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The paper presents experimental research findings for the regimes (puffing and micro-explosion) and integral characteristics of the fragmentation of two-and three-component droplets on a heated substrate, as illustrated by emulsions and slurries. The main droplet components were water with a fluorophore Rhodamine B (9 vol%), tetradecane (91 vol%) and bituminous coal particles measuring 5-110 µm (0.05-0.27 wt%). The conditions for the occurrence of micro-explosion were determined. The integral characteristics of the processes under study were compared: delay times, minimum sufficient temperatures, duration of breakup and threshold temperature differences. Specific aspects of water microdroplet formation in two-and three-component droplets at the heating stage were recorded and described. The effect of the mass concentration of solid particles in the slurry droplet on the temporal characteristics of explosive fragmentation was shown. The conditions for efficient fragmentation of the droplets under study were established, based on the dimensionless integral criteria. Approximations were derived for the mathematical description of the plotted curves.

Introduction

The atomization of emulsified and slurry fuels has been extensively explored for many years [START_REF] Wang | Combustion and microexplosion of freely falling multicomponent droplets[END_REF][START_REF] Wang | On the burning and microexplosion of collision-generated two-component droplets: miscible fuels[END_REF][START_REF] Watanabe | The characteristics of puffing of the carbonated emulsified fuels[END_REF][START_REF] Mura | Study of the micro-explosion temperature of water in oil emulsion droplets during the Leidenfrost effect[END_REF][START_REF] Suzuki | Visualization of aggregation process of dispersed water droplets and the effect of aggregation on secondary atomization of emulsified fuel droplets[END_REF] It has generated a considerable interest over the last five years [START_REF] Tarlet | The balance between surface and kinetic energies within an optimal micro-explosion[END_REF][START_REF] Khan | Puffing and microexplosion behavior of water in pure diesel emulsion droplets during Leidenfrost effect[END_REF][START_REF] Volkov | Using Planar Laser Induced Fluorescence to explore the mechanism of the explosive disintegration of water emulsion droplets exposed to intense heating[END_REF][START_REF] Kichatov | The role of explosive boiling in the process of foamed emulsion combustion[END_REF][START_REF] Cen | Experimental investigation on the sputtering and microexplosion of emulsion fuel droplets during impact on a heated surface[END_REF][START_REF] Fostiropoulos | A simple model for breakup time prediction of water-heavy fuel oil emulsion droplets[END_REF][START_REF] Xi | Analytical and experimental study on boiling vaporization and multi-mode breakup of binary fuel droplet[END_REF]. The reason for that is that the range of potential components of such fuels keeps extending. Due to a number of environmental, energy, social and economic tasks that people are confronted with, industrial waste (mainly from the primary sector and agriculture) appears to be a highly promising fuel component [START_REF] Vershinina | Recovery of waste-derived and low-grade components within fuel slurries[END_REF][START_REF] Nyashina | Impact of micro-explosive atomization of fuel droplets on relative performance indicators of their combustion[END_REF][START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF][START_REF] Huang | Experimental study on evaporation and micro-explosion characteristics of biodiesel/n-propanol blended droplet[END_REF]. Compositions based on such waste are quite viscous and highly inhomogeneous [START_REF] Huang | Experimental study on evaporation and micro-explosion characteristics of biodiesel/n-propanol blended droplet[END_REF][START_REF] Wang | Dispersion mechanism of coal water slurry prepared by mixing various high-concentration organic waste liquids[END_REF], which makes it hard to atomize them in combustion chambers of power plants and engines using nozzles and sprinkler systems. It is advisable under such conditions to use the so-called secondary atomization [START_REF] Kumar Rao | Phenomenology of disruptive breakup mechanism of a levitated evaporating emulsion droplet[END_REF][START_REF] Wang | Effect of ambient temperature on the micro-explosion characteristics of soybean oil droplet: The phenomenon of evaporation induced vapor cloud[END_REF][START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. Among the known technologies of secondary atomization of fuel droplets, micro-explosive fragmentation offers the greatest potential [START_REF] Tarlet | The balance between surface and kinetic energies within an optimal micro-explosion[END_REF][START_REF] Khan | Puffing and microexplosion behavior of water in pure diesel emulsion droplets during Leidenfrost effect[END_REF][START_REF] Cen | Experimental investigation on the sputtering and microexplosion of emulsion fuel droplets during impact on a heated surface[END_REF][START_REF] Kumar Rao | Phenomenology of disruptive breakup mechanism of a levitated evaporating emulsion droplet[END_REF][START_REF] Wang | Effect of ambient temperature on the micro-explosion characteristics of soybean oil droplet: The phenomenon of evaporation induced vapor cloud[END_REF][START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], both in terms of the delay in the droplet breakup (which can be achieved over different times that the droplet moves in the combustion chamber) and the number of secondary fragments (which can fill the whole volume of the combustion chamber to stabilize the temperature during combustion).

Conventional fragmentation schemes involve micro-explosion (complete breakup) and puffing (partial dispersion) [START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF][START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF].

At present, the conditions and characteristics of micro-explosive fragmentation of fuel droplets are well-studied, both experimentally [START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF][START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF] and theoretically [START_REF] Fostiropoulos | Numerical investigation of heavy fuel oil droplet breakup enhancement with water emulsions[END_REF][START_REF] Nissar | A model for puffing/microexplosions in water/fuel emulsion droplets[END_REF][START_REF] Sazhin | A new approach to modelling micro-explosions in composite droplets[END_REF][START_REF] Shen | A model for droplet heating and evaporation of water-in-oil emulsified fuel[END_REF]. The analysis of the findings [START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF][START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF][START_REF] Avulapati | Experimental understanding on the dynamics of micro-explosion and puffing in ternary emulsion droplets[END_REF][START_REF] Fostiropoulos | Numerical investigation of heavy fuel oil droplet breakup enhancement with water emulsions[END_REF][START_REF] Nissar | A model for puffing/microexplosions in water/fuel emulsion droplets[END_REF][START_REF] Sazhin | A new approach to modelling micro-explosions in composite droplets[END_REF][START_REF] Shen | A model for droplet heating and evaporation of water-in-oil emulsified fuel[END_REF] suggests that the most commonly used fuel components nowadays are diesel, kerosene, gasoline, tetradecane (decane), heptane, as well as rapeseed, transformer, sunflower oils, etc. Heating schemes and setups based on conductive, convective, radiant and mixed heat exchange are considered [START_REF] Volkov | Using Planar Laser Induced Fluorescence to explore the mechanism of the explosive disintegration of water emulsion droplets exposed to intense heating[END_REF][START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Antonov | Explosive disintegration of two-component drops under intense conductive, convective, and radiant heating[END_REF][START_REF] Antonov | Micro-explosion and autoignition of composite fuel/water droplets[END_REF]. D.V. Antonov et al. [START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF] showed that the heating of slurry droplets before fragmentation occurs faster than in the experiments with emulsions. However, as a result of the slurry droplet destruction, the number of secondary fragments is lower than in the case of the emulsion droplet [START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF]. Therefore, it is important to compare the characteristics of fragmentation of droplets with different component compositions and containing various additives. Some additives are used to enhance heating, evaporation, fragmentation, ignition and combustion of droplets, others reduce the gaseous anthropogenic emissions.

This study builds on the previous stages on the experiments [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], conducted in the Heat Transfer and Energy laboratory in Nantes University (France). Strizhak et al. [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF] presented the results of exploring the conditions and characteristics of fragmentation in the puffing and micro-explosion regimes for two types of droplets: unmixed bi-component and emulsified ones. Their main components were tetradecane (as an equivalent and replacement for diesel) and water. The experiments comprised four stages. At the first stage [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF], experiments were conducted to record the conditions of droplet heating, bubble formation, water superheating and droplet breakup. High-speed 2-Color LIF technique made it possible to identify the coalescence of water microdroplets in the emulsion droplets and rapid disruption of the water core in the bi-component droplet during heating. The experiments [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF] for different kinds of droplets were conducted under identical conditions: the initial droplet size (Rd≈1.1 mm), heating surface temperature (Tsurf=400-550 °C). The temperature profiles of the bi-component droplet as compared with the emulsion droplet were highly non-monotonic (the temperature difference between the entire area of the droplet and at its bottom ranged between 1 °C and 10 °C). It was shown that in a certain interval of the heating time, the temperatures of water in the unmixed bi-component droplet and in the emulsion became comparable (the difference did not exceed 3 °C). The second stage of research focused on recording the number, dimensions, velocities and trajectories of child droplets [START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. When generalizing the experimental results, the conditions were identified for the formation of a high-temperature fine aerosol cloud as a result of micro-explosive fragmentation of bi-component droplets. Typical trajectories of child droplets were recorded. Such conditions were shown to be possible when emulsion droplets or unmixed bi-component droplets with a pronounced interface were heated. It was established that the number of secondary water fragments when heating unmixed bi-component droplets was much higher than when heating emulsion droplets. This result indicates that the separation of water from the combustible component occurs more rapidly in the latter case, and the systems based on the mixing of water droplets with a combustible liquid in a combustion chamber are considered the most promising ones. At the third stage, the convection rates of liquid in the droplet and of vapors above its surface before fragmentation were recorded. The fourth stage focuses on the conditions and characteristics of slurry droplet fragmentation, which are compared with similar characteristics of emulsion droplet breakup. The results of the fourth stage are presented in this paper.

The purpose of the study is to determine typical regimes and integral characteristics of microexplosive fragmentation of two-and three-component droplets on a heated substrate as illustrated by emulsions and slurries. Bi-component droplets were produced from water and tetradecane (similarly to [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]). Bituminous coal particles served as a solid component for three-component droplets. It is the most typical and widely used coal type. Its export volume from Russia, China and India is the biggest as compared with other coal ranks.

Experimental technique

Materials

Tetradecane (C14H30) and tap water with a fluorophore, Rhodamine B (with a mass concentration of 3 g/l), were used to generate droplets. Unlike [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], the experiments in this research were conducted with slurry droplets. The results of these experiments were compared with the data for two other types of droplets -an unmixed two-component droplet and an emulsion droplet [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]. The liquid phase of the droplet contained 9% water and 91% combustible component (tetradecane). For slurries, bituminous coal particles measuring 5-100 µm were used. The main characteristics of the coal [START_REF] Yu | Thermal decomposition of coal and coalenrichment wastes[END_REF] At the first stage, a solution of water with Rhodamine B was prepared. The necessary amount of the fluorophore was weighed on a laboratory microbalance (with an increment of 0.0001 g). Rhodamine

B was stirred with water for 10 min.

The slurry droplet was prepared and generated in the following way:

(i) an automatic VMS-C4 stirrer continuously mixed the aqueous solution of Rhodamine B with tetradecane;

(ii) in the course of mixing, coal particles with a mass concentration θ=0.05-0.27 wt% were added to the emulsion;

(iii) while mixing was still in progress, the slurry was withdrawn by a syringe with a tip, 0.4 mm in the internal diameter;

(iv) the same syringe and tip were used to generate droplets with a volume of about 5.5 µl (Rd≈1.1 mm) and place them on a metal substrate. The video frames of the slurry droplets with a different concentration of solid particles (θ=0.05-0.27 wt%), placed on the substrate, are presented in Fig. 2. Before the experiments, a preliminary visual evaluation of the stability of the compositions was performed. Thus, after the mixing was over, the emulsion started delaminating into water and tetradecane only after 2 min. The solid particles in the slurry settled after 15-20 s from the completion of the mixing.

In the conducted experiments, both the emulsion and the slurry were continuously mixed until the composition was collected with the pipette and a droplet was subsequently generated. It was no more than 5 s from the moment the composition was collected with the pipette until the droplet generation. The droplet heating and breakup took no more than 1 s. Based on that, it is safe to say that a possible delamination of the composition has no effect on the investigated processes.

Setup

The experiments were conducted on a setup [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF] shown in Fig. 3a. The scheme is presented in Fig. 3b. The setup was used to create the conditions for the micro-explosive fragmentation of heterogeneous multicomponent liquid droplets and to video the process to determine the temperature fields of droplets using 2Color LIF.
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Fig. 3. Appearance (a) and scheme (b) of the setup (similar to the one used in [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF] when studying temperature fields of bi-component droplets).

The following main elements made up the setup (Figs. 1 and2): a continuous-wave Spectra-Physics Millennia eV laser with a wavelength of 532 nm, an output power of 10 W; a high-speed Photron FASTCAM SA-X2 video camera (filming rate 13.5 kHz at 1024×1024 pix); a set of two optical lenses to convert a laser beam into a light sheet to cut a droplet; a metal substrate with a cavity to secure the bicomponent droplet under study; a TDK-Lambda Z320-1.3-U power supply, generating the current on the heating element fixed under the substrate and transferring the thermal energy to it; Image Doubler to double the signal from the subject to be recorded. The device was equipped with a 580-600-nm dichroic mirror and two color filters to single out the necessary wavelength in each recording channel: 580±5 nm and 620±5 nm.

Methods

Each experiment was conducted in successive stages:

(i) the required current on the heating element was generated by a TDK-Lambda Z320-1.3-U power supply to achieve the necessary temperature (Tsurf) of the metal substrate (from 150 to 550 °C);

(ii) a beam was generated by the laser; it was converted into a light sheet by means of two lenses; the light sheet cut the area above the substrate along its vertical axis (Fig. 3);

(iii) a high-speed video camera started recording the area above the metal substrate (frame rate -5000 fps, exposure time -1/8000 s; resolution -612×612 pix);

(iv) the resulting droplet (see stage 2.1) was discharged onto the substrate. The pre-set temperature of the metal substrate was maintained throughout the experiment (before placing, at the moment of placing and after the evaporation of the droplet). At the moment of placing the droplet on the substrate, the temperature of the substrate may decrease due to the heat exchange with the droplet. However, in almost all the conducted experiments, the time of the droplet residence on the heated substrate did not exceed 0.4 s, which is too short to significantly affect the substrate temperature. Moreover, the thermocouple mounted in the metal substrate did not record a considerable change in temperature. Therefore, an assumption about the constant surface temperature was made;

(v) recording (using the Photron FASTCAM Viewer software) continued until the droplet broke up in the explosion or puffing regimes.

The video recordings were saved as a series of successive images. After that, each frame was split into two independent images sized 306×612 pix: the left (580±5 nm) and right (620±5 nm) channels. The resulting image pairs were imported into the DaVis software. Further processing comprised several successive stages:

(i) geometric correction was applied to pairs of droplet images (those from the left (580 nm) and from the right (620 nm) channels were aligned using a flat calibration target with coplanar vectors obtained when the system was tuned; the marker was 1 mm in diameter and the distance between the centers of markers was 1.5 mm (Image Correction);

(ii) variations in the average intensity of the image background over time were analyzed. The average background intensity in the images normally varied around a constant, specific to each experiment. The average background intensity obtained was subtracted from each image (Image Arithmetic);

(iii) the luminance ratio (Ratio) was established for each point (pixel) in the image pair (580/620 nm).

Thus, an image of the droplet in each moment of time was obtained. The luminance of each point in it was a function of the liquid temperature (Two Color LIF);

(iv) the luminance of images, obtained at the previous stage, was converted into temperature using the calibration curve equation that can be seen in [START_REF] Moussa | Investigation on the conditions leading to the microexplosion of emulsified fuel droplet using two colors LIF method[END_REF]. As a result, a two-dimensional temperature field of the droplet (LIF Temperature Calculation) was obtained. If the obtained Ratio (580/620 nm) went beyond the calibration curve limits, this point was not assigned a temperature value;

(v) the temperature field obtained was smoothed for a uniform representation (3×3 Smoothing Filter).

After that, when all the images were processed, changes in the average temperature (Average Temp.) of the droplet and the temperature in the lower part of the droplet (Bottom Temp.) were calculated. Fig. 4 schematically shows the areas used in the calculation of the above temperatures. Such separation of recording areas was necessary to distinguish between different stages of vapor bubble formation in the droplet and record the interaction of water microdroplets. Average Processing was used when calculating the data for droplet temperature in each time point: the arithmetic mean was determined for the temperature of all the points in the selected area. After that, the trend of the average temperature evolution in the selected area over time was recorded (Fig. 5).
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Bottom Area (Bottom Temp.) Complete Area (Average Temp.) Fig. 4. Averaging regions used to determine the temperatures of the middle (Average Temp.) and lower (Bottom Temp.) droplet parts (similarly to the method [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]). Quite often, due to the re-reflection of the laser beam from the droplet and the substrate, the background intensity in some frames exceeded the average value established at step 2. As a result, Tbr was detected even in the regions not containing Rhodamine B. Therefore, an additional curve of the average temperature evolution Tbr was plotted. After that, the difference Td-Tbr was calculated for each moment of time. At Td-Tbr<20, the experimental values of the recorded parameters were disregarded. Fig. 6 presents the Td=f(t) curves before and after removing these points. After that, the time-average temperatures within the whole droplet volume (Average Temp.) and in its lower part (Bottom Temp.) were calculated for each surface temperature value (Tsurf):

Td=(Td1+Td2+…+Tdn)/n, where n is the number of points on the curve; Td1, Td2, and Tdn are the temperature values for each moment of time. The difference (ΔTd) between the Bottom Temp. and Average Temp. of droplets was calculated at different surface temperatures (Tsurf).

It is clear that some points in Figs. 5 and 6 are missing (e.g., in the range of 0.3-0.4 s for Fig. 5 and 0.2-0.25 s for Fig. 6a). There are three reasons for that. First, the droplet often moved a lot after being placed on the substrate (the process is described in [START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]). This often resulted in its shifting from the laser sheet plane, making temperature recording impossible. Second, even when the droplet was in the sheet plane, the water inside the main tetradecane droplet did not stop moving. This led to the absence of the water component in the droplet image in some of the frames. This is especially typical of the unmixed bi-component droplet for which Fig. 5 was introduced. Temperature measurement is also impossible in this case. Third, at the step of image processing, when the Fluorescence Ratio (580/620 nm) was calculated, its values went beyond the calibration curve. It was impossible to calculate the temperature for these points. They were disregarded too.

Results and Discussion

Regimes and threshold conditions of fragmentation, temperature of slurry droplets

Fig. 7 presents the video frames and corresponding temperature fields for the slurry droplet, when varying the surface temperature in the range Tsurf=400-550 °C. The analysis of the data (e.g., Fig. 7), obtained for the slurry droplet, reveals that the specific aspects of the processes under study (oscillations of the droplet surface and the droplet rolling around the substrate, its shape, separation of small fragments, characteristics of the micro-explosion) are generally similar to those established previously for emulsion droplets [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. Similarly to [START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], the dimensions of child droplets formed from the slurry droplet were estimated. It was established that the radius of droplets (Rch-d) emerging as a result of a micro-explosion is 0.5-3.5% larger for the slurry droplet than for the emulsion droplet, and is almost comparable to the dimensions of droplets produced from the micro-explosion of an unmixed twocomponent droplet, other conditions being equal [START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. Moreover, the coal particles in the slurry droplet were clearly visible only for 15-30 ms after it was placed on the substrate. After that, the position of the particles and their trajectories in the droplet are hard to track due to the separation of the emulsion into a combustible and aqueous components followed by the formation of water microdroplets. The analysis of temperature fields (Fig. 7) indicates that the temperature profiles of the liquid droplets under study are highly inhomogeneous. The temperature difference between the entire area of the droplet and at its bottom may reach 1°C to 10 °C. In some experiments, even higher temperature gradients were recorded. They were conditioned by the droplet's rapid travel on the substrate due to boiling at the moment of touching. The droplet temperature changed very quickly in such moments (1300-1500 °C/s). Such results were disregarded in data averaging when temperature fields were plotted.

For unmixed two-component droplets and emulsions, the average temperature decreased with the growth of the surface temperature (Tsurf). This is because the droplet spends less time on the substrate. However, Td was found to rise at Tsurf>500 °C, which is due to an almost instantaneous boiling of water in the droplet composition. For slurry droplets, the average droplet temperature increased with a rise in the surface temperature (Tsurf). However, at Tsurf>500 °C, the average droplet temperature started decaying.

The micro-explosion of droplets of emulsions and slurries (based on emulsions with solid particles) occurred at 7-12 °С lower droplet temperatures than in the case of unmixed bi-component droplets. This is conditioned by small dimensions of microdroplets in the initial droplet. Consequently, the latter heated up much faster. In the near-surface layer of microdroplets, regions of local vaporization emerged. ) and middle (Average Temp.) parts of the slurry droplet decreases from 2.5 °C to zero with the growth of the surface temperature (Tsurf). Thus, at temperatures above 500 °C, the slurry droplet heats up to an almost homogeneous temperature field. Adding micro-sized carbonaceous particles to the droplet makes it possible to heat water and the liquid combustible component to higher temperatures as compared with the microemulsion without particles. droplets are generally quite similar and somewhat lower than those recorded for the unmixed twocomponent droplet [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]. There are a number of reasons for that. The main one is that the water and combustible component in the unmixed two-component droplet are heated up separately. In the scheme used in the experiments, water was the core of the unmixed bi-component droplet, whereas the combustible liquid was the envelope. This is clearly seen in the video frames with the droplet heating (see Supplementary Material A). Thus, the near-surface layer of the droplet got heated faster (the thermal diffusivity of the combustible liquid being severalfold higher than that of water) than in the case of the emulsion and slurry, containing water in the near-surface layers. Due to faster heating and higher evaporation rates of the liquid combustible component, the unmixed two-component droplet heated up to higher temperatures before breakup. The analysis of temperature evolution trends (Fig. 10) made it possible to establish the heating time and breakup delay time of slurry droplets. Heating time (th) was defined as the interval from the moment of placing the droplet on the substrate up until the TAT and TBT temperatures became steady (Fig. 10). Break up delay time (td) was the interval from the moment of placing the droplet on the substrate until the droplet started to break up. It was established (Fig. 10) that td normally corresponds to the moment when the difference between the TBT and TAT temperatures approaches zero (i.e., the droplet is evenly heated throughout its volume).

Temporal characteristics of slurry droplet fragmentation

Fig. 11a-c presents the curves of heating time (th) and breakup delay time (td) of the slurry droplet versus surface temperature (Tsurf). The curves obtained for the slurry droplet are nonlinear, which is because of a number of factors. First, the nonlinear curves of the liquid evaporation rates versus temperature have an important role to play. Second, for the substrate temperature range under study, changing regimes of droplet fragmentation were recorded. They differed in the position of the droplet on the substrate during heating and immediately before the fragmentation, as well as in the trajectories and velocities of distributed water microdroplets. Two extrema of the temporal characteristics under study were identified for the considered range. These extrema illustrate the possibility of reaching high intensity of the slurry droplet fragmentation in a limited temperature range, thus removing the need for maximum temperatures. Additionally, the curves obtained for the slurry (Fig. 11c) and emulsion (Fig. 11b) droplets (especially td(Tsurf) curves) display quite similar behavior. The comparison of the droplet breakup times shows (Fig. 11d) that irrespective of the type of droplet and the temperature of the heated surface, te corresponds to the range of 0. temperature of 450-550 °С, they differ by 13-32%. The values of td for the slurry droplets are lower in this temperature range. The higher the substrate temperature, the faster the slurry droplets heated up until breakup conditions as compared with the emulsion droplets. This is because the slurry droplets were more stable (moved less) on the substrate surface than the emulsion droplets. The solid particles in the composition of the droplet contributed to its steady heating on the substrate. The result obtained in this study is consistent with the previously established aspects of heating and breakup of slurry droplets when heated by conduction [START_REF] Antonov | Puffing/micro-explosion in rapeseed oil/water droplets: The effects of coal micro-particles in water[END_REF]. For all the three droplets under study (unmixed two-component, emulsion and slurry droplets), td was found to grow at Tsurf≈550 °C. An increase in td (Fig. 12) is explained by the specific aspects of the droplet's behavior on the heated substrate [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]. At higher values of Tsurf>500 °C, the droplets rolled around and jumped up on the substrate [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], which decreased the time of contact of the droplet with the heated substrate. This delayed a micro-explosion, i.e. td went up (Fig. 12).

-17 - for each of the three types of droplets under study at different surface temperatures (in the explosion regime). It is clear that the ΔTd(Tsurf) curves differ substantially for the three droplet types. This result illustrates significant differences in the conditions and rates of heating and evaporation of the three types of droplets. The slurry droplets, as compared with the two other types of droplets, feature a significant decrease in the temperature difference ΔTd with an increase in Tsurf. The main reason for that is that the solid particles in the droplet enhance its thermal conductivity. The conductivity of solid particles is higher that that of tetradecane which varies from 0.14 to 0.12 W/m•K between 300 K and 400 K. Hightemperature heating promotes rapid evaporation of the liquid from the bottom of the droplet. The solid particles interact with the substrate, creating a rough layer, which further facilitates heating and evaporation. This may be caused by two factors. First, the substrate surface is not polished, so there is some roughness on it. Due to the internal convective flows in the droplet, solid particles moving near the heating surface catch on the irregularities of the substrate and deposit on it. Second, solid particles circulating inside the droplet can coalesce due to their irregular shape (Fig. 1a). This increases the mass of the particle agglomerate depositing on the substrate. These two points lead to the growth of the surface area of heat exchange, thus the droplet is heated faster. The higher the Tsurf temperature, the more rapid are these effects. The comparison of droplets without solid particles shows that ΔTd rises in both cases when Tsurf is increased. However, the rates of this growth differ. This result is attributed to the important role that the sequential evaporation of water and combustible liquid has to play in the unmixed twocomponent droplets. The combustible liquid envelops the bi-component droplet, rapidly heats up and evaporates. The effect of water (as a core) on the process is marginal. Therefore, the values of ΔTd grow almost linearly with an increase in Tsurf. In the case of emulsions, the ΔTd(Tsurf) curves featured a nonlinear growth. The obtained result shows that the droplet heats up and evaporates evenly, although there are two components with significantly different values of vaporization heat, boiling temperatures, rates of heating and evaporation. regime: a -unmixed two-component droplet [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]; b -emulsion droplet [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]; c -slurry droplet (at θ≈0.05 wt%).

A group of approximations was obtained for the curves presented in Fig. 13, like ΔTd=A+B•Tsurf+C•(Tsurf) 2 , to predict the difference between Bottom Temp. and Average Temp. of a droplet. The coefficients of the approximation are listed in Table 1 for three types of droplets under study. One of the specific aspects established when comparing the results of this study with [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF] is that water microdroplets are formed in different ways inside the tetradecane droplet for the three types of droplets under study (unmixed two-component, emulsion and slurry). Supplementary Materials A-C contain video frames of microdroplet formation, heating and micro-explosive breakup of unmixed twocomponent, emulsion and slurry droplets at Tsurf≈550 °C. In the case of emulsions, water microdroplets 1 µm in size were present in the initial droplet even before heating began [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. A slurry is generally an emulsion with solid microparticles added to it. For that reason, "microdroplet formation" in the experiments with emulsions and slurries implied the coalescence of the initial droplets into larger ones. In unmixed droplets, it was, on the contrary, the breakup of the initial component into smaller fragments.

"Microdroplets" in this study are water droplets measuring 10-100 µm (the minimum size of droplets is limited by the capabilities of the equipment used in the experiments).

Sets of video frames in the course of heating the three types of droplets under study at Tsurf≈550

°C are presented in Fig. 14 to illustrate this process. The main differences of the considered process are the mechanism and duration (tm) of microdroplet formation. A rapid formation of microdroplets in the unmixed two-component droplet was recorded only after it boiled, thus the initial water fragment broke up into a lot of small ones (Supplementary Material A [15-30 s]). For the emulsion and slurry droplets, these processes look alike and correspond to the descriptions in [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]: in the course of heating, microdroplets sequentially coalesced into larger fragments (Supplementary Materials B [20-43 s] and C

[7-11 s]). The "milky" color of the emulsion and slurry droplets (Fig. 14) at the beginning of heating signifies the abundance of tiny (less than 1 µm) droplets of water. The time of microdroplet formation was significantly different for the three types of droplets under consideration. Thus, e.g., at Tsurf≈550 °C (Fig. 14), the maximum values of tm=160-180 ms correspond to unmixed two-component and emulsion droplets, whereas the minimum tm=40-50 ms to slurry droplets. The reason for that is that heated solid particles in the droplet are the centers of the growing concentration of small water droplets, i.e., the flow of water droplets to the particles was recorded. In turn, this accelerated the formation of large water fragments as a result of coalescing microdroplets. Consequently, solid particles became barely distinguishable inside the slurry droplet 20-30 ms after the droplet heating was initiated, i.e., before a group of coalescing microdroplets was formed.

Solid particles and water microdroplets are local vaporization centers. Rapid evaporation at the phase interface may slightly reduce the average droplet temperature. The analysis of Fig. 9 suggests that the average temperature of the unmixed bi-component droplet is higher than that of the microemulsion droplet. This is because the microemulsion droplet contains much more water microdroplets, which are vaporization centers. Therefore, the microemulsion droplet temperature is lower than that of the unmixed bi-component droplet (Fig. 9). Adding solid particles to the microemulsion increases the average droplet temperature: Tsurf=450-550 °C (Fig. 9). There are two reasons for that. First, solid particles in the slurry are distributed quite evenly. Since the volume fraction of the combustible component is higher (91 vol%) than that of water (9 vol%), a vast majority of the particles are in tetradecane. Due to a high thermal conductivity of solid particles, the combustible component is significantly heated, just like water is.

Second, adding solid particles to the droplet greatly accelerates the formation and enlargement of microdroplets (Fig. 14). This reduces the number of local vaporization centers (as it was mentioned above), thus increasing the average droplet temperature (Fig. 9). Fig. 15a presents the curves of microdroplet formation time versus surface temperature, obtained from the analysis of the findings of this research and other data [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]). It is clear (Fig. 15a) that the time of water microdroplet formation for the slurry is minimum (41-62 ms) as compared with the two other types of initial droplets. However, when the substrate temperature grows in the range Tsurf=400-550

°C, the values of tm decrease for the slurry droplet and significantly increase for the unmixed twocomponent and emulsion droplets (Fig. 15a). The difference in the values of tm for the slurry and two other types of droplets is maximum at Tsurf≈550 °C and reaches 350-380%. Thus, even low (0.05 wt%) concentrations of solid particles added to the emulsion composition make it possible to accelerate the separation of bi-component droplets into a combustible and aqueous components more than threefold, when using short-time (no more than 100 ms) high-temperature heating. This unexpected specific aspect may be used in fuel dewatering technologies, or when checking the quality of emulsion fuels.

The results in Fig. 15a and the droplet breakup delay times established earlier (Fig. 

Generalization of research findings

By generalizing the results of the research conducted in the Heat Transfer and Energy laboratory in Nantes University (France), presented in this study and in [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], maps (Fig. 17) of fragmentation regimes were plotted for emulsions, slurries and unmixed two-component droplets. These maps make it possible to predict the conditions required for minimum delay times, maximum droplet temperatures, maximum number of child droplets and area of the liquid surface. It is safe to say that these fragmentation regime maps may look significantly different when three key parameters (the substrate temperature, initial size of the droplet and its component composition) are varied. Therefore, the most typical regime maps in Fig. 17 are presented for the three types of droplets under study when varying Tsurf in the range of 400-550 °C, Vd≈5.5 µl and Rd≈1.1 mm. A group of parameters was used to draw up the fragmentation regime maps (Fig. 17): tm, th, td, te, TAT, TBT, ΔTd, Rch-d and S1/S0. Using the results of the experiments and the data from [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF], the average values of the selected parameters were calculated for each type of liquid and a variable value of Tsurf. After that, dimensionless integral criteria (relative efficiency indicators) were calculated for each parameter. Maximum temperatures (TAT, TBT, ΔTd) and liquid surface area ratios (S1/S0), minimum times (tm, th, td, te) and child droplet radii (Rch-d) were considered to be the most efficient values. Dimensionless integral criteria were given by: (tm) min /tm; (th) min /th; (td) min /td;

(te) min /te; (Rch-d) min /Rch-d; TAT/(TAT) max ; TBT/(TBT) max ; ΔTd/(ΔTd) max ; (S1/S0)/(S1/S0) max , where (tm) min , (th) min , (td) min , (te) min , (Rch-d) min , (TAT) max , (TBT) max , (ΔTd) max , (S1/S0) max are minimum and maximum values of the selected parameters recorded for all the liquids under study at Tsurf. Thus, for all the dimensionless integral criteria, calculated from the experimental findings, "1" corresponded to the best values, "0" to the worst ones (Fig. 17). For each fuel composition, the so-called fragmentation efficiency coefficient (Kexpl) can be calculated in a similar way to the efficiency coefficients of fuel combustion [START_REF] Vershinina | Recovery of waste-derived and low-grade components within fuel slurries[END_REF][START_REF] Nyashina | Impact of micro-explosive atomization of fuel droplets on relative performance indicators of their combustion[END_REF][START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF] by normalizing the parameter of the relative maximum/minimum value [START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF]. This method considers the simultaneous effect of a group of parameters, reflecting different aspects of using fuels, on the final integral efficiency indicator Kexpl. For instance, the indicators used by K. Vershinina et al. [START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF] are environmental (gaseous emissions, ash, etc.), energy performance (heat of combustion, minimum ignition temperature, maximum combustion temperature, ignition delay times, etc.), economic (the cost of all the fuel handling stages), technological (delamination and atomization stability, etc.) and social (decreasing landfill areas as a result of involving waste in fuel compositions). These indicators were used to compare novel fuel compositions with conventional fuels (coal, fuel oil). A dimensionless format is considered to be the clearest way of presenting coefficients. It can be implemented by using one of two schemes. In the first scheme, all the indicators of the novel fuels are compared with those of the conventional ones, i.e., a ratio is calculated. The second scheme suggests choosing the maximum value in each group of parameters. The value of a parameter, calculated for each fuel, is divided by this maximum value (similarly to the results presented in Fig. 17). 1 corresponds to the most efficient fuel, whereas a value close to 0 illustrates a weaker position of the respective fuel, as compared with the other ones. As it has been shown [START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF], some fuels may have significant benefits over other fuels in one of the specified indicators (e.g. combustion time, heat dissipation, etc.), though be inferior in the other ones (for example, the content of sulfur, nitrogen, carbon monoxide, etc.). To justify the so-called nondominated solutions, it is advisable to choose fuels with the highest integral efficiency criteria, i.e., the contribution of each factor, effect and parameter is to be considered. The results of the corresponding analysis, presented in [START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF], rely on two approaches: equal contribution of the factors under consideration; differentiated contribution of factors (e.g., some industries or regions place more emphasis on the environmental aspects rather than economic ones). It is instructive to perform the same analysis with a focus shifted from fuel combustion conditions to the conditions and characteristics of secondary atomization of droplets in the micro-explosive breakup regime. T surf ≈550 °C Fig. 17. Maps of fragmentation regimes for slurries at θ≈0.05 wt% (using the data of this research), emulsions and unmixed two-component droplets (using the findings [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF]) (at Tsurf=400-550 °C, Vd≈5.5 µl, Rd≈1.1 mm (at micro-explosion) based on the integral efficiency criteria.

Fig. 18 presents the fragmentation efficiency coefficients Kexpl for emulsion, slurry (at θ≈0.05 wt%) and unmixed two-component droplets without taking into account the role (contribution) of the integral criteria and considering their different weight coefficients. The weight coefficient is a numerical coefficient reflecting the "weight" (relative significance) of a particular factor (indicator) as compared with the other factors affecting the process under study. In this research, the weight coefficient is necessary to calculate the resulting value of Kexpl, considering the effect of each integral criterion (similarly to [START_REF] Vershinina | Recovery of waste-derived and low-grade components within fuel slurries[END_REF][START_REF] Nyashina | Impact of micro-explosive atomization of fuel droplets on relative performance indicators of their combustion[END_REF][START_REF] Vershinina | Combustion and emission behavior of different waste fuel blends in a laboratory furnace[END_REF]). Kexpl was calculated using the integral criteria established before (Fig. 17) tm, th, td, te, TAT, TBT, ΔTd, Rch-d and S1/S0. When the weight of the integral criteria of each type of droplets (unmixed two-component, emulsion and slurry) was not considered, Kexpl was determined as the arithmetic mean of all the previously calculated integral criteria of explosive breakup efficiency at a fixed temperature Tsurf (Fig. 18a). When the weight of the integral criteria was considered, their values were adjusted by multiplying them by the weight coefficient. The weight coefficient for the integral criteria td and S1/S0 was taken as equal to 0.325 (as for the most significant parameters); for the criteria tm, th, te, TAT, TBT, ΔTd and Rch-d it was 0.05. The weight coefficients were chosen to add up to 1. After that, the fragmentation efficiency coefficient Kexpl was determined as the arithmetic mean of the adjusted integral criteria (Fig. 18b), like it was done in the previous case. -25 -

The calculations made on the assumption of the equal contribution of the considered factors (Fig. 18a) and when differentiating the role of individual integral coefficients (Fig. 18b) show that slurries are the most efficient type of droplets in terms of maximum atomization/fragmentation efficiency (Fig. 18a).

When the role of each of the factors and effects under study is varied (by introducing the differentiated weight coefficient), the most efficient type of droplets hardly changes (Fig. 18b). This suggests that both approaches can be used to evaluate the efficiency of micro-explosive fragmentation of droplets.

It was recorded that in the surface temperature range Tsurf=400-550 °C, the fragmentation efficiency coefficient of unmixed two-component droplets (Kexpl) changes only in a limited range (0.794-0.872). For the slurry, Kexpl remains almost the same at temperatures 400-500 °C and decreases slightly at 550 °C. Kexpl for emulsion droplets decreases steadily with a temperature growth in the range of 400-550 °C. Such pattern of change of the fragmentation efficiency coefficient of emulsions is attributed to their homogeneous structure at the initial heating stage. A non-monotonic change of Kexpl in the case of unmixed two-component droplets and slurries can be explained by the changing characteristics of water microdroplet circulation [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF] and polydisperse size of bituminous coal particles (Fig. 1). These processes lead to unstable characteristics of water microdroplet formation in the initial droplet. It was also established (Fig. 18b) that slurry droplets feature the highest efficiency coefficient (0.92-0.928) at temperatures Tsurf=400-500 °C, emulsions (0.867) at Tsurf=400 °C and unmixed two-component droplets (0.872) at Tsurf≈450 °C. The concentration of solid particles in the droplet affects the fragmentation efficiency coefficient (Kexpl). An increase in θ in the range of 0.05-0.3 wt% reduces tm and td (Fig. 16a,b) by 10-12%. The values of th also decrease when solid particles are added to the droplet (Fig. 11a-c). The normalized values of th, tm and td (integral criteria) for the unmixed bi-component and emulsion droplets (at lower th, tm and td for the slurry droplet) will be lower. Since the integral criteria for th, tm and td were used to calculate Kexpl, the micro-explosive fragmentation efficiency coefficient (Kexpl) for the unmixed bi-component and the emulsion droplets will be lower, too. The obtained result is important when specifying the micro-explosive fragmentation conditions of droplets of the liquids under study in secondary atomization systems.

Conclusions

(i) The conducted experiments made it possible to establish that the mechanisms and characteristics of micro-explosive fragmentation of slurry droplets are significantly different from those of emulsions and unmixed two-component droplets, explored in [START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF][START_REF] Strizhak | Bellettre Child droplets from micro-explosion of emulsion and immiscible two-component droplets[END_REF]. In particular, the surface temperature ranges, required for the micro-explosive breakup of the unmixed two-component droplet, are 350-550 °C, for the emulsion and slurry droplet breakup 400-550 °C. The recorded breakup delay times of slurry droplets (about 0.2 s) are 13-32% lower than those of unmixed two-component (about 0.27 s) and emulsion droplets (about 0.25 s).

(ii) It was shown that solid particles in the slurry droplet composition significantly affect the temperature field generation. In particular, adding coal microparticles to the droplet made it possible to heat water to 2-4 °C higher temperatures as compared with the microemulsion. Solid particles in the slurry droplet composition facilitated the heat and mass transfer. Consequently, it took 30-50% less time to heat the slurry to uniform temperatures than it did to heat unmixed two-component and emulsion droplets (when the substrate temperature was varied in the range between 400 °C and 550 °C). It was also established that an increase in the concentration of particles in the droplet in the range of 0.05-0.27% reduced the time of micro-explosion delay by 4-6% as compared with the emulsion. This improved the efficiency of micro-explosive breakup of droplets.

(iii) Differences in the mechanisms of water microdroplet formation were established in the systems with three types of initial droplets under study (unmixed two-component, emulsion and slurry)

when heating them on the substrate. The time of microdroplet formation in the slurry was found to be 350-380% lower than in the unmixed two-component and emulsion droplets at the substrate temperature of 550 °C. This time decreased by 12% with a 0.05-0.27% growth of the mass concentration of particles added to the droplet. Adding solid particles even with a low (0.05 wt%) concentration to the droplet already produces a positive effect (reduces micro-explosion delay time). Thus, adding solid particles to the emulsion makes it possible to accelerate the separation of bi-component droplets into a combustible and aqueous components more than threefold, when using short-time (no more than 100 ms) hightemperature heating. This effect can be employed in fuel dewatering technologies, or when checking the quality of emulsion fuels. The generalization of experimental results has revealed that the rate of microdroplet formation may have a decisive effect on the micro-explosion delay time. A four-to fivefold decrease in the time of microdroplet formation accelerates the micro-explosive breakup almost 1.3-1.5 times.

(iv) Composite fragmentation regimes maps were drawn up for emulsions, slurries and unmixed two-component droplets to demonstrate the conditions providing the lowest delay times, maximum temperatures and liquid surface areas. The fragmentation efficiency coefficient (based on the integral dimensionless criteria) was obtained in the substrate temperature range of 400-550 °C. These findings can be applied to predict the conditions of efficient micro-explosive secondary breakup of droplets.

  : heat capacity -1.02 kJ/(kg•K); thermal conductivity -0.23 W/(m•K); thermal diffusivity -1.55083•10 -7 m 2 /s. The particles varied in shape. They were mostly polyhedrons, less frequently spheres and ellipsoids. These shapes corresponded to the typical conditions of particle production at coal processing plants and open-cast coal mines. The images of solid particles and their distribution by size are presented in Fig. 1. In Fig. 1b, the bins in the histogram illustrate the percentage of particles of a certain group of sizes in the total number of recorded particles, e.g., 0-10 µm, 10-20 µm, etc.

Fig. 1 .

 1 Fig. 1. Coal particle appearance, determined using an optical system based on Navitar microlenses (a); percentage of particles of a particular group of sizes in the total number of recorded particles (b).

Fig. 2 .

 2 Fig. 2. Video frames of the droplet (Vd≈5.5 µl, Rd≈1.1 mm) at the initial point (after being placed on the substrate), corresponding to different concentrations of solid particles θ=0-0.27 wt% (above -initial frames; below -frames showing solid particles).

Fig. 5 .

 5 Fig. 5.A typical example of average temperature evolution of the unmixed bi-component droplet over time at Tsurf≈200 °C in the puffing regime[START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF].

Fig. 6 .

 6 Fig. 6. A typical example of Td and Tbr (a) evolution; evolution of the temperature of the droplet (Average Temp.) and temperature of its lower part (Bottom Temp.) over time after filtering, and comparison of the obtained findings [22] (b).

Fig. 7 .

 7 Fig. 7. Video frames and corresponding temperature fields of slurry droplets (at θ≈0.05 wt%) when varying the surface temperature in the range Tsurf=400-550 °C (at Vd≈5.5 µl, Rd≈1.1 mm in the explosion regime).

Fig. 8 Fig. 8 .

 88 Fig. 8 presents the values of Average Temp. and Bottom Temp. for three different types of droplets (unmixed two-component and emulsion droplets -based on the findings [22], slurry dropletbased on the results of this research). Further research findings are presented for all the three types of droplets (unmixed bi-component, emulsion and slurry) at Vd≈5.5 µl and Rd≈1.1 mm. The comparison is made for the identical droplet sizes.

Fig. 9

 9 Fig. 9 presents combined curves of the Average Temp. and Bottom Temp. versus surface temperature for three different types of droplets (in the Explosion regime). Fig. 10 presents trends of changes in the Average Temp. (TAT), Bottom Temp. (TBT), as well as in the difference TBT-TAT for the slurry droplet at different surface temperatures (Tsurf) in the explosion regime. Fig. 10 presents the results of two experiments for each value of Tsurf. It is clear that the temperatures of the slurry and emulsion

Fig. 9 .

 9 Fig. 9. Combined curves of the Average Temp. (left) and Bottom Temp. (right) vs. surface temperature for three types of droplets under study (Vd≈5.5 µl, Rd≈1.1 mm) in the explosion regime (unmixed twocomponent and emulsion droplets -the findings from [22], slurry droplet (at θ≈0.05 wt%) -the results of this research).

Fig. 10 .

 10 Fig. 10. Trends of changes in the Average Temp. (TAT), Bottom Temp. (TBT), as well as in the difference TBT-TAT for the slurry droplet (at θ≈0.05 wt%) at different surface temperatures (Tsurf) in the explosion regime (Vd≈5.5 µl, Rd≈1.1 mm).

Fig. 11 .

 11 Fig. 11. Heating time (th) and breakup delay time (td) of the droplet (Vd≈5.5 µl, Rd≈1.1 mm) vs. surface temperature (Tsurf): a -unmixed two-component droplet (based on the findings [22]); b -emulsion droplet (based on the findings [22]); c -slurry droplet (at θ≈0.05 wt%); droplet (Vd≈5.5 µl, Rd≈1.1 mm) breakup time (te) vs. temperature Tsurf. d -the comparison of the droplet breakup times (for unmixed twocomponent, emulsion and slurry droplet).

Fig. 12 presents

 12 Fig.12presents the combined curves of the droplet breakup delay times versus the surface temperature for three compositions under study (the explosion regime). It is clear from Fig.12that all the droplet types have certain optimal temperature ranges in which micro-explosive breakup was recorded with shorter delays. Moreover, unmixed two-component droplets feature a much wider temperature range of recording micro-explosive effects. For all the droplet types, the lowest breakup delay times corresponded to the average temperatures of the considered range, i.e., from 300 to 400 °C. The average values of breakup delay time are quite similar for the emulsion and slurry droplets. At the substrate

Fig. 12 .

 12 Fig. 12.Combined curves of breakup delay times vs. surface temperature in the explosion regime for three types of droplets (Vd≈5.5 µl, Rd≈1.1 mm), unmixed two-component and emulsion droplets -the findings from[START_REF] Strizhak | Bellettre Measuring temperature of emulsion and immiscible two-component drops until micro-explosion using two-color LIF[END_REF], slurry droplet (at θ≈0.05 wt%) -the findings of this research.

Fig. 13

 13 Fig.13presents the temperature difference (ΔTd) between the Bottom Temp. and Average Temp.

Fig. 13 .

 13 Fig. 13. Temperature difference (ΔTd) between Bottom Temp. and Average Temp. for three types of droplets under study (Vd≈5.5 µl, Rd≈1.1 mm) at different surface temperatures (Tsurf) in the explosion

Fig. 14 .

 14 Fig. 14. Video frames of three types of droplets under study (unmixed two-component; emulsion; slurry at θ≈0.05 wt%) during heating and water microdroplet formation (at Tsurf≈550 °C; Vd≈5.5 µl, Rd≈1.1 mm).

Fig. 15 .

 15 Fig. 15. Time of microdroplet formation vs. surface temperature (a); explosion delay time td vs. microdroplet formation time (in the temperature range Tsurf=400-550 °C in the explosion regime at Vd≈5.5 µl, Rd≈1.1 mm).

Fig. 16 presentsFig. 16 .

 1616 Fig. 16 presents the curves of temporal characteristics of droplet breakup versus mass concentration of coal particles in the slurry composition. It was established that a 0.05-0.27 wt% increase in the concentration of particles in the droplet decreased tm by 11-13% and td by 4-6%, thus improving the efficiency of micro-explosive breakup of droplets. The breakup times (te) are generally almost constant and correspond to the range of 0.4-1 ms, which is consistent with the results presented in Fig. 11c.

Fig. 18 .

 18 Fig. 18. Micro-explosive fragmentation efficiency coefficient Kexpl for emulsion, slurry (at θ≈0.05 wt%) and unmixed two-component droplets, when the weight of integral criteria is not taken into account (a) and when considering their differentiated contribution (b) at Tsurf=400-550 °C, Vd≈5.5 µl, Rd≈1.1 mm.

  

Table 1 .

 1 Coefficients of the approximation ΔTd=A+B•Tsurf+C•(Tsurf) 2 for emulsion, slurry (at θ≈0.05 wt%) and unmixed two-component droplets at Tsurf=400-550 °C, Vd≈5.5 µl, Rd≈1.1 mm (at micro-explosion).

		ΔTd=A+B•Tsurf+C•(Tsurf) 2	
	Coefficient	Unmixed	Emulsion	Slurry
	A	-2.18868	27.67106	-1.11295
	B	0.01695	-0.11985	0.02435
	C	-1.43159•10 -5	1.37575•10 -4	-3.88036•10 -5
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