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Nomenclature n -number of child-droplets; P -power consumed, kW/h; Qc -convective heat flux, kW/m 2 ; Rd -droplet radius, mm; Rd1 -radii of the first droplet, mm; Rd2 -radii of the second droplet, mm; rd -average radius of child-droplets, mm; S0 -total surface area of pre-collision droplets, m 2 ; S1 -total surface area of post-collision droplets, m 2 ;

Introduction

In most technologies, liquid droplet atomization is aimed to increase the interfacial area as well as inter-component interfaces for heterogeneous compositions [START_REF] Vysokomornaya | Breakup of heterogeneous water drop immersed in high-temperature air[END_REF]. It is especially important to increase this parameter when evaporating or burning impurities, as well as in fire suppression systems, heat and mass transfer plants, for liquid fuel injection, etc. As a result, it is possible to minimize power consumption and the duration of corresponding technological stage in the aforementioned applications due to extensive phase transformation, gas-phase and heterogeneous chemical reaction. Another application for surface treatment processes is thermal plasma spraying. In this case, heterogeneous drops made of 10-100 nm solid nanoparticles in a carrier liquid (water or ethanol) undergo fragmentation when surrounded by a hightemperature, high-velocity plasma jet [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF].

Besides the primary atomization of liquid droplets, implemented by various injectors, capillaries, and compressors, quite widespread is a secondary atomization, which is normally based on various physical principles and mechanisms [START_REF] Vysokomornaya | Breakup of heterogeneous water drop immersed in high-temperature air[END_REF]. The first of the typical and most commonly applied schemes is the secondary atomization through droplet collision with a solid surface [START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF]. It is determined [START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF] that interaction time of the droplet and the surface depends on the roughness of the latter. When We number is increased to 60, the impact with a solid surface destroys the droplet, generating a large number of smaller liquid fragments. For We number less than 30 the droplet bounces off a surface, and for a range of We from 50 to 80, the droplet impact creates a thin film on the solid surface, which then breaks up into smaller fragments. The level of droplet disruption is heavily dependent on surface characteristics (roughness, thermal and physical characteristics, hydrophilic or hydrophobic properties, etc.) as well as on liquid viscosity, wall temperature, and impact angle. For instance, higher wall temperature will provide a considerable shift in the transition boundary (in terms of critical size or velocity) between three atomization modes [START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF]: partial fragmentation, explosive disruption, and recurrent bounce followed by breakup. The most rapid breakup occurs in limited heating temperature range of 100 to 300 °С.

As part of secondary atomization schemes, several liquid aerosol sprays are often intermixed under various angles by intersecting injector spray cones, in order to stimulate droplet collisions. In this case, the rate of droplet breakup depends heavily on the impact angle and We number, as well as on the liquid properties (viscosity, density, and surface tension). The most important thing to determine here is the conditions providing the increase in the number of smaller fragments due to collisions of initial droplets and the effect of the above parameters [START_REF] Szakáll | Wind tunnel study on the size distribution of droplets after collision induced breakup of levitating water drops[END_REF][START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF].

It is determined [START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF] that fuel droplets are heavily deformed and break up due to the divergent aerodynamic forces during the secondary atomization. Droplet relative velocity in a gas environment determines the aerodynamic force of droplet deformation, while viscosity (internal friction) and surface tension are the factors that slow down the transformation. The most important dimensionless numbers influencing the droplet breakup are Weber, Ohnesorge, Laplace, Reynolds, and capillary numbers, as well as density and viscosity ratios of two environments (gas and liquid). Studying these forces and effects provided us with thorough knowledge of how droplets of different homogeneous liquids atomize in a gas flow [START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF]. Breakup conditions are defined for droplets rapidly moving in the air flow and for droplets with the air flow incoming on them.

Droplet atomization can also be stimulated by heat due to the overheating of the low-boiling component. This way we can obtain a fine aerosol with a greatly increased evaporation surface area due to micro-explosive breakup [START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF][START_REF] Sazhin | A simple model for puffing/micro-explosions in water-fuel emulsion droplets[END_REF][START_REF] Mura | Emulsion droplet micro-explosion: Analysis of two experimental approaches[END_REF][START_REF] Antonov | Influence of solid nontransparent inclusion shape on the breakup time of heterogeneous water drops[END_REF][START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF]. This atomization scheme involves supplying significant heat fluxes by conductive, convective, and radiative heating, as well as complex mixed energy supply to a droplet. In the lab, the main applicable schemes are the extensive convective, conductive and radiative heating of liquid droplets. The convective scheme is characterized by medium value of critical heat fluxes required for extensive droplet aerosol atomization [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF], whereas the conductive one is more suited to individual emulsion drop study, providing a shorter micro-explosion delay. An important condition of massive droplet micro-explosive breakup is at least two components in the droplet composition with considerably different boiling temperatures and phase transition heat. The most common composition uses water as a low-boiling component, mixed with combustible liquids, fuels, solid particles, waste. Multi-component compositions of the above are also common [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF]. Concerning laboratory experiments using a single emulsion drop, waterin-oil emulsion drops are used in studies [START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF][START_REF] Watanabe | The characteristics of puffing of the carbonated emulsified fuel[END_REF].

Another widely used droplet flow atomization scheme introduces a high-density liquid. For instance, when a lower density liquid flow is moving in a high-density flow, the lighter liquid is affected by a complimentary pressure that leads to atomization or partial fragmentation [START_REF] Gelfand | Droplet breakup phenomena in flows with velocity lag[END_REF]. This scheme is economically inefficient when building industrial facilities, and the probability of complete droplet breakup during atomization is low. The droplet does not necessarily break up. For instance, low velocity droplet flow (We<50) does not overcome the surface tension, and the droplet does not disperse even under heavy surface deformation.

-4 -A droplet atomization scheme with gas flow injection [START_REF] Gelfand | Droplet breakup phenomena in flows with velocity lag[END_REF] is proposed for various fuel combustion devices. The scheme is characterized by high probability of droplet fragmentation, but also by gas (air) oversupply in the combustion chamber, increasing both economic expenses and the generated nitrogen dioxide concentration. It is known [START_REF] Shraiber | Deformation and breakup of drops by aerodynamic forces[END_REF] that high velocity of droplet flow leads to droplet fragmentation due to friction and resistance domination over the surface tension. However, this scheme is economically inefficient because the chambers and heat exchangers need to be pressurized, which increases their cost and wear. In the field of surface coating, a liquid jet is injected into a plasma jet where it undergoes a first fragmentation into liquid drops, which in turn undergo their secondary atomization [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF], also by means of the surrounding gas phase momentum.

An interesting possibility here is to combine several primary and secondary atomization schemes, with a possible decrease in cost and time needed to generate a droplet aerosol of the required fineness.

There is no comparative data yet on the integral characteristics of droplet breakup for different liquid compositions in every known secondary atomization scheme. The main obstacle seems to be the absence of common comparative criteria due to a drastic difference in physical origin of atomization in the above mentioned schemes. As a first step, it is reasonable to compare the integral characteristics of atomization by determining the average and maximum size of liquid fragments generated, their total surface area or total volume occupied. Next, we need to evaluate the amount of energy required to obtain the identical parameters, mentioned above, for each secondary atomization scheme. Another promising objective is to find a combination of several secondary atomization schemes for different liquids. Considering the results of experimental studies [START_REF] Vysokomornaya | Breakup of heterogeneous water drop immersed in high-temperature air[END_REF][START_REF] Negeed | Experimental study on the effect of surface conditions on evaporation of sprayed liquid droplet[END_REF][START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF][START_REF] Szakáll | Wind tunnel study on the size distribution of droplets after collision induced breakup of levitating water drops[END_REF][START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF][START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF][START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF][START_REF] Sazhin | A simple model for puffing/micro-explosions in water-fuel emulsion droplets[END_REF], we can safely assume that atomization schemes with droplet collisions, collision (impact) with a wall, and incoming air flow are more promising for heterogeneous droplets. Microexplosive breakup by overheating and boiling is important for inhomogeneous droplets.

The aim of this research is to compare the droplet atomization characteristics for different liquids by stimulating droplet collisions, impact with an obstacle (solid surface), droplet acceleration in the air flow (or by intense incoming gas jet), and micro-explosive breakup.

Experimental Procedures

We used several experimental setups and recording techniques for this research. The different schemes of atomization are presented in Fig. 1. Each setup design was based on the phenomenological approach using only isolated droplets as an object under study in the recording area. We have not yet considered the synergy effects of adjacent droplets inside the aerosol flow. To study droplet collisions, we used the setup fitted with a droplet generator and a liquid supply system. The experimental parameters were recorded in the same way as in studies [START_REF] Szakáll | Wind tunnel study on the size distribution of droplets after collision induced breakup of levitating water drops[END_REF][START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF]. The liquid supply system consists of a submersible pump with variable performance (1.2 to 1.6 l/min) and two silicone capillaries connected to specially designed nozzles (droplet generators) fixed to a holder ring. Droplet size was varied from 0.3 to 1.5 mm with the help of interchangeable nozzles. Impact angle (αd) was varied from 0 to 90 o by changing their position in the holder ring. By varying the pump performance, we changed the droplets velocities (Ud1, Ud2). To produce the interaction regime maps, we calculated the Weber numbers of the droplets closing in before collision, considering their relative velocity (Urel=(Ud1 2 +Ud2 2 -2|Ud1|•|Ud2|•cos(αd)) 0.5 ) and radius of small

droplet (Rd1): We=2•Rd1•ρ•Urel 2 /σ.
In preliminary tests, we used a pair of high-speed video cameras (resolution 1152x864, frequency 3000 to 100000 fps) to capture the droplet size, velocity, angle, shape, and the number of fragments, as well as to determine the interaction regimes. The observation area was lit by several light screens. The cameras were located at an angle of 90 o relative to each other to reproduce the spatial pattern. Two elements of a lighting system were opposite the cameras to enhance droplets image quality. Each camera was used for 2dimensional recording as shown in Figs. 1 and2. A focus depth was from 5 mm to 15 mm for the cameras.

To determine the focus depth, the Multi-Function Calibration Target (for Low Magnification Systems) was applied. In preliminary experiments, manual focusing was used for the subsequent calculation of scale and correction factors. Methods of measuring the primary droplets size, velocity and impact angles, as well as the number, size, and velocities of the secondary droplets, are based on the processing of videograms, the applying of a coordinate grid (collisions -from 25x32 mm to 31x38 mm; wall impact -from 25x34 mm to 27x36 mm; air jet impact -from 220x270 mm to 330x274 mm; micro-explosive breakup by overheatingfrom 14x14 mm to 17x17 mm) and the scale factors (collisions -from 0.025 mm/px to 0.032 mm/px; wall impact -from 0.025 mm/px to 0.029 mm/px; air jet impact -from 0.25 mm/px to 0.31 mm/px; microexplosive breakup by overheating -from 0.018 mm/px to 0.023 mm/px).

For processing the videograms, the Tema Automotive and FastCam software were applied. The software allowed to analyze the position of droplets, their velocities, accelerations, impact angles and covered distances with a high temporal sampling. The Tema Automotive software used the following functions: scaling/coordinate systems; analysis properties like position, velocity, acceleration, and angle are automatically calculated for all points in the session; automatic tracking; semi-automatic tracking; manual; time panel; time panel; graphs and tables panel. The FastCam software involved the use of the following functions: display scale; angle measurement; measuring distance between the two points; analysis. Markers allowing to track objects were used for the subsequent calculation of velocity, size, and impact angle (Fig. 1).

To determine the parameters characterizing the droplet fragmentation outcomes, the ratio between the surface areas of the emerged child-droplets and the two initial primary drops (S1/S0) was calculated. The surface area of the initial droplets, e.g., in the experiments with droplets collisions, was calculated using the formula: S0=4•π•(Rd1 2 +Rd2 2 ). When determining the surface area of the child-droplets, the size of all these droplets (rdi) and their number (N) were considered using the formula S1=4•π•∑N•rdi 2 . Since not all newly emerged secondary droplets were in the recording area, a correction factor (0.15-0.76) was introduced for the number of child-droplets. The number of apparent (Nti) and invisible (Ntv) droplets was determined. The latter (Ntv) should be considered to ensure equality of the volumes of the droplets before and after the interaction. The number and size of the invisible droplets were estimated on the basis of the assumption of the spatial homogeneity of the scattering of child-droplets during primary droplets collision. Following this assumption, if there is a two-dimensional distribution, the spatial one can be reliably predicted. The experiments have shown that the number and mean size of the secondary droplets in the case of single camera use and spatial homogeneity assumption differed from the analogous parameters recorded using a pair of cameras by 8-13 %. Considering such insignificant differences, it was decided to use further the results obtained using a single camera.

Systematic error for all of the experiments was: 1.6% for droplet radius measurement, 2.1% for droplet velocity measurement, 3% for air flow velocity measurement, and 2.3% for impact angle measurement. Random error will be shown as a confidence interval in the curves.

To study the droplet collision with a solid surface, we used the setup fitted with a liquid tank and a dispenser (droplet generator). Droplets fell free from the dispenser onto the solid surface -a copper plate also referred to as a wall or an obstacle. The plate was fixed on a holder. The droplet impact angle to the surface was varied by changing the plate position on the holder. Plates of different characteristics (roughness, thermal and physical characteristics, hydrophilic and hydrophobic properties, temperature, etc.) could be fixed on the holder. The experimental parameters were recorded in the same way as in studies [START_REF] Negeed | Experimental study on the effect of surface conditions on evaporation of sprayed liquid droplet[END_REF][START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF]. The experiments enabled to observe the size and number change of the secondary droplets emerged because of the collision of the primary droplets with a wall during liquid film formation on the wall surface. These issues were well learned within a number of experimental and theoretical studies [START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF]. Next, the mean amount and size of the secondary droplets detected in the tests with the primary droplets colliding with a wall will be discussed. In this case, a set of the tests, during which the primary droplets successively collided with a wall, forming the liquid film, was implemented. After performing this experiment during one minute, the number and size of the secondary droplets were averaged. In the future, it is planned to learn in detail the effect of these peculiarities on the values of S1/S0.

To study the droplet micro-explosion during high-temperature convective heating, we released a droplet into a vertically positioned rotary muffle furnace (temperature range 20-1200 °С). Dispensers were used to generate droplets of 0.62 to 1.34 mm in size. Furnace temperature was recorded by a system of National Instruments data collection module and fast thermocouples (accuracy ±3 °С, response 0.1 s). The measurement technique is similar to the one used in study [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF]. Mura et al. [START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF] studied an individual emulsion drop sliding onto a 5.71 mm-diameter heated plate, by means of the Leidenfrost effect. The heated plate was maintained at the temperature of 363 °С, providing a conductive heat transfer to the emulsion drop. A fast (10 kHz) CMOS camera LAVision High Speed-Star 6 with a 60 mm objective was used to visualize and count the child-droplets issued from the micro-explosion. Watanabe et al. [START_REF] Watanabe | The characteristics of puffing of the carbonated emulsified fuel[END_REF] expose the thermocouple-suspended drop of emulsified fuel to both convective and radiative heating, within an electric furnace where wall temperature is set to 700 °С and air temperature is set to 577 °С. From these three sets of experimental data, we derive the micro-explosion behavior of emulsified fuel drops undergoing the three modes of heat transfer. Generally speaking, convective and radiative heat transfer are more representative of spray combustion applications, whereas conductive heat transfer is used in the lab to closely observe an individual emulsion drop.

To study the isolated droplet interaction with an air jet, we used a setup with an atmospheric pressure liquid tank. The lower part of the tank is connected to a dispenser tip via an elastic tube with a roller clamp.

Opening the roller clamp generated a droplet of required size at the tip of the dispenser. At a 0.4 m distance from the dispenser, a narrow (10 mm) nozzle is mounted. When a shutter opened in front of the nozzle, a short burst of air flow occurred, aimed at the downward droplet. The air flow velocity was recorded by a hot-wire anemometer (accuracy 0.3 m/s, measuring range 0-60 m/s) and varied in the range of 2 to 45 m/s for all of the experiments. The experimental parameters were recorded in the same way as in study [START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF].

Damiani et al. [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF] studied the secondary atomization of pure water drops within a high-temperature (up to 13727 °С), high-velocity (1000-3000 m/s) plasma jet issued from a SULZER F4 plasma gun with an anode diameter of 6 mm. A CMOS fast camera PHOTRON Fastcam SA 1.1 was used to record the spray images at the acquisition frequency of 20 kHz. This was necessary to measure the sizes of the drops fragmented by the surrounding plasma jet. The experimental set-up and parameters are fully documented in study [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF].

We researched the compositions (Table 1) that are typical of the practical applications, mentioned in the Introduction Section. Graphite particles were used to compose slurries, because it is the most common ingredient of firefighting compositions. Among the solutions of environmental and energy problems there is an implementation of vegetable oil-based fuel. In countries with temperate climate, rapeseed oil-based fuel is considered the most efficient. Given that, we used rapeseed oil emulsion for our experiments. We chose diesel for our experiments for its wide usage in every industry, especially as internal combustion engine and power plant fuel. The main physical properties of components and liquid compositions are shown in Table 2. It also gives the key characteristics describing the reasons for surface transformation and droplet fragmentation in the reported secondary atomization schemes.

Results and Discussion

General patterns and aspects of droplet breakup modes

Figs. 2 and3 demonstrate typical experimental video frames to illustrate general and particular modes of droplet breakup during each of the used secondary atomization schemes, and data from study [START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF]. In terms of the shape sequence of breaking droplets, we can distinguish three types. The first one is characterized by considerable droplet surface deformation while maintaining its integrity, the growth of its maximum size due to the aerodynamic force, and the following breakup into a small number of relatively large fragments. In the second one, fragments separate from a dispersing droplet (referred to as partial fragmentation). The third one is the complete droplet breakup to form a fine aerosol. The higher the inertia, the more often the third scenario of droplet breakup occurs. The third type is the most desirable for the practical applications since it provides droplet fragments that are significantly smaller than the original droplets (Fig. 2) formed by a spray nozzle, dispenser, compressor or sprinkler. Fragmentation by means of the surrounding plasma jet (photos shown in Fig. 4 of study [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF]) is also an example of the third shape sequence of break-up, referred to as "sheet stripping" fragmentation regime (fifth secondary atomization scheme) in the Weber number interval 100≤We≤350.

All schemes of droplet interaction are characterized by the significant transformation and increased size of the droplet and thinner near-surface layers prior to the imminent breakup. Each of used approaches has different physical reasons, factors and mechanisms leading to the droplet size increase prior to the breakup. For instance, in the case of micro-explosive breakup, the droplet size increases due to inner vapor bubbles. The pressure growth in the bubbles leads to the thinning of the liquid surface film, and the droplet breaks up when the critical pressure is reached. In the case of droplet collisions, impact with a wall or with a gas jet, a shift in droplet layers is observed, with considerable distortion of its spherical shape. This leads to droplet surface instability due to the increasing aerodynamic forces. In particular, the shape of distorted droplets was near-elliptical, or even disc-like. The drag coefficient of these shapes is 30-50% higher than that of a sphere. Therefore, the lifetime of these droplets for the same Weber number (i.e., velocity and size) is shorter than that of a sphere. Molecular bonds in the droplet are affected considerably by acceleration and heating. This is why we observed variations in the decrement of the relative size of droplet fragments and increment of the total surface area for the same We numbers or durations (Figs. 4 and5).

The inhomogeneous droplet micro-explosive breakup characteristics are dependent not only on temperature, but also on the velocity of heating gases. The latter is the definitive factor of heat flux calculation. That is why in the comparative analysis of atomization characteristics in Figs. 4 and5 there are curves of rd/Rd and S1/S0 versus We and Qc as functions of droplet velocity in a gas environment. The chosen threshold heat fluxes were to ensure the stable disruption mode. A partial droplet fragmentation scenario was typical of Qc lower than those presented in this work. It demonstrated a long-lasting process of droplet disruption (2-3 to 15-20 seconds) resulting in quite large liquid fragments, often polydisperse ones. This atomization mode is deemed inapplicable for it demands longer droplet heating. Experiments [START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF][START_REF] Sazhin | A simple model for puffing/micro-explosions in water-fuel emulsion droplets[END_REF][START_REF] Mura | Emulsion droplet micro-explosion: Analysis of two experimental approaches[END_REF][START_REF] Antonov | Influence of solid nontransparent inclusion shape on the breakup time of heterogeneous water drops[END_REF][START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF] demonstrate principal differences in droplet disruption characteristics between partial fragmentation and micro-explosive breakup scenarios. Basing on these results, at a high concentration of droplets in the gas environment, their partial fragmentation will not have any significant effect on aerosol particle size distribution due to coalescence, bounce, and separation of generated fragments. Only with the low concentration of initial droplets in aerosol and longer droplet travel time, the S1/S0 can be increased up to 3-5 times by partial fragmentation. There are some rare cases when these conditions may occur. For example, in firefighting, the droplet aerosol travel time from the drop zone to the surface of thermally decomposing materials is several minutes. The concentration of atomized droplets remains low due to smaller droplets being entrained by up going high-temperature combustion product flow.

Figs. 4 and5 show that micro-explosive breakup can be ensured in a wide range of both temperature or heat flux, and duration. At relatively low heat fluxes, the duration of initial droplet disruption can be 10 -9 -times longer than in the three impact schemes of atomization. Figs. 4 and5 show that in terms of atomization time, as well as rd/Rd and S1/S0, at higher (over 1000 °С) heating temperature, the micro-explosive breakup scheme becomes the most desirable one. It is the two components with different boiling temperature that become the definitive factor of breakup stimulation. The higher this difference, the greater the breakup stimulation even at relatively low incoming heat flux [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF]. Among the three other schemes -droplet interaction with the wall, with the adjacent droplet, or with the air flow -for equal Weber numbers, wall impact takes the shortest time. Comparative analysis shows that the higher the density and viscosity of liquid, the smaller the difference between droplet breakup duration for droplet collisions and wall impact.

Friction and inertia will have a close effect, especially considering the interaction of hundreds of droplets with the wall. In this case, every droplet impact creates a thin film on the wall surface that will run off. The conditions of impact scenario are close to those of the droplet collision scheme, especially at high velocity and impact angle of 60-90°. That is why relatively close breakup duration, minimum fragment size, and total surface area were recorded under the convective mode of heat transfer (Figs. 4 and5). The conductive mode of heat transfer to the emulsion drop (Mura et al. [START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF]) enables a faster atomization of the emulsion drop (within less than 0.03 s). This reported decrease of diameter is actually the average of the same experiment repeated 4 times. It illustrates the case of an optimized micro-explosion, concerning an emulsion drop having a doubled diameter compared to results (1,2,3,4) under convective heat. After a longer heating time as long as 1 s, Watanabe et al. [START_REF] Watanabe | The characteristics of puffing of the carbonated emulsified fuel[END_REF] observe a disintegration of the 0.7-1.3 mm diameter emulsion drop over a duration of 0.5 s., in an electric furnace providing most of its heat as radiation. Fig. 5 clearly shows that at We>100 we can achieve quite high S1/S0 by hitting the droplet with an air jet. Unlike in the droplet collision or impact schemes, there is no counter flowing liquid that would lead to a possibility of coalescence, increasing the fragment size rd, and decreasing the total surface area S. Even at high velocities, the layers of colliding droplets due to high viscosity will produce large fragments when intermixing, especially in the case of coaxial collisions or droplet-to-wall interactions. Air jet impact on the droplet distends the latter, creating a number of liquid arrays, which afterwards are torn into a large amount of smaller fragments. No coagulation was recorded due to the unidirectional motion, hence the higher S1/S0 (Fig. 5). Under the blow of a plasma jet [START_REF] Damiani | A Particle-Tracking-Velocimetry (PTV) Investigation of Liquid Injection in a DC Plasma Jet[END_REF], the "sheet stripping" fragmentation regime in the Weber number interval 100≤We≤350 is interestingly in the same order of magnitude than the other reported results of micro-explosion and air jet impact.

For each droplet interaction scheme (droplet collision, wall impact, and air jet impact), certain conditions are determined when S1/S0 as a function of We reaches an asymptote (Fig. 5). This illustrates the existence of asymptotic relation between inertia, viscosity (internal friction), and surface tension forces for the impact schemes of secondary atomization. There was an indication of such an asymptote in microexplosive droplet breakup experiments, though not in every experiment and not for every component composition. Most likely, the concentration of low-boiling component and droplet heating method have a crucial role here, being the defining factors of S1/S0 [START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF].

Comparing the necessary and sufficient conditions

It is of special interest to determine the necessary and sufficient conditions (Figs. 5 and6) of droplet disruption for different schemes of secondary atomization. The corresponding conditions for different liquid compositions are determined in studies [START_REF] Vysokomornaya | Breakup of heterogeneous water drop immersed in high-temperature air[END_REF][START_REF] Negeed | Experimental study on the effect of surface conditions on evaporation of sprayed liquid droplet[END_REF][START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF][START_REF] Szakáll | Wind tunnel study on the size distribution of droplets after collision induced breakup of levitating water drops[END_REF][START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF][START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF][START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF][START_REF] Sazhin | A simple model for puffing/micro-explosions in water-fuel emulsion droplets[END_REF]. Antonov et al. [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF] summarized the boundary conditions of inhomogeneous droplet atomization through micro-explosive breakup as a result of conductive, convective, and radiative heating. A high-potential task is to evaluate the amount of energy necessary and sufficient to obtain the identical number of smaller liquid fragments. The number and size of fragments can be evaluated using the distributions and curves in Figs. 4 and5. Different ways of energy supply can be implemented in each of the secondary atomization schemes. First, we need to calculate the amount of electrical energy required for liquid flow and air flow generation, as well as for droplet heating. Fig. 6 shows the calculated amount of energy necessary and sufficient to obtain the rd/Rd and S1/S0 shown in Figs. 4 and5.

From Fig. 6a it is clear that the micro-explosive breakup scheme provides maximum S1/S0 and requires maximum electric energy for muffle heating. Considering the ratios of breakup parameters (for instance, S1/S0) to the required energy amount (i.e., to obtain specific characteristics of the secondary atomization), the advantages of micro-explosive scheme are not that substantial comparing to the others. In terms of specific characteristics, the difference will comprise 20 to 60%. Given that micro-explosive breakup provides maximum S1/S0 in the case of considerable droplet composition inhomogeneity [START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF], it will not demonstrate any significant increase in S1/S0 and corresponding decrease in rd/Rd when atomizing homogeneous droplets (water in particular).

Using the technique from study [START_REF] Zhao | Interaction of two drops in the bag breakup regime by a continuous air jet[END_REF], we have calculated the dimensionless time (duration) of breakup (secondary atomization) for all the four interaction schemes of liquid droplets (τ=t•Ud•(ρg/ρd) 0.5 /2Rd). Fig. 6b shows that the secondary atomization time can be varied in a wide range by changing the droplet interaction scheme. Efficient ratios between S1/S0 and τ can be chosen as well, considering Fig. 6.

To calculate the amount of energy spent for droplet atomization in different schemes, we considered the energy required for an hour-worth hardware operation (heating chamber, air compressor, etc.). For the micro-explosive breakup scenario, we considered the second hour of the setup operation, since it takes about 40 to 60 minutes to heat up the muffle furnace. The calculated surface area ratio is a mean average from the whole operation of the setup. Size and velocity are similar for all the four schemes, meaning that we can compare the experimental results for similar We numbers. Hardware technical documentation for the air compressor and water pump mentions 7.5 kW/h consumed power at 10 bar pressure and 1.1 kW/h at 1 bar pressure. The power was chosen based on the required pressure. To heat the muffle furnace up to 1100 °С, about 2000 kW of power is needed. This data was used to calculate the required power and to plot the curves in Fig. 6. Fig. 6 demonstrates that the secondary atomization scheme with significant droplet overheating requires the highest energy consumption, as expected. The comparative analysis provides us with several important findings. First, calculation results in Fig. 6 are shown disregarding the amount of simultaneously atomized droplets. It is clear that in the case of impact schemes, i.e., droplet collision, wall or air jet impact, the droplet concentration in aerosol will play an important role. In the case of high-temperature droplet heating, the dispersion and breakup occur with no significant interference from adjacent droplets [START_REF] Antonov | Impact of holder materials on the heating and explosive breakup of two-component droplets[END_REF]. Thus, considering the number of simultaneously atomized droplets, the micro-explosive scheme will be far less expensive than in the case of a single isolated droplet. Second, when comparing the impact atomization schemes, we can see a close amount of required energy. In terms of engineering aspects, the droplet collision scheme as well as droplet and wall (including a heated one) interaction scheme can be considered the simplest ones. The implementation of these two schemes looks more efficient comparing to the air jet impact scheme. Third, the S1/S0 differences do not change much with an increase in the Weber number and thermal flux density. This means that Fig. 6 can be used to predict S1/S0 when droplet velocity and size, as well as heating temperature are varied in a wide range for the four secondary atomization schemes under study.

The result of the comparative analysis predicts considerable energy savings if several secondary atomization schemes are combined. For example, injecting several liquid jets at an impact angle of 60 to 90° to each other can decrease the size of droplets by 5-7 times due to their collisions. Then the falling fragments can be dispersed even more by placing walls, meshes, edges, and other types of obstacles to implement the wall impact scheme of atomization. A heater can be placed in the lower portion of the atomization chamber, overheating the falling fragments to their boiling temperatures and causing further breakup. Such a combination provides substantial thermal and electric energy savings. The initial droplet size prior to the micro-dispersion will be 10-30 times smaller than the ones used in the described experiments with fragmentation through droplet collisions, wall impact or air jet impact. The resulting curves and diagrams form the original experimental database for efficiency evaluation and further development of physical and mathematical predictive models (in particular, [START_REF] Watanabe | Numerical simulation of emulsified fuel spray combustion with puffing and micro-explosion[END_REF][START_REF] Sazhin | Multi-component droplet heating and evaporation: Numerical simulation versus experimental data[END_REF][START_REF] Strotos | Numerical investigation of aerodynamic droplet breakup in a high temperature gas environment[END_REF][START_REF] Warncke | Experimental and numerical investigation of the primary breakup of an airblasted liquid sheet[END_REF][START_REF] Liu | Numerical simulation of liquid droplet breakup in supersonic flows[END_REF][START_REF] Shao | Direct numerical simulation of droplet breakup in homogeneous isotropic turbulence: The effect of the Weber number[END_REF]).

The analysis of the research presented in this paper and the data from studies [START_REF] Vysokomornaya | Breakup of heterogeneous water drop immersed in high-temperature air[END_REF][START_REF] Negeed | Experimental study on the effect of surface conditions on evaporation of sprayed liquid droplet[END_REF][START_REF] Zen | Ethanol drop impact on an inclined moving surface[END_REF][START_REF] Liang | Liquid sheet behaviors during a drop impact on wetted cylindrical surfaces[END_REF][START_REF] Liang | Review of mass and momentum interactions during drop impact on a liquid film[END_REF][START_REF] Josserand | Drop Impact on a Solid Surface[END_REF][START_REF] Liang | Review of drop impact on heated walls[END_REF][START_REF] Szakáll | Wind tunnel study on the size distribution of droplets after collision induced breakup of levitating water drops[END_REF][START_REF] Kuan | Study on high-Weber-number droplet collision by a parallel, adaptive interface-tracking method[END_REF][START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF][START_REF] Stefanitsis | Numerical investigation of the aerodynamic breakup of Diesel and heavy fuel oil droplets[END_REF][START_REF] Sazhin | A simple model for puffing/micro-explosions in water-fuel emulsion droplets[END_REF] brings us to a conclusion that the synergistic effects provided by a combination of any of the four schemes under study can be studied reliably through experimental research only. There are several reasons for it. First, in the case of high-temperature heating of the gas environment and droplets, we should consider the vapor buffer layer formed around the latter. It constrains the surface transformation and lowers the heat flux, changing the heat exchange conditions. No reliable models have yet been developed to describe these conditions, especially if the heating temperature exceeds 500 °С. Second, liquid fragments generated by droplet collisions or impact with a wall usually form a cloud that is polydisperse in terms of size. Further disruption of this cloud is difficult to describe in detail. Third, the incoming gas jet deforms the droplet into a shape that is difficult to describe mathematically without significant computational resources. All the three above mentioned problems mean that there is no sufficient base yet for rigorous mathematical modeling.

We analyzed the experimental results in terms of the two traditional assessment criteria for newly designed system or technology: quality and efficiency. This brought us to a conclusion that the microexplosive atomization scheme, being mostly thermal, has the greatest potential in internal combustion engines and other advanced power machinery. The advantage of this scheme over the other three, which are mostly gas-dynamic, can be described as follows. Any gas-dynamic technology can only be implemented in a combustion chamber with additional hardware for air compressing, which is not readily available in contemporary engine designs. At the same time, the energy produced by the engine itself or by fuel combustion power facility cannot be spent for droplet vaporization or its breakup by a gas jet. So, it demands an additional power source and hardware for droplet and gas propelling. However, the thermal micro-explosive scheme can be implemented using the immediately available heat from fuel combustion that is removed for engine cooling. No additional power sources will be needed when utilizing the excess heat, just like in other heat and power industry technologies, and about 250-350 °С will be enough for the micro-explosive atomization. In this regard, the secondary micro-explosive atomization technology will have a clear advantage over any other droplet disruption scheme for traditional fuels, slurries or emulsions [START_REF] Morozumi | Effect of Physical Properties on Microexplosion Occurrence in Water-in-Oil Emulsion Droplets[END_REF][START_REF] Ithnin | An overview of utilizing water-in-diesel emulsion fuel in diesel engine and its potential research study[END_REF][START_REF] Tarlet | Distribution of thermal energy of child-droplets issued from an optimal micro-explosion[END_REF][START_REF] Tarlet | Comparison between unique and coalesced water drops in microexplosions scanned by differential calorimetry[END_REF].

Conclusions

(i) The experiments allowed us to determine the integral characteristics of droplet size and total surface area variation, as well as disruption time for the most commonly used secondary atomization schemes. We gathered enough experimental data to consider the three modes of heat transfer to the emulsion drop leading to its micro-explosion, and also its disruption under plasma jet impact in the "sheet stripping" disruption regime. The comparative analysis revealed a several-fold advantage of the heated droplet microexplosion scheme in terms of these parameters. Droplet size can be decreased 3-10 times depending on the density of the supplied heat flux. Minimum breakup duration can reach 10-20 ms. Total liquid surface area increases 60-100 times.

(ii) In terms of minimum required power for the secondary atomization, micro-dispersion requires the most. The amount of energy required is several or even more than 10 times higher than in the case of collisions, wall impact or air jet impact schemes. Overall, considering the surface area growth and the required amount of smaller liquid fragments, all the five schemes are practicable. However, the droplet micro-explosion and collision schemes have preference, since their efficiency has little dependence on the number and concentration of simultaneously injected droplets.

(iii) The most promising direction for the development of the results presented in this paper is the combined secondary atomization approach by consecutive application of two or three schemes based on different mechanical and physical ways of droplet disruption. For homogeneous droplets, the most practical 

Fig. 1 .Fig. 2 .

 12 Fig. 1. Secondary droplet atomization schemes with key parameters: a -collisions; b -wall impact; c -air jet impact; d -micro-explosive breakup by overheating.

Fig. 3 .

 3 Fig. 3. Two video series of frames of the micro-explosion of a 2.5 mm water-in-oil emulsion drop,undergoing Leidenfrost effect onto a 363 °С heated plate (reproduced from Mura et al.[START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF]). Microexplosion is optimal in the upper sequence of frames.
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 36 Fig. 6. Variation of the newly formed fragments' surface area to the initial value ratio (a) with an increase in the consumed energy (for We≈50, 100, 150, and for scheme 4, the heat flux values were 240, 280, 320 kW/m 2 ), as well as parent-droplet disruption time (for rapeseed oil emulsion) (b): 1 -droplet collision; 2wall impact; 3 -air jet impact; 4 -micro-explosive breakup by overheating.
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combination is droplet collisions at the first stage followed by the impact of the generated fragments with the wall. This combination increases the S1/S0 ratio several-fold. For inhomogeneous droplets, the most promising combination is droplet collision or wall impact at the first stage. After that, the resulting liquid fragments are heated to the boiling temperature followed by micro-explosive breakup. This combination increases the S1/S0 ratio more than 100 times. The air jet impact scheme of droplet disruption can be recommended as an option if need be. This is because in this scenario the generated liquid fragments may stick to the chamber wall opposing the air jet direction, or coalesce with the incoming droplet flow. The parameters of secondary atomization will be heavily dependent on the droplet generation technique. In the case of large-scale aerosol flow, generated by the primary liquid atomization, it is difficult to vary the droplet parameters in a wide range in different sections of the aerosol cloud. experimental data from study [START_REF] Mura | Effect of dispersed water droplet size in microexplosion phenomenon for water in oil emulsion[END_REF] at 100 kW/m 2 and from study [START_REF] Watanabe | The characteristics of puffing of the carbonated emulsified fuel[END_REF] at 375 kW/m 2 ).