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Abstract

:

The article investigates the possibilities for the miscibility and practical use of different concentrations of biofuel rapeseed fatty acid methyl ester (FAME) with aviation kerosene Jet A-1 (or aviation kerosene PL-7 used in the Air Force of the Slovak Republic) in aircraft jet engines. The main objective of this research was the experimental verification of the technical possibilities of reliable operation of the experimental engine SJE-20 in a special laboratory of small jet engines using different concentrations of the mixture of aviation kerosene Jet A-1 and biofuel FAME and their influence on the selected operating parameters of the experimental engine. The motivation for this research is the desire to replace conventional aviation fuels with fuels that can be obtained from renewable sources. Investigation of the possibilities of powering the experimental SJE-20 engine with a mixture of traditional aviation kerosene Jet A-1 (PL-7) and rapeseed fatty acid methyl ester FAME was the subject of the internal project BIOFUEL (Biofuel for Aviation).
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1. Introduction


The concept of sustainability has been highly debated over the past decade in all human activities. Therefore, it is natural that the aviation industry does not lag behind, and more and more studies are concerned with the environmental impact of aviation operations, their carbon footprint, their contribution to global warming, and the collateral damage caused to the environment [1]. Based on the life cycle analysis, as well as analysis of the performance and emissions of several jet engines, it was determined that 9% of its environmental impact could be attributed to fuel consumption [2]. Therefore, the topic of sustainable aviation fuels and their possible utilization has been broadly discussed over the past decades among professionals in the aviation industry and in the academic literature. It was determined that to fulfill aviation sector commitments to Net Zero by 2050, there is an essential need for research on and the development of new sustainable energy sources for aviation and the drastic expansion of different biofuel production [3].



An overview of alternative aviation fuels and possible future perspectives was discussed by Braun-Unkhoff and Riedel [4], who focused their research on the ignition delay times and laminar flame speeds for different alternative aviation fuels under different experimental conditions—a range of temperatures, pressure, and fuel–air ratios—concluding that ignition delay times for the alternative fuels and Jet A-1 were almost identical and therefore proving the viability of sustainable fuels as an alternative to the fossil ones. The U.S. department of energy [5] presented their study, which includes an overview of the approved pathways of fuel production and possibilities for its optimization, as well as the possibilities for wider commercialization through cost reduction and improved value proportion and outlines areas on which future research should focus.



Several studies focused on the applicability of different biofuels and feedstock for use in aviation. According to Adeniyi et al. [6], who studied the applicability of algae as a potential feedstock, an artificial cultivation system–photo-bioreactor would be the most effective in terms of the quantity of cultivated product but is confronted by the high operating cost. Girardi et al. [7] analyzed the possibilities of using babassu biofuels based on babassu culture in the aviation sector, concluding several critical factors, such as their high freezing point, make them unusable alone. However, they show good results when mixed with aviation kerosene. Betancourt et al. [8] studied the uses of biofuels such as biokerosene and FAME in aeronautics, focusing on military aviation and pathways of alternative fuel production. Transesterification and hydro-treating were identified as two main processes for obtaining biofuels for aviation through two-level tests to determine alternative fuels’ ability to replace fossil fuels.



Multiple studies have provided research on alternative aviation fuels’ performance and emissions characteristics. Altarazi et al. [9] have provided an overview of the alternative aviation fuels in use over the last 30 years. According to their study, all the studied biodiesels (biodiesel, bioethanol, bio-oil) and their blends have proven their ability to reduce gaseous and particulate matter emissions while improving gas turbine performance.



Many authors have focused on the characteristics of blends of Jet A-1 fuel with various blends and additives [10,11,12,13]. Gawron and Bialecki [10] experimented on the miniature turbojet engine to determine the performance and emission characteristics of the Jet A-1 blend with 48% synthesized paraffinic kerosene. In comparison with neat Jet A-1, HEFA fuel showed a decrease in thrust and a reduction in fuel consumption caused by the higher heat of combustion and lower density of the HEFA fuel. Mendez et al. [11] studied the effects of Jet A-1 blends with butanol on the performance of gas turbine engines. The thrust, fuel combustion, turbine inlet temperature, exhaust gas temperature, and emissions characteristics were studied. The ratios of butanol ranged from 25% to 75%. It was determined that the operational thrust range of the engine was decreasing with the blends, and so were NOx and C.O. emissions. Manigandana et al. [12] conducted an experiment on a micro gas turbine to determine the changes in combustion, emission, and performance characteristics when Jet A-1 fuel is blended with various additives. For their experiment, blends of Jet A-1 with biofuels from rapeseed and canola-sunflower oil were used with various ratios of ethanol and pentanol additives. All the blends showed higher static thrust with reduced fuel consumption and a reduction in NOx, CO, H.C., and other emissions compared to neat Jet A-1 fuel. Habib et al. [13] studied the effects of Jet A-1 50% blends with biofuels to prove biofuels’ potential. Reduction in static thrust and thrust-specific fuel consumption was observed, while thermal efficiency was increased. The reduction was also observed in C.O. and NO emissions. Reksowardojo et al. [14] compared gas turbine engine performance and emissions for pure Jet A-1 and 20% blend with soap-derived bio-kerosene. Both fuels have similar performance parameters when looking at engine efficiency, specific fuel combustion, turbine inlet temperature, and exhaust gas temperature.



However, an increase in C.O. and H.C. emissions and differences in NOx were registered. In their research, Boomadevi et al. [15] looked at the emission and performance characteristics of the blends of Jet A-1 and Spirulina biofuel with a blend ratio ranging from 20% to 100% using a small experimental engine. It was concluded that lower blending rations had positive results in terms of both emissions and performance, and a higher proportion of biofuel resulted in an undesirable decrease in energy. Cican et al. [16] studied the performance and emission characteristics of blends of Jet A-1 fuel with biodiesel with a blending ratio ranging from 10% to 30%, with the addition of 5% of Aeroshell Oil 500. The experiment was conducted on the JETCAT P80 micro-engine at three working regimes. It was concluded that all three blends have shown reduced emissions and proved to be stable for utilization at all three engine regimes. Reham et al. [17] have reviewed information related to biofuel emulsions, focusing on the preparation of stable emulsion, the effects of water and its fuel properties, and methods for improving its performance and emission characteristics.



If we look at the academic literature concerning emissions from alternative aviation fuels, in their work, Chen et al. [18] present a classification of alternative fuels and their gaseous and particulate matter (PM) emissions as compared with fossil fuels. They concluded that while researched alternative jet fuels have great potential in alleviating carbon emissions, their gaseous emissions vary and are highly dependent on numerous factors. Jasiński et al. [19] conducted the experiment comparing the PM emissions from a small turbofan for neat Jet A-1 and 5, 20, and 30% blends with alcohol to synthetic jet kerosene. As expected, the experiment concluded that the lowest PM number emission index was achieved with the ATJ 30% blend, and the highest was for neat Jet A-1. Anderson et al. [20] analyzed the performance and emission characteristics of Jet A-1 fuel blend with canola and solid waste pyrolysis oils. The reduction in fuel consumption is linked to an increase in static thrust. Higher proportions of ethanol lead to an increase in thermal efficiency and oxygen content. A reduction in C.O., CO2, and NOx emissions was observed, which can be further optimized by the addition of hydrogen.



Focusing on the performance of engines running on alternative aviation fuels, Mazlan et al. [21] studied the effects of the heat capacity and density of biofuels on aircraft engine performance. The study was based on the simulations using Jatropha Bio-synthetic Paraffinic Kerosene (JSPK) and Camelina Bio-synthetic Paraffinic Kerosene (CSPK) biofuels focusing on the thrust and fuel consumption. The simulations recorded an increase in the engine thrust and a reduction in fuel consumption with a rising percentage of biofuel in the mixture. Yakovlieva, Boichenko, and Lejda [22] evaluated jet engine operational parameters while using conventional and alternative aviation fuels. Their bench test concluded that using fuels with plant oil additives provides more energy efficient operation as it improves jet engine thrust and reduces fuel flow. Moreover, blends with alternative fuels result in the decrease in NOx emissions and increased resistance of engine materials and structure against high temperatures.



In their study, Salmaz et al. [23] conducted an experiment to determine the effects of Jet A-1, diesel fuel, and their various blends on combustion and engine performance in a direct injection diesel engine. It was determined that Jet A-1 aviation fuel can be used in diesel engines when mixed with diesel fuel, resulting in a decrease in ignition delay time and NOx emissions and an increase in brake torque and C.O. emissions. Brusca et al. [24] conducted an experiment to compare the performance of gas turbines running on biofuels and methane using a mathematical model of a gas turbine via GateCycle software. Although the decrease in performance was confirmed when using biofuels, the overall efficiency has increased. The test of Budami et al. [25] was focused on the impact of alternative aviation fuels on the performance of a small-scale turbojet engine. Three types of fuels were used for the experiment—Jet-A kerosene, a synthetic Gas to Liquid (GTL), and a blend of Jet-A with 30% of Jatropha Methyl Ester (JME). The overall performance characteristics were fairly similar. With the JME, there is a need for improvements in the freezing point before its use in aviation. As expected, GTL and JME showed a decrease in emissions.



When it comes to FAME fuel, which is also the subject of this paper, it is important to mention its certification status. The implementation of alternative aviation fuels for use in blends with conventional aviation kerosene requires extensive testing. To guarantee appropriate engine performance, fuel compatibility with aircraft systems, the safety of storage, and optimal fuel performance during all aircraft operations, extensive assessments are necessary. The ASTM controls the fuel standards for the aviation industry. FAME fuel additives so far have not been approved as safe for use in blends with any type of aviation fuel, as it is often regarded as a pollutant in jet fuel and is only allowed at the proportion of 5 mg/kg [26]. This is due to the fact that FAME changes fuel’s physical characteristics. There are even rising concerns across the aviation industry about the possibility of the accidental contamination of jet fuel in facilities that carry multiple fuels, as the demand for FAME additives to diesel is rising [27]. On the other hand, FAME can have some advantages, as they, in contrast to other alternative fuels, have oxygen in their molecular structure [28] and therefore lower the fuel’s carbon content, which in turn lowers its carbon footprint and also lowers the fuel’s soot emissions and hence can lower particulate matter emissions by roughly 40%. These positive characteristics have already been demonstrated in experimental and computational studies and therefore give a base for other studies to be conducted and look further for its potential use as an additive to aviation fuels [29]. The aim of the experimental measurements carried out is to determine the influence of various mixtures of FAME biofuel and Jet A-1 aviation kerosene on the operating characteristics of an experimental small jet engine in the specialized laboratory of small jet engines at the Department of Aviation Engineering at the Faculty of Aeronautics of the Technical University of Košice.




2. Materials and Methods


The effect of different blends of FAME biofuel and Jet A-1 aviation kerosene were measured on an experimental SJE-20 small jet engine created from the original TS-20 turbine starter Figure 1. Cut way of TS-20 turbine launcher [30] (Figure 1) of the AL-7F-1 engine. The period of the launch cycle of the engine was 50 s.



The SJE-20 small jet engine is a single-stage engine (Jet-engine) with a single-stage radial compressor, a pooled combustion chamber, a single-stage uncooled gas turbine, and a fixed nozzle output, seen in Figure 2. The engine has an electric starter, a simple oil system, and a mechanical-hydraulic control fuel system. The technical parameters of small jet engine can be read from Table 1.



The small jet engine was installed in the special Laboratory of Small Jet Engines of the Department of Aeronautical Engineering, Faculty of Aeronautics, Technical University in Košice. The measurement of individual engine parameters was provided by special sensors placed on the engine (Figure 3). The sensed engine parameters were transformed into electrical signals using transducers, which were processed by Labview software. The result of the measurements were specific values of the parameters at a given time of measurement and a graphical time course of the change in the parameters during the measurement. Each measurement, with a specific mixture of FAME biofuel and JET A-1 aviation kerosene, was performed within 60 s.



The small jet engine laboratory was specially built to meet the needs of the experimental small jet engine SJE-20 for research purposes. The laboratory is equipped with the engine fuel system, engine oil system, engine starting system with electrical power supply, air supply, and exhaust gas extraction, as shown in Figure 3. The laboratory is equipped with a fire protection system and has a secured air supply and exhaust gas outlet.



Figure 3 shows the configuration of the SJE-20 small jet motor before the experimental measurement.



Control of the SJE-20 experimental jet engine is remote from the control room, which is separated by a glass wall. The sensed motor parameters were led by electrical wires to the control room and interfaced with the computer, which was used to control the experimental small current motor SJE-20 during the experimental measurements.




3. Properties of the Mixture of Jet A-1 Aviation Kerosene and FAME Biofuel


The used biofuel FAME is a fatty acid methyl ester of rapeseed, which is commonly used in the food industry. Crude rapeseed oil is produced by transesterification, a chemical process based on mixing methanol with oil pressed from rapeseeds. Sodium hydroxide acts as a catalyst during the mixing process. The characteristics of obtained FAME biofuel can be seen in Table 2. The by-product of this process is glycerin, which is used in the chemical, cosmetic, and pharmaceutical industries [31,32,33].



Jet A-1 aviation kerosene is the most widespread aviation fuel used in aviation jet engines (see characteristics in Table 3). Jet A-1 is a mixture of hydrocarbons with a boiling point of 130–300 °C. It consists of light fractions with a lower distillation temperature and lower density than light diesel fuel. Various additives are added to aviation kerosene to improve the necessary properties, e.g., antioxidants, conductivity additives, and additives to increase the lubricating ability. Aviation kerosene must be hydrogenated. Jet A-1 has a freezing point determined by Boeing in document 747-SL-28-68 of at least −47 °C [34,35].



FAME Biofuel Mixtures with Jet A-1 Aviation Kerosene


When investigating the possibilities of mixing FAME biofuel and Jet A-1 aviation kerosene, it was found that at all concentrations (from 0% to 90%) of FAME biofuel in Jet A-1 aviation kerosene, a homogeneous mixture was formed, without the formation of deposits or coagulates. The density of the mixtures varied depending on the increasing proportion of FAME biofuel in the mixture. Similar results were achieved when examining mixtures of FAME biofuel and aviation kerosene PL-7, which is used in the military aviation of the Slovak Republic.



Special attention should be paid to the problems of the action of bacteria on FAME biofuel in different concentrations mixed with Jet A-1 aviation kerosene. Since Jet A-1 jet kerosene contains additives that increase its resistance to bacteria, it is assumed that different concentrations of FAME biofuel and Jet A-1 jet kerosene blends will be more resistant to bacteria than pure FAME biofuel.



The physical properties of FAME biofuel and Jet A-1 (PL-7) aviation kerosene are very similar (Table 4).





4. The Influence of the Mixture of FAME Biofuel and Jet A-1 Aviation Kerosene on the Operating Characteristics of Jet Engines


The effect of different blends of FAME biofuel and Jet A-1 aviation kerosene on the operating characteristics of jet engines was experimentally verified in the laboratory of small jet engines on the experimental small jet engine SJE-20. The experimental engine was not specially modified for this type of fuel (it was not modified in terms of its design and control system). The individual experimental measurements used different mixtures of FAME biofuel and Jet A-1 aviation kerosene.



Prior to each measurement, a blend was prepared with the appropriate addition of FAME biofuel to Jet A-1 aviation kerosene. The individual blends differed in the percentage of FAME biofuel in aviation kerosene. This resulted in 11 different blends of FAME biofuel and Jet A-1 aviation kerosene, as shown in Table 5.



The measurement cycle was the same for all the mixtures used and consisted of starting a small jet engine (the start-up cycle was completed at around 15 s) and the collection of the measured values of the selected parameters at selected times of 20 s, 25 s, 30 s, 35 s, 40 s, and 45 s. The given times from the start of the measurement were selected based on the steady-state operation of the motor after the start-up transient. Each measurement (up to 40% FAME share in Jet A-1 aviation kerosene) was repeated at least five times, with a measurement length from 40 s to 55 s. At higher proportions of FAME than 40% in the mixture with jet A-1, the number of measurements was increased due to unsuccessful attempts with a cold SJE-20 engine. Thus, experiments with a higher FAME content than 40% were carried out only when the engine was warmed up. The consumption of the mixture ranged from 0.5 dm3 to 0.65 dm3.



At each experimental measurement, atmospheric temperature t0, atmospheric pressure p0, and humidity were measured. As the measures took place in an air-conditioned laboratory, the temperature was constant t0 = 21 °C, the humidity was 75%, and the tressure varied in the p0 = 101,328 to 101,650 Pa range. During the measurements, the following parameters were continuously measured: the static air temperature in front of the engine t0, total air temperature behind the compressor t2t, total gas temperature in front of the gas turbine t3t, total gas temperature behind the gas turbine t4t, total air pressure behind the compressor p2t, total gas pressure in front of gas turbine p3t, fuel flow rate Qfuel (fuel mixture of aviation kerosene Jet A-1 and biofuel FAME (Table 5)), revolutions speed n, and thrust force F.T. The mentioned parameters were sensed by temperature and pressure sensors, which were placed directly on the experimental engine and sent to the computer through converters, where they were processed into a graphic course of parameter changes depending on time. At the same time, the parameter values in the specified time intervals were processed in tabular form. The graphical waveform of the small jet motor parameter variation was the result of the LABVIEW program.



4.1. The Effect of Different Concentrations of Mixtures of FAME Biofuel and Jet A-1 Aviation Kerosene on the Performance of SJE-20


During experiments carried out on SJE-20 with different proportions of FAME biofuel mixed with Jet A-1 aviation kerosene, changes in measured thermodynamic parameters and their influence on its operational properties were monitored. For the purposes of the measurements, the SJE-20 was set to a reduced mode (n = 46.700 min−1). The time of the measurement cycles was in the range of 45 ± 5 s. The concentration of FAME biofuel in the mixture with Jet A-1 aviation kerosene was varied by 10%. For each concentration of the mixture of FAME biofuel and Jet A-1 aviation kerosene, a minimum of three measurements were performed, from which one representative graphical course was selected for evaluation. In addition to the continuously measured parameters were the maximum gas temperature in front of the gas turbine t3t,max., the maximum gas temperature behind the gas turbine t4t,max., and the time of their reaching. Before each experimental measurement, the thermal state of the experimental SJE-20 was evaluated by determining the engine temperature in the region of its gas turbine t3. For easier evaluation of the individual parameters, the individual curves were processed in tabular form for the values read in the 20th, 25th, 30th, 35th, 40th, and 45th seconds after starting the engine. The exact values of the parameters were obtained from the computer’s tabular record of the course of the experiments.



4.1.1. The Course of the Change in SJE-20 Parameters When Using 100% Jet A-1


The first three experimental measurements aimed at determining the parameter values for Jet A-1 aviation kerosene without adding FAME biofuel. Several conclusions can be drawn from the evaluated course of parameters shown in the graph in Figure 4 and in Table 6. The temperature of SJE-20 before ignition was 66.0 °C. After the end of the transition process when starting the SJE-20 after 15 s, based on the operation of the engine control system according to the control law p2t = f(Qfuel.), there was a stabilization of the revolutions n, the total air pressure behind the compressor p2t, the total gas pressure in front of the gas turbine p3t, and F.T. move. Due to the gradual overheating of the SJE-20 engine, there was a gradual increase in the total air temperature behind the t2t compressor and its stabilization after 30 s. After reaching the temperature peak during start-up at the total temperature in front of the gas turbine, t3t,max. = 1114.6 °C in 9.8 s, and for the total temperature behind the gas turbine, t4t,max. = 991.6 °C in the 8th second and the subsequent drop in temperature; after the 15th second, there was a subsequent increase in the total gas temperature in front of the gas turbine t3t and the total gas temperature behind the gas turbine t4t. The increase in the total temperature in front of the gas turbine is more intense t3t (Δt3t = 64.8 °C) than for the total temperature behind the gas turbine t4t (Δt4t = 45.8 °C).




4.1.2. The Course of Changes in SJE-20 Parameters When Using a Mixture of 90% Jet A-1 and 10% FAME


The second series of measurements was aimed at determining the parameters of the experimental SJE-20 during its operation with a fuel mixture consisting of 90% Jet A-1 aviation kerosene and 10% FAME biofuel. The changes in the parameters during measurements can be seen in Figure 5 and read from Table 7.



The measurements immediately followed the first series of measurements with pure Jet A-1 aviation kerosene. The temperature of the SJE-20 engine before starting was tMPM = 65.0 °C. The starting process of the engine, at the given temperature state of the engine, was not affected by the new composition of the mixture. Due to the relatively small difference in the calorific value of Jet A-1 aviation kerosene (43.292 MJ.kg−1) and FAME biofuel (39.0 MJ.kg−1), no fundamental changes in the measured thermodynamic parameters were recorded. The maximum temperature in front of the gas turbine t3t,max. = 1130.5 °C was reached 12.2 s after the start, and the maximum temperature behind the gas turbine t4t,max. = 992.1 °C was reached 9.8 s after the start. A small increase in the total gas temperature in front of the gas turbine t3t by 4.5 °C and the total gas temperature behind the gas turbine t4t by 8.9 °C (40th second) can be explained by the higher engine temperature before the measurement relative to the temperature of the SJE-20 engine when measured with pure Jet A-1 aviation kerosene (tMPM = 25.5 °C). The value of the total air temperature behind the compressor Δt2t increased to a minimal extent by 4.4 °C, and the value of the total air pressure behind the compressor Δp2t by 4452.8 Pa and the value of the total gas pressure in front of the gas turbine Δp3t decreased by −1494.6 Pa. The thrust of the SJE-20 engine was reduced by ΔFT = −6.1 N with a simultaneous increase in fuel consumption ΔQfuel. = 0.017 L.min−1 (40th second). The change in thrust ΔFT and fuel consumption ΔQfuel. fully correspond to the basic hypothesis that the reduced energy value of the mixture of 90% Jet A-1 aviation kerosene and 10% FAME biofuel will decrease F.T. thrust and increase fuel consumption mixture Qfuel.




4.1.3. The Course of Changes in SJE-20 Parameters When Using a Mixture of 80% Jet A-1 and 20% FAME


The next series of measurements was aimed at determining the parameters of the experimental SJE-20 during its operation with a fuel mixture consisting of 80% Jet A-1 aviation kerosene and 20% FAME biofuel. The changes in the parameters during measurements are presented in Figure 6 and can be read from Table 8. The measurements followed a long pause after the second series of measurements. The temperature of the SJE-20 engine before starting was tMPM = 29.0 °C. The starting process of the engine, at the given temperature state of the engine, was affected by the new composition of the mixture. The mixture was ignited only at 9.9 s, 6.9 s later than with pure Jet A-1 aviation kerosene. At the same time, there was a shift in the moment of reaching the temperature peak t3t,max. and t4t,max. by almost 7 s. The maximum temperature in front of the gas turbine t3t,max. = 1110.6 °C was reached 19.6 s after ignition, and the maximum temperature behind the gas turbine t4t,max. = 972.3 °C was reached 16.8 s after ignition.



The addition of 20% FAME biofuel to Jet A-1 jet kerosene resulted in an increase in the total gas temperature in front of the gas turbine t3t by 3.3 °C and a decrease in the total gas temperature behind the gas turbine t4t by −11.3 °C. The value of the total air temperature behind the compressor Δt2t decreased to a minimum extent by −2.9 °C, the value of the total air pressure behind the compressor Δp2t increased by 8545.7 Pa, and the value of the total gas pressure in front of the gas turbine Δp3t decreased by −2691.6 Pa. The thrust of the SJE-20 engine was reduced by ΔFT = −11.5 N with a simultaneous increase in fuel consumption ΔQfuel. = 0.043 L.min−1.



As the proportion of FAME biofuel (ρFAME = 882 kg.m−3) in the mixture with Jet A-1 aviation kerosene (ρJet A-1 = 810 kg.m−3) increased, the density of the mixture increased, resulting in a lower quality fuel atomization when flowing through the fuel nozzles. Insufficient atomization of the fuel resulted in its slower evaporation in the combustion chamber, which caused a worse ignition process of the mixture during its start-up, especially with a cold engine and lower atmospheric temperatures.




4.1.4. The Course of Changes in SJE-20 Parameters When Using a Mixture of 70% Jet A-1 and 30% FAME


The fourth series of measurements was aimed at determining the parameters of the experimental SJE-20 during its operation with a fuel mixture consisting of 70% Jet A-1 aviation kerosene and 30% FAME biofuel (see Figure 7 and Table 9). The measurements followed immediately after the previous series of measurements. The temperature of the SJE-20 engine before starting was tMPM = 71.0 °C. The starting process of the engine, at the given temperature state of the engine, took place normally. The mixture was ignited only at 4.6. seconds, corresponding to starting the engine with pure Jet A-1 aviation kerosene. Temperature peak t3t,max. = 1127.9 °C was reached after 13.9 s, and t4t,max. = 981.9 °C was reached 12.1 s after engine start [36].



The addition of 30% FAME biofuel to Jet A-1 aviation kerosene resulted in an increase in the maximum total gas temperature in front of the gas turbine Δt3t,max by 13.35 °C and a decrease in the maximum total gas temperature behind the gas turbine Δt4t,max by −9.7 °C, as well as a decrease in the total gas temperature in front of the gas turbine Δt3t,max by −3.4 °C and a decrease in the total gas temperature behind the gas turbine Δt4t,max by −6.4 °C. The value of the total air temperature behind the compressor Δt2t decreased by −9 °C, the value of the total air pressure behind the compressor Δp2t decreased by −1493.7 Pa, and the value of the total gas pressure in front of the gas turbine Δp3t decreased by −3217.2 Pa. The thrust of the SJE-20 engine was reduced by ΔFT = −2.1 N, with a simultaneous increase in fuel consumption ΔQfuel. = 0.051 L.min−1.




4.1.5. The Course of Changes in SJE-20 Parameters When Using a Mixture of 60% Jet A-1 and 40% FAME


The fifth series of measurements was aimed at determining the parameter values of the experimental SJE-20 during its operation with a fuel mixture consisting of 60% Jet A-1 aviation kerosene and 40% FAME biofuel. The changes in the parameters during measurements can be seen in Figure 8 and read from Table 10. The measurements followed immediately after the previous series of measurements. The temperature of the SJE-20 engine before starting was tMPM = 70.1 °C. The starting process of the engine, at the given temperature state of the engine, took place normally. The mixture of 60% aviation kerosene and 40% FAME biofuel was ignited only at 4.6 s, which corresponded to the start of the neat Jet A-1 aviation kerosene. A temperature peak t3t,max. = 1118.97 °C was reached in 13.7 s, and t4t,max. = 988.8 °C was reached 11.6 s after engine start.



The addition of 40% FAME biofuel to Jet A-1 aviation kerosene increased the maximum total gas temperature in front of the gas turbine Δt3t,max by 4.42 °C and decreased the maximum total gas temperature behind the gas turbine Δt4t,max by −2.8 °C, as well as decreased the total gas temperature in front of the gas turbine Δt3t,max by −1.4 °C and the total gas temperature behind the gas turbine Δt4t,max by −7.1 °C. The value of the total air temperature behind the compressor Δt2t decreased by −6.9 °C, the value of the total air pressure behind the compressor Δp2t decreased by −2015.2 Pa, and the value of the total gas pressure in front of the gas turbine Δp3t decreased by −11,680 Pa. The thrust of the SJE-20 engine was reduced by ΔFT = −5 N, with a simultaneous increase in fuel consumption ΔQfuel. = 0.071 L.min−1.



As the proportion of FAME biofuel (ρMERO = 882 kg.m−3) in the mixture with Jet A-1 aviation kerosene (ρJet A-1 = 810 kg.m−3) increased, the density of the mixture increased, resulting in a lower quality of fuel atomization when flowing through the fuel nozzles. Insufficient atomization of a denser fuel mixture resulted in its slower evaporation in the combustion chamber, which caused a deteriorated mixture ignition process when starting a cold engine at lower atmospheric temperatures. The reliable launch of the SJE-20 was possible with a cold engine at temperatures of the surrounding atmosphere of tH = 20 °C only up to 40% of FAME biofuel mixed with Jet A-1 aviation kerosene. At higher concentrations of FAME biofuel in the mixture (45% and 50%), the SJE-20 was successfully started only if the engine was warmed up after the previous operation when radiant heat from heated engine parts was used for faster evaporation of the given fuel mixture.





4.2. The Influence of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel on Individual Parameters of SJE-20


Based on the measured courses of the basic parameters of the SJE-20 experimental engine, it was possible to analyze the specific influence of the composition of Jet A-1 aviation kerosene and FAME biofuel on selected parameters in steady modes as well as in transient modes of engine operation. The next part of this chapter will gradually analyze the influence of the addition of FAME biofuel in the range from 0% to 40% to Jet A-1 aviation kerosene on the total air pressure behind the compressor p2t, the total air temperature behind the compressor t2t, the engine revolutions speed n and the total gas temperature in front of the gas turbine t3t, the total gas temperature behind the gas turbine t4t, fuel mass flow rate Qfuel, and engine thrust F.T.



4.2.1. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Total Air Pressure behind the Compressor p2t


The change in the composition of Jet A-1 aviation kerosene and FAME biofuel in the stable modes of operation of the experimental SJE-20 does not fundamentally affect the value of the total air pressure behind the compressor p2t (see Figure 9 and Table 11). During start-up, there is a time shift (prolongation) in the start-up process. At a concentration of 20% FAME biofuel addition to Jet A-1 aviation kerosene, the start-up process was extended by 5 s due to the delayed ignition of the mixture (Figure 9).



Due to the fact that the SJE-20 is a single-mode experimental engine which has a control system set to maintain a constant operating speed, the value of the total air pressure behind the compressor will also correspond to this speed since the dependence p2t = f(n) applies.




4.2.2. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Total Temperature of the Air behind the Compressor t2t


The graphic course of the change in the total temperature of the air behind the compressor t2t depending on the change in the composition of the mixtures of aviation kerosene Jet A-1 and FAME biofuel (Figure 10) indicates the tendency of this temperature to increase depending on the time of engine operation in stable modes. This tendency was most pronounced in the case of pure aviation kerosene. As the proportion of FAME biofuel in the Jet A-1 jet kerosene mixture increased, this gradient of total temperature rises t2t behind the compressor decreased. The 35th second represented the maximum difference between the highest temperature t2t,max. (100% aviation kerosene Jet A-1) and the lowest air temperature behind the compressor, t2t,min (80% Jet A-1 aviation kerosene and 20% FAME biofuel) Δt2t = 32.8 °C (see Table 12). The mentioned fact results from the atypical change in parameters of the SJE-20 during its operation with a mixture of 80% Jet A-1 aviation kerosene and 20% FAME biofuel due to the delayed ignition of the fuel mixture with this composition.




4.2.3. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Total Gas Pressure in Front of the Gas Turbine p3t


The change in the total gas pressure in front of the gas turbine p3t at all concentrations of Jet A-1 aviation kerosene and FAME biofuel mixtures corresponds to the change in the total pressure in the aviation jet engine combustion chamber (Figure 11). For all mixtures of Jet A-1 aviation kerosene and FAME biofuel, a decrease in the total pressure p3t occurred in the SJE-20 combustion chamber with the same course due to hydraulic losses arising during gas flow in the combustion chamber. In terms of the absolute value of the total pressure p3t, there was a decrease in its value for the mixture of 60% Jet A-1 and 40% FAME due to the reduced value of the total pressure of the air behind the compressor p2t at the beginning of the experiment (Table 13).




4.2.4. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Total Gas Temperature in Front of the Gas Turbine t3t


The course of changes in the total gas temperature in front of the gas turbine t3t is different during start-up and in the steady state (see Figure 12 and Table 14). During start-up, there is a sharp increase in the total gas temperature in front of the gas turbine t3t, reaching the maximum total gas temperature in front of the gas turbine t3t,max.. The maximum total gas temperature in front of the gas turbine t3t,max. is set by the initial fuel pressure control valve, which regulates the fuel supply at start-up Qfuel.,sp. The value of the maximum total gas temperature in front of the gas turbine t3t,max. differs relatively little, Δt3t,max. ≈ 20 °C. The moment of reaching the maximum total gas temperature in front of the gas turbine is ambiguously different depending on the composition of the mixture of Jet A-1 aviation kerosene and FAME biofuel by a minimum value (1.5 s) (Table 15). For a mixture of 80% Jet A-1 jet kerosene and 20% FAME biofuel, the time to reach the maximum gas temperature in front of the gas turbine t3t was delayed by 5 s due to the delayed ignition of this fuel mixture.



In the stable mode of operation of the SJE-20 experimental engine, there is a gradual increase in the total gas temperature in front of the gas turbine t3t. The slight increase in gas temperature in front of the t3t gas turbine is caused by the gradual overheating of the SJE-20 gas turbine. The course of increasing the total gas temperature in front of the gas turbine t3t is the same for all mixtures. The average change in the total gas temperature in front of the gas turbine t3t between the 20th and 40th second is 65 °C.




4.2.5. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Total Gas Temperature behind the Gas Turbine t4t


The course of changes in the total gas temperature behind the gas turbine t4t (Figure 13) depending on the composition of the mixtures of Jet A-1 aviation kerosene and FAME biofuel (Table 16) copies the course of change in the total gas temperature in front of the gas turbine t3t, but with lower values of the total gas temperature behind the gas turbine t4t. During the expansion of the gas on the gas turbine of the SJE-20 experimental engine, the total gas temperature ΔtPT changed with different compositions of Jet A-1 aviation kerosene and FAME biofuel in the range of total temperatures from ΔtPT = 315.1 °C to ΔtPT = 370.7 °C (Table 17).



The maximum total gas temperature behind the gas turbine t4t,max. is dependent on the maximum total gas temperature in front of the gas turbine t3t,max., which is set by the initial fuel pressure control valve, which regulates the fuel supply during start-up Qfuel.,sp. The value of the maximum total gas temperature behind the gas turbine t4t,max differs relatively little Δt4t,max. ≈ 17.8 °C. The moment of reaching the maximum total gas temperature behind the gas turbine t4t,max. depending on the composition of the mixture of Jet A-1 aviation kerosene and FAME biofuel differs from the moment of reaching the maximum total gas temperature in front of the gas turbine t3t,max. (Table 18). For the mixture of 80% Jet A-1 jet kerosene and 20% FAME biofuel, the time to reach the maximum total gas temperature downstream of the gas turbine t3t was delayed by 5 s due to the delayed ignition of this fuel mixture.




4.2.6. Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixture on the Qfuel Fuel Flow Rate


Changing the supply of various mixtures of Jet A-1 aviation kerosene and FAME biofuel up to the 15th second during the start-up corresponds to the starting program of SJE-20, Qfuel,sp. = f(p2t). After the fuel mixture is ignited, the supply of the fuel mixture is increased so that the SJE-20 reaches working mode (SJE-20 was created through the modification of a TS-20 turbine launcher, while its control system was preserved).



After reaching the working mode of SJE-20, the flow rate of fuel mixtures Qfuel. stabilized and only minimally decreased in the range from 0.002 L.min−1 (60% Jet A-1 and 40% FAME) to 0.052 L.min−1 (80% Jet A-1 and 20% FAME) (Figure 14). In the 40th second, the biggest difference in the fuel flow rate was reached ΔQfuel = 0.071 L.min−1 between Jet A-1 aviation kerosene (1.204 L.min−1) and a mixture of 60% Jet A-1 aviation kerosene and 40% FAME biofuel (1.277 L.min−1) (Table 19).




4.2.7. The Effect of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel on the Revolutions n


The speed change in the SJE-20 during its operation is controlled by the engine regulation system, which is set to maintain a constant speed at the operating mode n = nmax (Figure 15). The mentioned regulation law corresponds to the needs of the original turbine starter TS-20, from which SJE-20 was created. For this reason, the flow rate of Qfuel fuel mixtures changed. In order to maintain constant revolutions in the working mode, it was necessary to ensure the required energy value for the individual mixtures of Jet A-1 aviation kerosene and FAME biofuel, which required an increased supply of a mixture of Jet A-1 aviation kerosene and FAME biofuels (Table 20). In the SJE-20 operating range from the 25th to the 40th second, the maximum speed difference is Δnmax. = 60.6 min−1, representing a deviation of 0.129% with respect to the maximum engine speed.




4.2.8. The Influence of Different Concentrations of Jet A-1 Aviation Kerosene and FAME Biofuel Mixtures on the Thrust T.T. of the SJE-20


The change in thrust F.T. of the SJE-20 experimental engine, depending on the composition of the mixture of Jet A-1 aviation kerosene and FAME biofuel, is relatively small in the working mode (Figure 16). It is not proportional to the content of FAME biofuel in the mixture. The highest thrust is achieved by SJE-20 with a mixture containing 20% of FAME biofuel. From the 20th to the 35th second, there was a maximum thrust deviation of 37.5N (20th second) and a minimum pull deviation of 15.8N (35th second), representing a deviation of 8.3% and 3.5%, respectively (Table 21). The measured values of the thrust of the SJE-20 correspond to the calculated values.






5. Conclusions


The measurements confirmed that due to the small differences in calorific value between Jet A-1 aviation kerosene and FAME biofuel, individual concentrations of the mixture affect the measured parameters of the SJE-20 experimental engine only to a small extent.



Small differences in some measured parameters (speed n, fuel flow rate Qf, engine thrust F.T.), depending on the composition of the mixture of Jet A-1 aviation kerosene and FAME biofuel, were influenced by the engine regulation law in the working mode, which ensures the maintenance of a constant speed nmax. = const.



The composition of the mixture of Jet A-1 aviation kerosene and FAME biofuel had a significant effect on the course of launching the SJE-20. As the addition of FAME biofuel to Jet A-1 aviation kerosene increased, the time to reach the working mode increased. When reaching 40% concentration of FAME biofuel mixed with Jet A-1 aviation kerosene, the start-up process was unsuccessful with a cold SJE-20 engine. The unsuccessful ignition of the mixture with the given composition was insufficient evaporation of the mixture due to insufficient atomization of the fuel mixture with the fuel nozzle, which was intended for the atomization of Jet A-1 aviation kerosene. The igniters used, which ignited the mixture of fuel and air only by the electrical discharge of the spark plug, were insufficient to ignite a mixture with a different composition than pure Jet A-1 aviation kerosene. Re-starting a heated SJE-20 engine after its previous operation was also successful with a mixture of 60% Jet A-1 aviation kerosene and 40% FAME biofuel. Radiant heat from the heated parts of the SJE-20 was used to evaporate this mixture.



Also atypical was the delayed start of the SJE-20 engine when using a mixture of 80% Jet A-1 aviation kerosene and 20% FAME biofuel. The most significant deviations were measured when using this mixture.



From the analysis of the influence of individual mixtures of Jet A-1 aviation kerosene and FAME biofuel on the measured parameters, it can be concluded that these mixtures caused the most significant deviations in the total air temperature behind the compressor t2t. Future work in alternative aviation fuels will focus on researching other possible impacts that the blends of FAME biofuel and Jet A-1 aviation kerosene could have on the various aircraft components.
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Figure 1. Cut way of TS-20 turbine launcher (Engine AL-7F-1, Technical description, Let-21-33/1, MNO Prague 1968) [30]. 
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Figure 2. Cut way of small jet motor SJE-20. 
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Figure 3. Small jet engine lab. 
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Figure 4. Graphic course of changes in SJE-20 parameters at 100% Jet A-1 aviation kerosene. 
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Figure 5. Graphic course of changes in SJE-20 parameters when using a mixture of 90% Jet A-1 aviation kerosene and 10% FAME biofuel. 
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Figure 6. Graphic course of changes in SJE-20 parameters when using a mixture of 80% Jet A-1 aviation kerosene and 20% FAME biofuel. 
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Figure 7. Graphic course of changes in SJE-20 parameters when using a mixture of 70% Jet A-1 aviation kerosene and 30% FAME biofuel. 
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Figure 8. Graphic course of changes in SJE-20 parameters when using a mixture of 60% Jet A-1 aviation kerosene and 40% FAME biofuel at an engine temperature of 70.1 °C. 
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Figure 9. Graphical course of the change in the total air pressure behind the SJE-20 p2t compressor [Bar] when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 10. Graphical course of change in the total air temperature behind the compressor SJE-20 t2t [°C] when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 11. The graphical course of changes in the total air pressure in front of the gas turbine SJE-20 p3t when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 12. The graphical course of the change in the total gas temperature in front of the gas turbine SJE-20 t3t [°C] when using different mixtures of jet A-1 aviation kerosene and FAME biofuel. 
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Figure 13. The graphical course of the change in the total gas temperature behind the gas turbine SJE-20 t4t [°C] when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 14. The graphic course of the change in the flow rate of SJE-20 fuel [L.min−1] when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 15. The graphic course of SJE-20 n [min−1] speed changes when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Figure 16. The graphical course of SJE-20 thrust F.T. [N] changes when using different mixtures of Jet A-1 aviation kerosene and FAME biofuel. 
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Table 1. Basic technical data SJE-20.
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	Property
	Value





	1.
	Maximum rotor speed
	n = 50,500 min−1



	2.
	Total gas temperature before the gas turbine
	t3t = 850 °C



	3.
	Air flow rate
	Gair = 1.3 kg.s−1



	4.
	Engine length
	L = 770 mm



	5.
	Engine weight
	m = 39 kg










[image: Table] 





Table 2. Extract from the quality certificate FAME PT—Fatty Acid Methyl Ester for diesel engines manufacturer FUELMA-TUMYS, a.s., analysis number: 50/06 dated 6 September 2006.
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	No.
	Characteristics
	Unit
	Set Value
	Measured Value





	1.
	Ester content
	%
	min 96.5
	>96.5



	2.
	Density
	kg.m−3
	860–900
	882



	3.
	Kinematic viscosity at 40 °C
	mm2.s−1
	3.5–5.0
	4.50



	4.
	Flash point
	°C
	min 120
	168



	5.
	Calorific value
	MJ.kg−1
	39
	39



	6.
	Sulfur content
	mg.kg−1
	max. 10.0
	<10



	7.
	Carbon residue
	%
	max. 0.30
	0.02



	8.
	Cetane number
	-
	min 51.0
	>51.0



	9.
	Total contamination
	mg.kg−1
	max. 24
	<24



	10.
	Water content (Karl Fischer)
	mg.kg−1
	max. 500
	227



	11.
	Oxidative stability
	hour
	min 6.0
	7.8



	12.
	Acidity
	mgKOH/g
	max. 0.5
	0.23



	13.
	Methanol content
	%
	max. 0.20
	0.02



	14.
	Linolenic acid methyl esters
	%
	max. 12.0
	8.5



	15.
	Polyolefinic methyl esters
	%
	max. 1
	<1



	16.
	Content of monoacylglycerols
	%
	max. 0.80
	<0.80



	17.
	Content of diacylglycerols
	%
	max. 0.20
	<0.20



	18.
	Content of triacylglycerols
	%
	max. 0.20
	<0.20



	19.
	Free glycerol
	%
	max. 0.02
	<0.020



	20.
	Total glycerol
	%
	max. 0.25
	0.14
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Table 3. Selected properties of Jet A-1 aviation kerosene.






Table 3. Selected properties of Jet A-1 aviation kerosene.





	No.
	Characteristics
	Unit
	Value





	1.
	Acidity
	mgKOH/g
	0.015



	2.
	Aromatics
	%
	25.0



	3.
	Sulfur
	%
	0.30



	4.
	Flash point
	°C
	38



	5.
	Density at 15 °C
	kg/m3
	775–840



	6.
	Freezing point
	°C
	−47.0



	7.
	Viscosity at −20 °C
	mm/s
	8.0



	8.
	Calorific value
	M.J./kg
	42.8



	9.
	Smoke point
	mm
	19.0



	10.
	Naphthalenes
	%
	3.00
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Table 4. Comparison of some parameters of Jet A-1 aviation kerosene and FAME biofuel.






Table 4. Comparison of some parameters of Jet A-1 aviation kerosene and FAME biofuel.





	No.
	Parameter
	Unit
	Aviation Kerosene Jet A-1, According to SN 050100
	FAME PT According to TŠV 08-001 and EN14214





	1.
	Density at 15 °C
	kg.m−3
	810
	882



	2.
	Acid number
	mgKOH/g
	0.003
	0.23



	3.
	Flash point
	°C
	64
	168



	4.
	Sulfur content
	mg.kg−1
	0.01
	0.1



	5.
	Kinematic viscosity
	mm2.s−1
	5.23 2
	4.5 1



	6.
	Calorific value
	MJ.kg−1
	43.292
	39.0







Note: 1 at 40 °C; 2 at −20 °C.
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Table 5. Composition of the mixture of aviation kerosene Jet A-1 and FAME.






Table 5. Composition of the mixture of aviation kerosene Jet A-1 and FAME.





	Mixture No.
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	8.
	9.
	10.
	11.





	Jet A-1/FAME
	100:0
	90:10
	80:20
	70:30
	60:40
	50:50
	40:60
	30:70
	20:80
	10:90
	0:100



	Density
	810
	817.2
	824.4
	831.6
	838.8
	846
	853.2
	855.4
	867.6
	874.8
	882
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Table 6. Mixture of 100% Jet A-1 aviation kerosene and 0% FAME biofuel, 1st launch (40th second).






Table 6. Mixture of 100% Jet A-1 aviation kerosene and 0% FAME biofuel, 1st launch (40th second).





	Parameter
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second
	45th Second





	Temperature t0 [°C]
	25.5
	25.5
	25.5
	25.5
	25.5
	29.1



	Temperature t2t [°C]
	107.1
	118.5
	123.5
	125.4
	105.4
	70.5



	Temperature t3t [°C]
	943.1
	969.0
	992.8
	1003.7
	1007.9
	456.9



	Temperature t4t [°C]
	620.8
	633.4
	652.8
	663.4
	666.6
	361.6



	Pressure p2t [Pa]
	263,645.8
	261,216.0
	262,923.1
	260,976.4
	260,784.9
	-



	Pressure p3t [Pa]
	192,083.9
	189,794.3
	190,688.5
	188,982.5
	188,005.8
	-



	Flow Qfuel. [L.min−1]
	1.233
	1.218
	1.221
	1.218
	1.204
	0



	Revolutions n [min−1]
	46,808.7
	46,810.0
	46,820.9
	46,835.5
	46,424.9
	15,068.9



	Thrust F.T. [N]
	448.7
	444.9
	451.3
	451.3
	444.9
	14.8
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Table 7. Mixture of 90% Jet A-1 aviation kerosene and 10% FAME biofuel, 1st launch (40th second).






Table 7. Mixture of 90% Jet A-1 aviation kerosene and 10% FAME biofuel, 1st launch (40th second).














	Parameter
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second
	45th Second





	Temperature t0 [°C]
	29.2
	28.9
	28.5
	28.5
	28.6
	30.6



	Temperature t2t [°C]
	106.2
	109.8
	113.7
	106.8
	109.8
	91.9



	Temperature t3t [°C]
	955.5
	978.0
	993.6
	1011.4
	1012.4
	556.3



	Temperature t4t [°C]
	614.7
	634.7
	640.4
	665.4
	675.5
	427.1



	Pressure p2t [Pa]
	271,898.8
	268,193.9
	266,424.3
	267,459.8
	265,237.7
	



	Pressure p3t [Pa]
	191,195.1
	189,728.7
	188,207.3
	187,871.6
	186,511.2
	



	Flow Qfuel. [L.min−1]
	1.245
	1.226
	1.230
	1.225
	1.221
	0



	Revolutions n [min−1]
	46,827.7
	46,808.2
	46,779.3
	46,709.3
	46,710.0
	21,141.0



	Thrust F.T. [N]
	441.3
	440.5
	444.8
	438.9
	438.8
	51.0
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Table 8. Mixture of 80% Jet A-1 aviation kerosene and 20% FAME biofuel, 1st launch (40th second).






Table 8. Mixture of 80% Jet A-1 aviation kerosene and 20% FAME biofuel, 1st launch (40th second).





	Parameter
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second
	45th Second





	Temperature t0 [°C]
	28.8
	27.5
	27.5
	27.5
	27.6
	27.6



	Temperature t2t [°C]
	55.3
	85.7
	93.4
	92.6
	102.5
	95.5



	Temperature t3t [°C]
	1094.1
	956.8
	986.6
	1003.9
	1011.2
	1026.6



	Temperature t4t [°C]
	765.0
	604.9
	615.9
	634.8
	654.7
	665.9



	Pressure p2t [Pa]
	260,738.0
	273,515.4
	269,633.5
	268,204.3
	269,522.1
	271,780.1



	Pressure p3t [Pa]
	181,221.0
	192,419.9
	187,818.4
	185,895.0
	186,290.9
	189,165.8



	Flow Qfuel. [L.min−1]
	1.164
	1.299
	1.264
	1.261
	1.247
	1.249



	Revolutions n [min−1]
	42,228.6
	46,770.6
	46,702.6
	46,798.9
	46,657.1
	46,786.4



	Thrust F.T. [N]
	418.7
	460.9
	460.8
	454.7
	456.4
	462.7
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Table 9. Blend of 70% Jet A-1 aviation kerosene and 30% FAME biofuel, 1st launch (40th second).






Table 9. Blend of 70% Jet A-1 aviation kerosene and 30% FAME biofuel, 1st launch (40th second).














	Parameter
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second
	45th Second





	Temperature t0 [°C]
	29.5
	29.5
	29.5
	29.5
	29.6
	32.6



	Temperature t2t [°C]
	90.2
	94.5
	96.2
	95.9
	96.4
	92.4



	Temperature t3t [°C]
	944.4
	966.4
	984.9
	996.9
	1004.5
	856.9



	Temperature t4t [°C]
	629.3
	627.5
	653.3
	653.7
	660.2
	612.0



	Pressure p2t [Pa]
	273,594.7
	263,637.8
	264,797.7
	258,757.8
	259,291.2
	124,439.9



	Pressure p3t [Pa]
	196,894.8
	188,397.5
	190,323.3
	183,627.4
	184,788.6
	



	Flow Qfuel. [L.min−1]
	1.288
	1.273
	1.259
	1.271
	1.255
	1.099



	Revolutions n [min−1]
	46,968.2
	46,852.4
	46,681.3
	46,661.1
	46,588.0
	46,542.8



	Thrust F.T. [N]
	456.2
	448.9
	448.8
	448.9
	442.8
	141.0
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Table 10. Mixture of 60% Jet A-1 aviation kerosene and 40% FAME biofuel, 1st launch (40th second).






Table 10. Mixture of 60% Jet A-1 aviation kerosene and 40% FAME biofuel, 1st launch (40th second).














	Parameter
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second
	45th Second





	Temperature t0 [°C]
	29.5
	29.5
	29.5
	29.5
	29.6
	32.6



	Temperature t2t [°C]
	88.8
	93.6
	95.0
	97.4
	98.5
	75.5



	Temperature t3t [°C]
	938.4
	968.8
	982.5
	993.3
	1006.5
	505.9



	Temperature t4t [°C]
	619.2
	632.3
	641.5
	650.9
	659.5
	393.6



	Pressure p2t [Pa]
	264,152.6
	262,794.3
	260,099.0
	259,086.4
	258,769.7
	



	Pressure p3t [Pa]
	182,763.0
	179,873.6
	178,255.3
	177,663.3
	176,325.0
	



	Flow Qfuel. [L.min−1]
	1.288
	1.277
	1.278
	1.278
	1.275
	0



	Revolutions n [min−1]
	46,943.4
	468,230.7
	46,823.8
	46,727.6
	46,679.5
	19,172.9



	Thrust F.T. [N]
	450.1
	446.1
	441.9
	439.9
	439.9
	26.5
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Table 11. Change in total air pressure behind compressor p2t [Pa] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 11. Change in total air pressure behind compressor p2t [Pa] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	263,645.8
	261,216.0
	262,923.1
	260,976.4
	260,784.9



	90% Jet A-1 + 10% FAME
	271,898.8
	268,193.9
	266,424.3
	267,459.8
	265,237.7



	80% Jet A-1 + 20% FAME
	260,738.0
	273,515.4
	269,633.5
	268,204.3
	269,522.1



	70% Jet A-1 + 30% FAME
	273,594.7
	263,637.8
	264,797.7
	258,757.8
	259,291.2



	60% Jet A-1 + 40% FAME
	264,152.6
	262,794.3
	260,099.0
	259,086.4
	258,769.7










[image: Table] 





Table 12. Change in total air temperature behind compressor t2t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 12. Change in total air temperature behind compressor t2t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	107.1
	118.5
	123.5
	125.4
	105.4



	90% Jet A-1 + 10% FAME
	106.2
	109.8
	113.7
	106.8
	109.8



	80% Jet A-1 + 20% FAME
	55.3
	85.7
	93.4
	92.6
	102.5



	70% Jet A-1 + 30% FAME
	90.2
	94.5
	96.2
	95.9
	96.4



	60% Jet A-1 + 40% FAME
	88.8
	93.6
	95.0
	97.4
	98.5
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Table 13. Change in total gas pressure in front of gas turbine p3t [Pa] SJE-20 with different concentrations of jet A-1 aviation kerosene and FAME biofuel.






Table 13. Change in total gas pressure in front of gas turbine p3t [Pa] SJE-20 with different concentrations of jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	192,083.9
	189,794.3
	190,688.5
	188,982.5
	188,005.8



	90% Jet A-1 + 10% FAME
	191,195.1
	189,728.7
	188,207.3
	187,871.6
	186,511.2



	80% Jet A-1 + 20% FAME
	181,221.0
	192,419.9
	187,818.4
	185,895.0
	186,290.9



	70% Jet A-1 + 30% FAME
	196,894.4
	188,397.5
	190,323.3
	183,627.4
	184,788.6



	60% Jet A-1 + 40% FAME
	182,763.0
	179,873.6
	178,255.3
	177,663.3
	176,325.0
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Table 14. Change in total gas temperature in front of the gas turbine t3t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 14. Change in total gas temperature in front of the gas turbine t3t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	943.1
	969.0
	992.8
	1003.7
	1007.9



	90% Jet A-1 + 10% FAME
	955.5
	978.0
	993.6
	1011.4
	1012.4



	80% Jet A-1 + 20% FAME
	1094.1
	956.8
	986.6
	1003.9
	1011.2



	70% Jet A-1 + 30% FAME
	944.4
	966.4
	984.9
	996.9
	1004.5



	60% Jet A-1 + 40% FAME
	938.4
	968.8
	982.5
	993.3
	1006.5
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Table 15. Change in the maximum total gas temperature in front of the gas turbine t3t, max. [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 15. Change in the maximum total gas temperature in front of the gas turbine t3t, max. [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.











	Fuel Mixture Composition
	t3t,max. [°C]
	Time to Reach

t3t,max. [sek.]
	Note





	100% Jet A-1 + 0% FAME
	1114.55
	12.8
	



	90% Jet A-1 + 10% FAME
	1130.49
	12.2
	



	80% Jet A-1 + 20% FAME
	1110.60
	19.6
	Delayed ignition of the fuel mixture



	70% Jet A-1 + 30% FAME
	1127.90
	13.9
	



	60% Jet A-1 + 40% FAME
	1118.97
	13.7
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Table 16. Change in total gas temperature behind gas turbine t4t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 16. Change in total gas temperature behind gas turbine t4t [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	620.8
	633.4
	652.8
	663.4
	666.6



	90% Jet A-1 + 10% FAME
	614.7
	634.7
	640.4
	665.4
	675.5



	80% Jet A-1 + 20% FAME
	765.0
	604.9
	615.9
	634.8
	665.9



	70% Jet A-1 + 30% FAME
	629.3
	627.5
	635.3
	653.7
	660.2



	60% Jet A-1 + 40% FAME
	619.2
	632.3
	641.5
	650.9
	659.5
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Table 17. Change in total gas temperature during gas expansion on gas turbine ΔtPT [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 17. Change in total gas temperature during gas expansion on gas turbine ΔtPT [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	322.3
	335.6
	340
	340.3
	341.3



	90% Jet A-1 + 10% FAME
	340.8
	343.3
	353.2
	34.0
	336.9



	80% Jet A-1 + 20% FAME
	329.1
	351.1
	370.7
	369.1
	345.3



	70% Jet A-1 + 30% FAME
	315.1
	338.5
	349.6
	343.2
	344.3



	60% Jet A-1 + 40% FAME
	319.2
	335.7
	341.0
	342.4
	347.0
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Table 18. Change in the maximum total gas temperature behind the gas turbine t4t, max. [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 18. Change in the maximum total gas temperature behind the gas turbine t4t, max. [°C] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.











	Fuel Mixture Composition
	t4t, max. [°C]
	Time to Reach t4t, max. [s]
	Note





	100% Jet A-1 + 0% FAME
	991.6
	10.4
	



	90% Jet A-1 + 10% FAME
	992.1
	9.8
	



	80% Jet A-1 + 20% FAME
	972.3
	16.8
	Delayed ignition of the fuel mixture



	70% Jet A-1 + 30% FAME
	981.9
	12.1
	



	60% Jet A-1 + 40% FAME
	988.8
	11.6
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Table 19. Change in the flow rate of fuel Qfuel [L.min−1] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 19. Change in the flow rate of fuel Qfuel [L.min−1] SJE-20 with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	1.233
	1.218
	1.221
	1.218
	1.204



	90% Jet A-1 + 10% FAME
	1.245
	1.226
	1.230
	1.225
	1.221



	80% Jet A-1 + 20% FAME
	1.164
	1.299
	1.264
	1.261
	1.247



	70% Jet A-1 + 30% FAME
	1.288
	1.273
	1.259
	1.271
	1.255



	60% Jet A-1 + 40% FAME
	1.288
	1.277
	1.278
	1.278
	1.275
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Table 20. Change in revolutions n [min−1] with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 20. Change in revolutions n [min−1] with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	46,808.7
	46,810.0
	46,820.9
	46,835.5
	46,424.9



	90% Jet A-1 + 10% FAME
	46,827.7
	46,808.2
	46,779.3
	46,709.3
	46,710.0



	80% Jet A-1 + 20% FAME
	42,228.6
	46,770.6
	46,702.6
	46,798.9
	46,657.1



	70% Jet A-1 + 30% FAME
	46,968.2
	46,852.4
	46,681.3
	46,661.1
	46,588.0



	60% Jet A-1 + 40% FAME
	46,943.4
	46,823.1
	46,823.8
	46,727.6
	46,679.5
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Table 21. Change in thrust F.T. [N] with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.






Table 21. Change in thrust F.T. [N] with different concentrations of Jet A-1 aviation kerosene and FAME biofuel.





	Fuel Mixture Composition
	20th Second
	25th Second
	30th Second
	35th Second
	40th Second





	100% Jet A-1 + 0% FAME
	448.7
	444.9
	451.3
	451.3
	444.9



	90% Jet A-1 + 10% FAME
	441.3
	440.5
	444.8
	438.9
	438.8



	80% Jet A-1 + 20% FAME
	418.7
	460.9
	460.8
	454.7
	456.4



	70% Jet A-1 + 30% FAME
	456.2
	448.9
	448.8
	448.9
	442.8



	60% Jet A-1 + 40% FAME
	450.1
	446.1
	441.9
	439.9
	439.9
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