Jet A-1 at different engine thrust for (a) particle number and (b) particle mass emissions. Also shown are the median values for each data set. 
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Table 1. Methods of producing alternative fuels approved by the ASTM D7566 standard [22,23,25].
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	Abbreviation
	Process
	Raw Material
	Approval Date
	Blending Limit





	FT-SPK
	Fischer–Tropsch Synthetic Paraffinic Kerosene
	Biomass (wood waste, grass, municipal solid waste), natural gas
	2009
	up to 50%



	HEFA-SPK
	Hydroprocessed Esters and Fatty Acids
	Oily biomass, e.g., algae, jatropha, camelina, lipids
	2011
	up to 50%



	HFS-SIP
	Hydroprocessed Fermented Sugars to Synthetic Isoparaffins
	Bacterial conversion of sugars into hydrocarbons
	2014
	up to 10%



	FT-SPK/A
	FT-SPK with aromatics
	Renewable biomass, i.e., municipal solid waste, agricultural and wood waste
	2015
	up to 50%



	ATJ-SPK
	Alcohol-to-Jet Synthetic Paraffinic Kerosene
	Agricultural waste (corn shoots, grass, straw), cellulosic biomass,
	2016
	up to 50%



	CH-SKK or CHJ
	Catalytic Hydrothermolysis Synthesized Kerosene
	vegetable or animal fats, oils and greases
	2020
	up to 50%



	HHC-SPK or HC-HEFA-SPK
	Hydroprocessed Hydrocarbons, Esters and Fatty Acids Synthetic Paraffinic Kerosene
	Hydrocarbons of biological origin, fatty acid esters, free fatty acids, or a species of Botryococcus braunia algae
	2020
	up to 10%
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Table 2. Technical specification of the DGEN 380 turbofan [36].
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	Parameter
	Value





	Maximum Thrust
	255 daN



	Specific Fuel Consumption (for maximum thrust)
	12.4 g/kN·s



	Bypass ratio
	7.6



	Weight
	85 kg



	Lifetime
	3600 h
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Table 3. Engine test matrix.






Table 3. Engine test matrix.





	Test Number
	Fuel Type
	Average Sample

Gas Temperature (°C)
	Fuel Flow Rate

(l/h)
	Tested Percent Rated

Thrust Settings

(%)





	1-pretest, warm
	ATJ 0%
	15.4 ± 0.1
	32, 37, 49, 66, 86, 151 ± 1.5
	10, 15, 25, 40, 55, 100 ± 2% value



	2
	ATJ 0%
	15.9 ± 0.1
	32, 37, 44, 49, 66, 86, 112, 151 ± 1.5
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value



	3
	ATJ 5%
	16.1 ± 0.1
	33, 36, 44, 49, 68, 87, 111, 148 ± 1.5
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value



	4
	ATJ 20%
	15.8 ± 0.1
	33, 37, 45, 50, 70, 87, 111, 148
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value



	5
	ATJ 20%
	15.8 ± 0.1
	33, 37, 45, 50, 70, 87, 111, 148
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value



	6
	ATJ 30%
	15.9 ± 0.1
	33, 36, 44, 50, 69, 87, 112, 148 ± 1.5
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value



	7
	ATJ 30%
	15.9 ± 0.1
	33, 36, 44, 50, 69, 87, 112, 148 ± 1.5
	10, 15, 20, 25, 40, 55, 70, 100 ± 2% value
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