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Abstract

:

Composite fuel is a promising energy source that allows for solving the problems of waste disposal with energy generation. Such fuel is the most accessible fuel and is cheap in comparison with fossil fuels widely used in industrial thermal power engineering. This paper presents the results of experimental studies on the effect of the initial temperature and the addition of combustible liquids and solid components on the ignition characteristics of composite fuel single droplets. Composite liquid fuels were prepared using the main components: bituminous coal, coal processing waste (filter cake), rapeseed oil, turbine oil, and water. The research was carried out for fuel droplets with an initial temperature from −60 to +60 and an ambient temperature from 700 to 1000 °C. The differences in the ignition delay times at conditions close to the limiting ones were 2–3.5 times. A promising direction for intensifying the processes of the ignition and combustion of composite liquid fuels under relatively intense heating is self-grinding into a large number of small fragments up to complete disintegration due to the dispersion effect. It has been experimentally found that the addition of highly flammable liquids (gasoline, kerosene, diesel fuel, formic acid) to the fuel composition in an amount of 5% is characterized by an intensification of ignition and burnout of droplets by about two times. The ignition delay time is reduced by 20–40%, while the size of the dispersion area is increased by 20–70%. The addition of formic acid to the composite fuel has a positive effect on the main ignition characteristics from 5 to 50%, and the addition of a similar amount of diesel fuel by 20–64%.
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1. Introduction


Currently, a considerable number of scientists are focused on the study of various promising biofuels to solve environmental problems, including the problem of waste disposal with energy generation [1,2,3,4]. The use of biofuel as an energy source in the aviation industry [1,2] and in internal combustion engines is considered [5,6,7]. Wide coverage received research aimed at the biofuels’ conversion into synthetic gas for multi-purpose use [8,9,10]. The presence of abundant reserves of natural gas is the main reason for its consideration as a promising fuel [11]. However, methane, as the main component of natural gas, has a low burning rate, which can increase emissions and reduce energy performance. Biodiesels and their mixtures are also potential fuels [12]. However, the risk of high NOx emissions is a concern due to the presence of an oxygen molecule in the chemical composition. In recent years, the sharing of biomasses with coal has proven to be an effective option for reducing greenhouse gas emissions [13]. Waste-derived fuels can be used very well in many applications and can replace some of the fossil fuels that are becoming scarce and depleting at a fast rate. One of the most promising directions for the development of industrial thermal power engineering is the replacement of currently widely used fossil fuels with more accessible and low-cost composite liquid fuels [14,15]. Composite liquid fuel is a suspension consisting of 30–50% of the coal component (or coal waste), water, and additional combustible components such as biomass [16], waste oils [17], or municipal waste [18]. Gaseous combustion products of these fuels have better environmental characteristics (including due to the content of water in the fuel and the effect of its vapors on the course of chemical reactions during the combustion of other fuel components) compared to flue gases from the dry coal combustion [14]. The experimental and theoretical studies [14,19,20] made it possible to establish the main patterns and characteristics of the processes (ignition delay times; burnout times; minimum ambient temperatures required for ignition; droplet temperature change during combustion; flue gas composition) occurring at the combustion of composite fuels with various compositions (more than 100). However, for composite fuels, the influence of their initial temperature (T0) on the ignition characteristics has not yet been established. There are only the results of studying the effect of the initial temperature of liquid [21,22,23] and gel [24] fuels on their ignition delay times (td).



It was found for liquid combustible component (crude oil) that the higher its initial temperature, the lower the td values are, when the fuel layer is ignited by an external source and poured into the ice cavity [21]. The ignition delay times for liquid fuel with initial temperatures of 283, 293, and 303 K were 58, 31, and 19 s, respectively. The time to reach the maximum mass loss rate was shorter for fuel with higher T0; however, the initial fuel temperature had little effect on the maximum mass loss rate. For diesel and gasoline–diesel blends, the effect of their T0 in the range of 15–65 °C on the characteristics of flame propagation over the surface during flame ignition was experimentally found in [22]. At higher initial temperatures of fuel, its vapor pressure is higher (other conditions being equal), that increases the flame propagation speed. The flash pulsation amplitude reaches a minimum value at T0 = 40 °C. At the initial liquid fuel temperature above 40 °C, the pulsation amplitude increases. When T0 changes from 15 to 65 °C, the average flame propagation speed increases from 3 to 27 mm/s. It was also found for n-heptane that the duration of the stationary combustion stage decreases up to its complete disappearance at an almost constant fuel burn-up rate at this stage as T0 increases from the ambient temperature (290 K) to the fuel boiling point (365 K) [23]. Meanwhile, the n-heptane burn-up rate increases from 0.018 to 0.046 kg/(m2·s) with the same increase in the initial fuel temperature from 290 to 365 K at the stage of volumetric boiling combustion.



A similar positive trend in the ignition intensification with an increase in the fuel initial temperature was established for gel fuel compositions based on a combustible liquid [24]. The initial temperature of gel fuels varied in the range of 188–293 K. Combustion was initiated in a motionless high-temperature air medium at 873–1273 K. Using a high-speed video recording complex, it was found that there are identical physical and chemical processes during the induction period, which differ from processes occurring during the ignition of single-component liquid fuels, at different initial temperatures of the gel fuel. A typical difference is the dispersion of a fuel melt droplet due to its heterogeneous structure (combustible component and thickener), which intensifies the ignition and burnout processes [24]. The ignition delay time values, which is the main characteristic of the process, differ by 25–95% for fuels with an initial temperature of 293 K and temperatures of 188–233 K due to a longer stage of fuel heating and melting caused by a 2.5–3.6-fold difference in the amount of energy that must be supplied to a colder fuel for this phase transformation to occur, all other conditions being equal.



The analysis allows us to conclude that the initial temperature of fuels has a significant effect on the characteristics of their ignition. Therefore, the purpose of this work is to experimentally study the effect of the composite fuel initial temperature in the range from minus 60 °C to plus 60 °C on the ignition delay times in a high-temperature stationary oxidizer medium, as well as to establish the scale of the effect of introducing additional liquid combustible components (gasoline, kerosene, diesel, formic acid) into the fuel composition for process intensification (determination of the ignition delay and burnout times, average region sizes where components burn out).



The work can be conditionally divided into three main parts. The first part examines the influence of the composite fuel initial temperature (from minus 60 °C to plus 60 °C) on the mechanisms and characteristics of ignition and combustion. In the second part of the work, the scale of the influence of HFL in the fuel composition presented in the first part of the work on the dispersion characteristics and intensification of ignition and burnout of composite fuels as a whole is studied. The third part offers recommendations for practical solutions to the problem of long ignition delay times for composite fuels.




2. Experimental Equipment and Methods


2.1. Fuel Preparation


The effect of the initial temperature of fuels on the ignition characteristics were studied for four different compositions of composite fuels (Table 1). The following components of fuel suspensions were used: bituminous coal, coal processing waste (filter cake—FC), rapeseed oil, turbine oil, and water.



For the preparation of suspensions, coal grade K (coking, mine “Berezovskaya”, Kemerovo region, Russia) and a filter cake grade K were used (dry, enrichment plant “Severnaya”, Kemerovo region, Russia). Filter cake K is a by-product of coking coal flotation after extraction of coal concentrate from it. The particle size of coal and filter cake after grinding and screening was no more than 140 µm. Table 2 presents the results of the technical analysis (Wa—fuel moisture content, Ad—ash content of fuel on dry basis, Vdaf—volatile content, Qas,V—specific combustion heat), as well as the elemental composition. Wa, Ad, and Vdaf values were determined according to international standards [26,27,28]. The heat of combustion at the constant volume Qas,V for filter cake and coal was measured using an IKA C 2000 calorimeter using standard procedures [29,30].



Their main characteristics of combustible liquids are presented in Table 3.



For the preparation of fuel compositions, diesel fuel EURO, summer, grade C, environmental class K5 brand DT-L-K5 was used (Lukoil, Russia). Table 4 shows the main characteristics.



Fuel suspensions were prepared according to a well-tested method [18]. An AIBOTE ZNCLBS-2500 magnetic stirrer (Aibote Henan Science and Technology Development Co., Ltd., Zhengzhou, China) was used to prepare fuel suspensions. First, the liquid components (water and oil) were mixed to obtain an oil emulsion. Further, the solid components were added in portions to the emulsion with continuous stirring of the mixture. The duration of the entire mixing process was at least 15 min at a rotation speed of the magnetic stirrer armature of 1500 rpm at room temperature.



It should be noted that fuel compositions with the addition of oil above 5% have relatively high sedimentation stability, according to the experimental results [32,33]. The compositions based on the coal component (FC or coal) and water have a stability index of 100–WSR = 100% [32,33] when adding turbine oil of more than 5% wt. or rapeseed oil of more than 2% wt. During the storage of the four studied fuel compositions (No. 1–No. 4) for three days (a typical time period for ensuring a fuel reserve at a thermal power plant), no separation of solid and liquid components occurred.




2.2. Experimental Setup


An experimental setup presented in Figure 1 was used when conducting an experimental study of the ignition and combustion processes of composite liquid fuel droplets. The experimental setup makes it possible to simulate the heating conditions of a fuel droplet, identical to the heating conditions in the boiler furnace when the fuel droplet moves at the speed of the heated air flow (i.e., droplet speed relative to the air flow is zero).



A motionless high-temperature air medium was created in the cavity of a Loiplf50/500-1200 tubular muffle furnace (Laboratory Equipment and Instruments, Russia). The inner diameter of the ceramic furnace tube is 50 mm; its length is 450 mm. The temperature varied in the range of 20–1200 °C and was controlled by a built-in type K thermocouple. Due to the fact that the ends of the tubular muffle furnace were open during the experiments, the gaseous products of the combustion of the fuels’ single droplets diffused into the environment. Composite fuel particle size (diameter of about 2 mm) is relatively small compared to the size of the internal volume of the muffle furnace ceramic tube (diameter 50 mm, length 450 mm). Therefore, in this study, oxygen concentration did not change significantly during the burnout.



Fuel particles/droplets (depending on the aggregate state with varying their initial temperatures over a wide range) of different compositions were dosed with the same mass of 5 mg and a diameter of about 2 mm. The mass of suspensions was determined using an AF-225DRCE analytical balance (ViBRA, Tokyo, Japan): the minimum recorded mass was 1 mg, the maximum recorded mass was 92 g, the discretization was 0.01 mg, and the accuracy class was Special (I) according to OIML R 76-1: 2006, IDT. Before the experiments, all fuels were thermostated at a constant temperature for 15 min. An Arctiko ULUF 15 freezer (ARCTIKO A/S, Esbjerg, Denmark) was used to cool fuels in the temperature range from minus 60 °C to minus 40 °C, and a thermostatic cell of a LOIP FT-205-25 liquid cryothermostat (Laboratory Equipment and Instruments, Saint Petersburg, Russia) was used in the temperature range from minus 20 °C to plus 60 °C.



In each series of the 5–8 experiments (Figure 1) conducted in identical initial conditions; the muffle furnace was heated to a given temperature (Tg). Single fuel particles/droplets located on a ceramic holder were introduced into the furnace cavity with a speed of no more than 0.1 m/s along the symmetry axis of the ceramic tube up to its center (Figure 1). The SPSH20-23017/2000Z manipulator (ZAO Mechatronic Product Factory, Moscow, Russia) simultaneously moved the ceramic holder and the high-speed video camera (Figure 1). This made it possible to record and analyze the processes during the entire induction period from fuel heating to its burnout. It should be noted that the experiments for different fuel compositions were conducted in identical conditions. The end openings of the muffle furnace (Figure 1) were open during ignition and combustion of the fuels. The oxygen concentration in the chamber was about 20.5% and did not change significantly during the burnout of a relatively small fuel particle/droplet. It should be noted that this work did not analyze the influence of the excess air coefficient on the fuel combustion characteristics.



The video recording system (Figure 1) consisted of a Phantom V411 color high-speed video camera (Vision Research, Wayne, NJ, USA) and a laptop computer with the Tema Automotive software (Image Systems AB, Linköping, Sweden). The shooting speed was at least 2000 fps at a resolution of 600 × 480 pixels. To enhance the image contrast of a fuel droplet and its fragments formed after dispersion, a MultiLed QT LED spotlight (GS Vitec GmbH, Bad Soden-Salmünster, Germany) with a 15° lens (luminous flux 12,000 Lumen (white), power 150 W) was installed at the opposite side of the muffle furnace (Figure 1) relative to the video camera location. Light intensity (0–100%) was controlled by a MultiLed G8 controller.



Ignition delay times td and burnout times tburn were determined from video recordings using original software developed in the Wolfram Mathematica programming envelope (Wolfram Research, Champaign, IL, USA). The ignition delay time of the composite fuel corresponded to the duration of the time period between two recorded events. The first event was the beginning of the induction period, which was controlled by the moment when the fuel particle was introduced into the muffle furnace (t = 0). The second event was the vapor–gas mixture ignition in the vicinity of the composite fuel droplet (t = td). The onset of this event corresponded to the moment when the first peak value of the controlled glow intensity in the video recording area was reached (Figure 2).



The developed processing algorithm controlled the values of visible light emission intensity frame by frame in the entire video recording area. The ignition moment was determined automatically by a sharp jump in the luminosity intensity in the controlled vicinity of the fuel droplet (Figure 2). The burnout time of a fuel droplet (tburn) was recorded from the ignition moment to the end of combustion, which was characterized by a decrease in the glow intensity to the initial level—the luminosity value before fuel ignition (Figure 2). The systematic and random uncertainties of td and tburn connected with the video recording speed and the scatter of experimental data did not exceed 0.5% and 10%, respectively.



The size of the region where fine fragments and combustible gases burn out (dburn) after fuel droplet dispersion was calculated by averaging four values dburn = (d1 + d2 + d3 + d4)/4 [34] measured in different sections at the time when the projection area of the corresponding region on the focal plane was maximum (Figure 3). The systematic uncertainty of dburn connected with the lens features and the video camera settings (video recording resolution parameters) did not exceed 3%. The random uncertainty for a series of experiments performed under identical initial conditions was no more than 30%.





3. Results and Discussion


3.1. Initial Fuel Temperature


Studies of liquid [35] and gel [24] fuel combustion demonstrated that varying the initial fuel temperature (T0) or ambient temperature (Tg) does not affect the ignition and combustion mechanisms. However, these factors are decisive for the intensity of physical and chemical processes, and, consequently, for the duration of the main stages during the ignition process [33,35], the integral characteristic of which is the ignition delay time.



The ignition delay time (td) of the composite fuel consists of several stages of the induction period [24]. The first stage (Figure 4) is the heating of the fuel accompanied by the melting (if T0 is below the crystallization temperature of liquid fuel components), evaporation of liquid components, and release of volatiles from the solid combustible fuel components. This stage ends with the formation of a combustible vapor–gas mixture in the vicinity of a fuel droplet. The second stage is the exothermic reaction of the formed combustible vapor–gas mixture with the oxidizer. The duration of the second stage, as a rule, is no more than 5% of td [24]. Therefore, it is advisable to reduce the first stage of the induction period in order to reduce td of composite fuels, which is much greater than td of dry solid fuels (power-station coals) due to the content of solid and liquid components, including water, in the composition. In practice, to intensify the ignition process, fuel is preheated, which, generally, increases the efficiency of the energy production cycle [36], for example, by minimizing the chemical and mechanical underburning of fuels in the combustion chambers.



In this work, the influence of the initial temperature of fuels (T0) on the combustion characteristics of droplets with varying the temperature of the heating source (Tg) was established. In real industrial boilers under different operating modes, the temperature in the furnace in the flame formation area varies from 700 °C (at relatively low loads) to 1000 °C (at relatively high loads). On this basis, our experimental studies of ignition and combustion of composite fuels at different initial fuel temperatures were conducted at temperatures of the heating source Tg = 700–1000 °C (with 100 °C increments).



Figure 5 presents the frames of the videograms illustrating the ignition moment of the fuel droplets with the initial temperatures of T0 = −60 °C and T0 = 60 °C at the identical temperature of the heating source Tg = 800 °C for compositions No. 1–No. 4.



The video frames (Figure 5) clearly illustrate that the initial temperatures of composite fuels do not affect the mechanism of their ignition similarly to liquid or gel fuels [24,35]. Fuel compositions, which ignite according to the gas-phase mechanism at T0 = −60 °C, ignite similarly at T0 = 60 °C (for example, No. 1 and No. 2). Compositions igniting under dispersion conditions at T0 = −60 °C will disperse when droplets ignite with initial temperature of T0 = 60 °C. Therefore, it can be reasonably concluded that the patterns of physical and chemical transformations remain unchanged when varying in a wide range of initial temperatures of composite fuels, while only their duration and intensity change, which predictably affects the ignition delay times. It should be noted that T0 and td are inversely related in the considered temperature range (T0 = −60–60 °C).



The dependences of the ignition delay times of the compositions No. 1–No. 4 on their initial temperatures T0 that varied in the range between minus 60 °C and plus 60 °C are presented in Figure 6.



The combustion process was initiated in a high-temperature air environment at Tg = 900 °C. The behavior of the dependences obtained experimentally (Figure 5) confirms that an increase in the initial fuel temperature can effectively intensify ignition of a composite liquid fuel in practice, for example, when it is used as the main fuel for widely used coal-fired boilers. A decrease in td for the considered compositions connected with an increase in the initial fuel temperature from minus 60 °C to plus 60 °C, under identical heating conditions, was about 55%. It is also worth noting that the component composition of fuel suspensions has a more significant effect on the ignition delay time at relatively low initial fuel temperatures (Figure 6). Increasing the fuel temperature to T0 = 60 °C not only reduces the duration of the induction period, but also reduces the effect of the component composition of fuel on the ignition delay time (compared to the conditions at T0 = −60 °C). For example, the difference between td for fuel compositions No. 3 and No. 4 (Tg = 900 °C) at T0 = −60 °C was about 30%, and the difference at T0 = 60 °C was about 25%. Figures S1–S4 in the Supplementary material present the dependences of the ignition delay times for fuel compositions No. 1–No. 4 on the heating source temperature in the range of 700–1000 °C, with initial fuel temperatures varying from minus 60 °C to plus 60 °C with 20 °C increments.



An analysis of the results obtained (Figure 6 and Figures S1–S4) allows us to conclude that it is typical that the ignition delay time decreases by 60–75% (depending on the composition) with an increase in the heating source T0 from 700 °C to 1000 °C for the considered compositions (No. 1–No. 4) of composite liquid fuel with varying initial temperatures from minus 60 °C to plus 60 °C.



The experimental results illustrate (Figures S1–S4) that the compositions containing turbine oil (No. 2, No. 4) ignite earlier than the compositions with the addition of rapeseed oil with the same volume (No. 1, No. 3) over the entire range of temperature variations of T0 and Tg. This is due to the physical properties of the oils. Turbine oil has a lower vaporization heat and lower boiling and autoignition temperatures. These characteristics together affect the ignition delay times of identical fuel compositions with the addition of different combustible liquids.



The fuel composition No. 4 (Figure S4) demonstrates the minimum ignition delay times. This composition ignites under droplet dispersion conditions (Figure 5d) with the formation of many finely dispersed components flying apart in the radial direction. This process with intensive heating of a composite fuel droplet makes it possible to achieve ignition conditions faster due to a multiple increase in the free heat exchange surface, the evaporation of liquid components, and the release of gaseous products during the thermal decomposition of the solid components. At the same time, composition No. 4 is the least sensitive to changes in the initial fuel temperature: with an increase in the initial temperature from minus 60 °C to plus 60 °C, the ignition delay time decreases by 60% at Tg = 700 °C and by 55% at Tg = 1000 °C.



In turn, fuel composition No. 2, based on FC with the addition of turbine oil, is the most sensitive both to changes in the initial fuel temperature and to changes in the heating source temperature (Figure S2). Increasing the ambient air temperature from 700 °C to 1000 °C reduces the ignition delay time by 75% at T0 = −60 °C and by 65% at T0 = 60 °C. With identical values of Tg, an increase in the initial fuel temperature leads to a decrease in the ignition delay time by 70% at Tg = 700 °C and by 55% at Tg = 1000 °C.



It can be concluded that it is possible to achieve a significant intensification of the fuel ignition process by cumulatively increasing the heating source temperature Tg (from 700 °C to 1000 °C) and the initial fuel temperature T0 (from minus 60 °C to plus 60 °C). Moreover, the reduction in the ignition delay time will be about 7.5 times. The result obtained is important for practice, for example, in the case of switching coal-fired boilers to composite fuel or when designing furnaces for new boilers, when minimizing the duration of ignition and fuel burnout processes is necessary to reduce the dimensions of furnaces and combustion chambers, as well as to increase the completeness of fuel components burnup. Droplet dispersion under its intense heating conditions is one of the promising ways to intensify the combustion process of multicomponent fuels [34,37].




3.2. Enhancement of Fuel Ignition


From experiments, the main significant factors (properties of liquid components, concentrations of solid and liquid components) that affect the implementation of droplet dispersion under intense heating conditions were established. For the group of compositions: coal + oil + water + highly flammable liquid (gasoline, diesel fuel, kerosene, formic acid), the ignition and dispersion characteristics of 2 mm droplets were obtained at one initial fuel temperature T0 = 20 °C and one heating source temperature Tg = 900 °C. Two groups of fuel compositions (Table 5) differ in oil concentrations (in both groups, the mass fraction of coal is the same and equal to 40%): the 1st group contains 15% rapeseed oil and 45% water, and the 2nd group contains 40% rapeseed oil and 20% water. In addition, 5% highly flammable liquids (HFL) were added to the basic fuel compositions of both groups. Their main characteristics are given in Table 6.



Figure 7 shows typical video frames of ignition and combustion of considered composite fuels (Table 5) at one typical initial fuel temperature T0 = 20 °C in high-temperature air at Tg = 900 °C.



There are different dominant ignition and combustion mechanisms in the two groups of composite fuel compositions due to the different mass ratio of their components (Table 5). It is guaranteed that the fuel droplet disperses both during ignition and burnout (Figure 7) at an oil:water ratio of 1:3 (1st group). When the oil:water ratio is 2:1 (2nd group, the droplet moderately disperses, predominantly during the ignition process, with the gas-phase combustion mechanism of the components predominating (Figure 7). The addition of highly flammable liquids to fuel compositions (gasoline, diesel fuel, kerosene, formic acid) with a concentration of 5% wt. influences the patterns and characteristics of the process under study.



The averaged ignition delay times for composite fuels with and without HFL are presented in Figure 8.



Based on the results obtained, it can be concluded that the concentration of the main combustible liquid (rapeseed oil) significantly affects the ignition delay times. With an increase in concentration from 15% to 40% (No. 21 and No. 31), due to a decrease in the concentration of the liquid non-combustible component (water), the ignition delay times decrease by a factor of 2.3. For the 2nd group’s compositions that contain 40% of the main combustible liquid, the addition of 5% HFL does not significantly affect the change in the ignition delay time due to the high concentration of the volatile component.



Meanwhile, for the compositions of the 1st group that contain 15% of the main combustible liquid, the addition of even 5% HFL reduces the ignition delay times by 35–65%. The greatest decrease is found for the composition containing 5% diesel fuel due to its physico-chemical characteristics. Diesel fuel, in comparison with other flammable liquids, has the lowest vaporization heat (Table 6). Therefore, a vapor–gas mixture in the vicinity of a fuel droplet forms faster, which reduces the ignition delay time. The addition of formic acid (No. 25) to the initial fuel composition of the 1st group containing 15% rapeseed oil and 45% water has a less significant effect (compared to other HFL)—the ignition delay time is reduced by only 1.5 times. This is due to the fact that formic acid has the highest vaporization heat (Table 6) compared to other HFL, but its value is still less than that of rapeseed oil. As a result, the formation of the vapor–gas mixture is faster than that of composition No. 21, but slower than that of compositions No. 22–No. 24, which is the reason for the difference in ignition delay times.



The burnout times of composite fuels (Figure 9) depend on the combustion mechanisms.



Dispersion of composite fuel droplets significantly reduces the burnout time, since exothermic reactions are more intense and proceed in a larger region (Figure 10).



Previous studies [37] show that composite liquid fuels containing 40% oil in their composition are guaranteed to disperse during burnout. HFL were added to the fuel composition to intensify this phenomenon. However, the addition of 5% HFL to the compositions of the 2nd group containing a relatively large amount (40%) of the main combustible liquid (No. 31–No. 35) does not have a significant effect on enhancing the fuel droplet dispersion. The burnout times change by 5–15% (Figure 9) and the size of the burnout region by 1–5% (Figure 10). Meanwhile, the addition of HFL to the compositions of the 1st group (No. 21–No. 25) with a low content (15%) of rapeseed oil has a significant effect on the dispersion intensification. The addition of 5% diesel fuel reduces the burnout time by 40% due to an increase in the average diameter of the burnout region by a factor of 1.7 (Figure 10). This is due to the fact that most of the used HFL (gasoline, diesel, kerosene) is dispersed (Table 6) and, therefore, increases the dispersed component of the fuel mixture and enhances the dispersion mechanism [37].



The results obtained are the basis for the development of industrial technologies for the use of composite fuels in coal-fired boilers, since composite fuels have a number of limitations compared to coal:




	
higher limit temperatures for the guaranteed initiation of combustion in the furnace;



	
longer induction period and low reactivity at the initial stage of combustion;



	
longer time for the complete burnout of fuel components under flaring conditions;



	
the need to re-equip fuel preparation and fuel supply systems;



	
low caloric value and combustion temperature due to the relatively high content of water (carrier medium) in composite fuels;



	
low proportion of carbon in composite fuels compared to coal fuels;



	
low stability of composite fuels, which requires the use of chemical stabilizers;



	
stricter requirements of transportation and storage demanding fuel tanks and pipelines to be equipped with heating systems when operating under negative climatic temperatures.










4. Practical Application


The use of composite fuels at existing thermal power plants will definitely be associated with a reduction in the cost of purchasing high-quality coal fuel and a decrease in anthropogenic emissions into the atmosphere with flue gases, but will also be accompanied by a decrease in energy production efficiency due to longer ignition delay and burnout times of composite fuels compared to widely used dry solid fuels [18]. To solve this problem, several directions can be distinguished (Figure 11).



Firstly, it is possible to increase the sizes of the combustion chamber to ensure guaranteed ignition and the complete burnout of high-moisture fuel, which is evidently associated with the replacement of the boiler unit and significant capital costs. Secondly, to intensify heating of composite fuel droplets and reduce the ignition delay time, it is possible to increase the temperature in the combustion chamber by increasing the kindling time. This solution will inevitably increase the consumption of starting fuel, increase the operating costs of the station, and also increase the concentration of anthropogenic emissions (primarily nitrogen oxides) in flue gases [14,15].



The only solution that is not associated with high capital and operating costs is to change the composition of the composite fuel to implement the phenomenon of droplet dispersion during ignition and burnout (Figure 11). This approach will make it possible to burn multicomponent fuels of suspensions in coal-fired boilers under conditions which are typical of design solid fuels. The use of additives for the composite fuel to ensure the dispersion implementation can contribute to an increase in the concentrations of gaseous anthropogenic emissions. However, compared to dry coals, the deterioration of environmental performance is guaranteed not to exceed the maximum allowable standard emissions of pollutants from power plants for burning solid fuels [15].




5. Conclusions


Based on the experimental studies of single droplets of composite fuels with different compositions (at initial temperatures from minus 60 °C to plus 60 °C) in a motionless high-temperature air medium of 700–1000 °C, it was found that the minimum differences in ignition delay times at conditions close to the limiting ones were 2–3.5 times. By cumulatively increasing the heating source temperature (from 700 °C to 1000 °C) and the initial fuel temperature (from minus 60 °C to plus 60 °C), it was possible to reduce the ignition delay time by 7.5 times. The initial temperature was substantiated, at which the fuel components did not yet chemically react (in the composition of the suspension itself); however, at the same time, the ignition delay times of fuel droplets were significantly (up to 3 times) reduced. The initial fuel temperature of 60 °C was the limit; a further increase in this temperature lead to an intensification of phase transition of liquid components (water and oil). In terms of practical applications, the significant evaporation of water from composite fuel at the stage of its preparation for combustion is undesirable due to the deterioration of the environmental performance of the combustion process.



To solve the problem of long-term ignition of a composite liquid fuel compared to dry coal fuel for the purpose of its practical application at thermal power facilities, it is necessary to intensify this process. A promising direction for intensifying combustion, including ignition, is the implementation of droplet dispersion into a large number of finely dispersed fragments during intense heating. Additional HFL added to the fuel compositions characterized by droplet dispersion under heating conditions intensifies the process if the content of the main liquid combustible component does not exceed the concentration of the liquid non-combustible component. For these compositions, the addition of even 5% wt. HFL is characterized by the intensification of ignition and droplet burnout by almost 2 times (it reduces the ignition delay time by 35–65%, reduces the burnout time by 20–40%, and increases the size of the dispersion region by 20–70%). Diesel fuel as an intensifying additive is characterized by the best influence on the main ignition characteristics—up to 70%. At the same time, the addition of 5% HFL to compositions with a high concentration of a liquid combustible component (40%) does not have a positive effect on the ignition and dispersion characteristics—they either increase by 1–15%, as the ignition delay time and burnout time, or change in uncertainty limits in comparison with the original fuel, as the diameter of the burnout region.



The results obtained are the basis for the measures development for the modernization of technologies for the solid and liquid fuels combustion, which can be partially replaced by composite fuels. Thanks to the latter, it is possible to reduce the negative impact on the environment of both the combustible waste stored at landfills and anthropogenic emissions with flue gases. In addition, composite fuels have better energy and economic characteristics compared to traditional solid and liquid fuels. However, a positive effect is achieved only with the scientific substantiation of the fuel’s component composition (especially when using local energy resources) and the modes of their combustion in the furnaces of operated and designed boilers. To date, the scientific community has created a large information database with the characteristics of both composite fuels (rheological, energy) and their combustion processes (ignition delay times, burnup times, composition of flue gases and ash). It is the basis for developing new and improving existing mathematical models that describe a group of interrelated physical and chemical processes in a condensed phase and a gaseous medium. A large set of experimental research results and numerical simulations will make it possible to proceed to full-scale tests aimed at the development and implementation of practical technologies for the combustion of composite fuels based on solid (coal processing waste, coal) and liquid (water, oil) energy resources by power generating installations of industrial heat power engineering. Without a doubt, the development of rational engineering solutions requires the use of big data analytics. In particular, neural network methods should help to extract results from a large amount of accumulated information that will contribute to the most efficient waste disposal with the generation of useful energy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/app13063501/s1, Figure S1: Dependences of the ignition delay times for composition No. 1 (40% FC + 15% rape-seed oil + 45% water) on ambient temperature at various initial temperatures; Figure S2: Dependences of the ignition delay times for composition No. 2 (40% FC + 15% turbine oil + 45% water) on ambient temperature at various initial temperatures; Figure S3: Dependences of the ignition delay times for composition No. 3 (40% coal + 15% rape-seed oil + 45% water) on ambient temperature at various initial temperatures; Figure S4: Dependences of the ignition delay times for composition No. 4 (40% coal + 15% tur-bine oil + 45% water) on ambient temperature at various initial temperatures.





Author Contributions


Conceptualization, D.G.; data curation, A.P.; funding acquisition, D.G.; formal analysis, A.N.; investigation, K.P.; software, D.K.; methodology, A.P.; project administration, D.G.; writing—original draft, K.P.; writing—review and editing, D.K. All authors have read and agreed to the published version of the manuscript.




Funding


The study was supported by National Research Tomsk Polytechnic University development program Priority-2030 (Priority-2030-NIP/EB-03 8-1308-2022).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available within the article or its supplementary materials.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




Abbreviations








	HFL
	highly flammable liquid



	FC
	filter cake



	Nomenclature
	



	Ad
	ash content, %



	Cdaf, Hdaf, Ndaf, Odaf, Sdaf
	fraction of carbon, hydrogen, nitrogen, oxygen, sulfur in the sample converted to a dry ash free state, %



	d
	diameter, mm



	Qas,V
	higher heating value, J/kg



	T
	temperature, °C



	Ta
	heated air temperature, °C



	t
	time, s



	td
	ignition delay time, s



	Vdaf
	volatile content, %



	Wa
	humidity, %
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Figure 1. Scheme of the experimental setup. 
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Figure 2. Visualization of the video frame processing for determining the fuel ignition delay times. 
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Figure 3. Visualization of the video frame processing for determining the size of the burnout region of fuel components without dispersion (a) and with dispersion (b). 
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Figure 4. Typical temperature trend in the droplet of composite fuel during heating based on [33]. 
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Figure 5. Video frames of the ignition moment of composite fuel droplets at different initial fuel temperatures (left—T0 = −60 °C, right—T0 = 60 °C) and at the heating source temperature of Tg = 800 °C: (a) composition No. 1 (40% FC + 15% rapeseed oil + 45% water); (b) composition No. 2 (40% FC + 15% turbine oil + 45% water); (c) composition No. 3 (40% coal + 15% rapeseed oil + 45% water); (d) composition No. 4 (40% coal + 15% turbine oil + 45% water). 
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Figure 6. Dependences of the ignition delay times of composite liquid fuels on their initial temperatures (T0) at the heating source temperature of Tg = 900 °C. 
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Figure 7. Typical video frames of ignition and combustion of composite fuel droplets at T0 = 20 °C, Tg = 900 °C. 
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Figure 8. Ignition delay times of composite fuel droplets with different HFL additives. 
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Figure 9. Burnout times of composite fuel droplets with different HFL additives. 
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Figure 10. Average sizes of region where components of composite fuels with different HFL additives burn out. 
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Figure 11. Practical solutions to the problem of long ignition delay times for composite fuels. 






Figure 11. Practical solutions to the problem of long ignition delay times for composite fuels.



[image: Applsci 13 03501 g011]







[image: Table] 





Table 1. Compositions of composite fuels and their caloric values.
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	Composition No.
	FC
	Coal
	Water
	Rapeseed Oil
	Turbine Oil
	Q, MJ/kg





	1
	40%
	–
	45%
	15%
	–
	15.81



	2
	40%
	–
	45%
	–
	15%
	16.68



	3
	–
	40%
	45%
	15%
	–
	17.78



	4
	–
	40%
	45%
	–
	15%
	18.65







Caloric values (Q) of composite fuels were estimated analytically according to the method [25].
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Table 2. Characteristics of coal and FC.
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Component

	
Proximate Analysis

	
Ultimate Analysis




	
Wa, %

	
Ad, %

	
Vdaf, %

	
Qas,V, MJ/kg

	
Cdaf, %

	
Hdaf, %

	
Ndaf, %

	
Std, %

	
Odaf, %






	
FC *

	
–

	
26.46

	
23.08

	
24.83

	
87.20

	
5.09

	
2.05

	
1.02

	
4.46




	
Coal

	
2.05

	
14.65

	
27.03

	
29.76

	
79.79

	
4.49

	
1.84

	
0.87

	
12.70








*—in a dry state (prior to analysis, it was dried at a temperature of about 105 °C until the moisture completely evaporated).
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Table 3. Characteristics of oils [31].
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	Oil
	Density at 20 °C, kg/m3
	Wa, %
	Ad, %
	Vdaf, %
	Tf, °C
	Tign, °C
	Qas,V, MJ/kg





	Rapeseed oil
	911
	0.28
	0.01
	0.12
	242
	–
	39.52



	Turbine oil
	868
	–
	0.03
	0.01
	175
	193
	44.99
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Table 4. Typical physicochemical characteristics of diesel fuel.
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	Indicators
	Method
	Value





	Cetane number
	ISO 5165:1998
	51



	Cetane index
	ASTM D 4737—10
	46



	Flash point in an closed crucible, °C
	ASTM D 93—13
	55



	Ash content, %
	ASTM D 482—13
	0.01



	Mass fraction of sulfur, mg/kg
	ISO 20884
	10



	Mass fraction of polycyclic aromatic hydrocarbons, %
	IP 391/1995
	8



	Density, at 15 °C, kg/m3
	ASTM D 4052—18
	820–845



	Mass fraction of water, mg/kg
	ISO 12937:2000
	200
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Table 5. Compositions of composite fuels with the addition of flammable liquids.
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Composition No.

	
1st Group

	
2nd Group




	
21

	
22

	
23

	
24

	
25

	
31

	
32

	
33

	
34

	
35






	
Basic composition




	
Coal

	
40%

	
40%

	
40%

	
40%

	
40%

	
40%

	
40%

	
40%

	
40%

	
40%




	
Water

	
45%

	
45%

	
45%

	
45%

	
45%

	
20%

	
20%

	
20%

	
20%

	
20%




	
Rapeseed oil

	
15%

	
15%

	
15%

	
15%

	
15%

	
40%

	
40%

	
40%

	
40%

	
40%




	
Addition of HFL to the basic composition




	
Gasoline

	
–

	
5%

	
–

	
–

	
–

	
–

	
5%

	
–

	
–

	
–




	
Kerosene

	
–

	
–

	
5%

	
–

	
–

	
–

	
–

	
5%

	
–

	
–




	
Diesel fuel

	
–

	
–

	
–

	
5%

	
–

	
–

	
–

	
–

	
5%

	
–




	
Formic acid

	
–

	
–

	
–

	
–

	
5%

	
–

	
–

	
–

	
–

	
5%
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Table 6. Main characteristics of highly flammable liquids [38,39,40,41,42].
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	Liquid
	Boiling Point, °C
	Flash Point, °C
	Self-Ignition Temperature, °C
	Latent Heat of Vaporization at 20 °C, kJ/kg
	Solubility in Water at 20 °C, g/100 mL





	Gasoline
	20–200
	−21
	250
	290–300
	none



	Diesel
	282–338
	52
	254–285
	230–250
	0.0005



	Kerosene
	150–290
	66–67
	220
	250–270
	0.15



	Formic acid
	101
	69
	520
	433–502
	miscible



	Rapeseed oil
	201–344
	244
	318
	916
	none



	Turbine oil
	311
	175
	193
	167–209
	–
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