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Abstract

:

The article presents the results of theoretical and experimental studies of coalescence, disruption, and fragmentation of liquid droplets in multiphase and multicomponent gas-vapor-droplet media. Highly promising approaches are considered to studying the interaction of liquid droplets in gaseous media with different compositions and parameters. A comparative analysis of promising technologies is carried out for the primary and secondary atomization of liquid droplets using schemes of their collision with each other. The influence of a range of factors and parameters on the collision processes of drops is analyzed, in particular, viscosity, density, surface, and interfacial tension of a liquid, trajectories of droplets in a gaseous medium, droplet velocities and sizes. The processes involved in the interaction of dissimilar droplets with a variable component composition and temperature are described. Fundamental differences are shown in the number and size of droplets formed due to binary collisions and collisions between droplets and particles at different Weber numbers. The conditions are analyzed for the several-fold increase in the number of droplets in the air flow due to their collisions in the disruption mode. A technique is described for generalizing and presenting the research findings on the interaction of drops in the form of theoretical collision regime maps using various approaches.
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1. Introduction


Liquid droplets are atomized in many applications. In particular, this technology is used for fuel injection into boiler furnaces or combustion chambers of engines, for cooling heat-generating components, as well as in heat and power units, gas turbines, and fire suppression systems. Droplet atomization usually comes in several stages. The first stage involves the so-called primary atomization by injectors. The second stage is used to increase the contact surface area of reagents and liquids, as well as to improve the efficiency and intensity of chemical reactions and phase transformations. This stage is about secondary atomization, which can be provided by intensifying various mechanisms and factors. Their choice depends heavily on the required concentration of the gas-vapor-droplet flow and average droplet size. With this in mind, special attention is paid to the thorough study of secondary droplet atomization in order to develop effective spraying technologies.



The most common secondary atomization methods are as follows [1,2,3]: droplet collision with an obstacle (meshes, frames, ledges, walls, substrates, rings, etc.); droplet collision with other droplets; droplet acceleration to high speeds and exceeding critical Weber numbers or an air jet impact on an aerosol; micro-explosive breakup or partial dispersion of heated heterogeneous droplets. The least energy- and time-consuming method is droplet breakup intensified by droplet collisions in a mist flow. Droplet interaction regimes are commonly classified into disruption, separation, bounce, and coalescence [4]. Separation is further subdivided into reflexive separation and stretching separation. Thus, it is sensible to study these collisions with varying liquid component compositions, velocities, droplet sizes, mist flow concentrations, and ambient temperatures. The findings can be further used to adjust spraying systems. The use of two-step atomization reduces the time and energy expenditure for the generation of a gas-vapor-droplet flow with the required droplet size distribution. To provide high efficiency of the corresponding plants and units, a number of factors affecting such atomization is studied experimentally and numerically.



Today, droplet collision regimes and characteristics are studied using two approaches [2,5]: a phenomenological and a statistical approach. The former is based on recording the conditions, characteristics, and interaction regimes of two droplets (so-called binary droplet collisions). The latter involves the statistical analysis of collisions between liquid droplets as part of an aerosol. A reliable prediction of the corresponding processes will improve the efficiency of gas-vapor-droplet technologies, especially at high temperatures, which intensify changes in the composition and structure of gas-vapor-droplet mixtures.



The purpose of this review is to analyze and generalize the research findings on the use of four secondary atomization schemes: collisions of droplets with each other and with a solid wall, droplet exposure to an air jet, and micro-explosive breakup. Here, it is important to consider both the phenomenological and statistical approach to studying the conditions and characteristics of liquid droplet atomization.




2. Binary Collisions of Liquid Droplets with Each Other


A large amount of experimental and theoretical research data [3,5,6,7,8,9,10,11,12,13,14,15,16,17] in the field of droplet collisions has been accumulated as part of the phenomenological approach to studying binary droplet collisions. This approach is associated with fundamental research. It provides an opportunity to explore in detail not only the critical conditions of each droplet collision behavior but also the sizes, shapes, and velocities of post-collision droplets. This makes it possible to determine the optimal conditions for the contact surface area increase. One of the high-potential fields for the near future is the prediction of fuel droplet interactions in multicomponent and multiphase gas-vapor-droplet flows. Such research develops the ideas within the modern theory of droplet collision and coalescence, which serves as the basis for gas-vapor-droplet applications [10,17].



A review paper by Orme [5] contributed a lot to the understanding of binary droplet collisions. It generalizes the data published on the collisions of liquid fuel droplets as compared to water with a focus on collision outcomes. Orme tried to introduce a unified description of droplet interactions at the moment of collision and further motion of the resulting fragments. The detailed description of the possible outcomes of head-on droplet collisions classified into bounce, coalescence, disruption, and fragmentation was presented. The conditions of the occurrence of reflexive separation and stretching separation, which are also often singled out separate droplet collision regimes were described.



Collision outcomes depend heavily on the Weber number, the distance between the droplets’ centers of mass, the surface tension and viscosity of the liquid, as well as the ambient pressure [5,6]. With this in mind, many scientists conclude that the research findings on droplet collisions can be conveniently generalized in the form of interaction regime maps in the B(We) coordinates (Figure 1) and We(Oh) coordinates [7,18]. Such maps determine the conditions, under which each collision outcome occurs. Thus, it is possible to choose the size, velocity, liquid properties, and impact angles of droplets so that their interaction led to their enlargement or atomization, depending on the required droplet size.



Two approaches are widely used in outlining the collision regimes when plotting an interaction regime map. The first approach distinguishes [2,5,7] four droplet collision regimes (Figure 2): bounce, coalescence, separation, and disruption. Bounce is notable for the elastic collision of droplets followed by their moving away from each other. The droplet surface remains intact and new droplets are not formed. During coalescence, the droplet surface disrupts at the point of contact, and two droplets merge into one large drop. In the separation regime, droplets merge and then separate without forming any new droplets. The disruption regime occurs when several secondary fragments are formed after parent droplets collide. In line with the second approach [2,6,7,16,18,19], five collision regimes are distinguished: fast coalescence, slow coalescence, bounce, stretching separation, and reflexive separation. The main difference between fast and slow coalescence is the duration of coalescence of parent droplets. Slow coalescence occurs when the Weber number is under 10. As part of reflexive separation, droplets coalesce and then break up into two to three child (satellite) droplets [16]. Stretching separation, also known as shift of layers, is notable for the formation of a liquid bridge between the colliding droplets, which then breaks up into a group of small fragments. Figure 2 also reports the location of the triple point, in which several interaction regimes can occur and which is often marked on regime maps [20,21].



Each of the above regimes occurs in a certain range of the Weber number. Droplet coalescence is typical of 0 < We < 0.5 [8]. Droplet bounce occurs when the Weber number ranges from 0.7 to 1.5. Stable coalescence without a significant surface transformation occurs when the We numbers reach 2 to 15. When the Weber numbers fall within 15–50, droplet separation occurs. Droplet disruption into a large number of small fragments occurs when the Weber number exceeds 100. Zhang et al. described the criteria of occurrence for each regime [3]. They presented the equations describing the transition boundaries between regimes, Weber number ranges, droplet size ratios, and the distance between the droplets’ centers of mass. A major contribution came from the findings presented by Pavlenko et al. [22]. They obtained analytical expressions describing droplet breakup characteristics. In particular, critical Weber numbers were determined using the critical diameter for unstable droplets and breakup times.



Several interaction parameters are generally used to describe droplet collisions [5,6] (Figure 3). The Weber number characterizes the correlation between inertia and surface tension. The Ohnesorge number accounts for the correlation of viscosity and surface tension. The parameter B describes the angular and linear droplet interactions. The parameter b characterizes the distance between the droplets’ centers of mass. The impact angle αd is measured from the line connecting the centers of mass of colliding droplets. Other interaction parameters include the relative droplet interaction velocity Urel and the size ratio of colliding droplets ∆. In addition, when analyzing the efficiency of droplet atomization, it is sensible [9,11,12] to use the primary droplet to secondary droplet size ratio or the surface area ratio S1/S0 after and before the collision. The initial droplet surface area is derived from the sizes of the colliding droplets Rd1 and Rd2: S0 = 4·π·(Rd12 + Rd22). The surface area of secondary fragments is calculated by knowing their size and number: S1 = 4·π·∑N·rdi2. Pavlenko et al. [23] expanded the above formula to factor in the probabilistic nature of the interfacial surface formation. They presented the following expression to determine the contact areas [23]: S = α⸱N1/3⸱V02/3, where V0 is the total volume of the dispersed phase and N is the number of spherical particles in the system. According to the authors, the total interfacial area depends on the volume of a medium and on the concentration of the dispersed phase. This parameter does not depend on particle size, but only on the law of their distribution, which is determined by the contact area ratio α. This approach is feasible for droplets colliding in a mist (within statistical approach described in the Introduction) rather than for binary droplet collisions.



Droplet size and velocity are among the technological parameters that need to meet certain requirements. The impact of these parameters on collision characteristics is studied in Refs. [13,14,15]. The sizes of colliding droplets as well as their ratio (∆) are used to determine the boundary between regimes [3]. For instance, Orme [5] showed the impact of the droplet size ratio on their collision outcomes and the number of resulting fragments. Same-size droplets (∆ = 1) collide to form several secondary (satellite) droplets, and the critical Weber number for the transient regime between droplet separation and coalescence is minimal at ∆ = 0.7 (for Re = 600–4000). Zhang et al. [3] presented the experimental findings on droplet coalescence and separation after their collision accounting for the impact of droplet size. The size of droplets ranged from 0.5 mm to 2.5 mm. Zhang et al. [3] also determined the influence of the dimensionless ratio of droplet length to its width on droplet collision behavior. This dimensionless parameter is minimal for separation and maximal for coalescence. These findings are valuable for the technologies that require an increase in the free surface area of liquid fragments and an improvement of fuel combustion efficiency without significant energy expenditures. Refs. [13,14,15] determined the droplet sizes, velocities, and impact angles that provide the conditions for the above requirements. It was established that the parameters obtained can be used for adjusting the atomization systems to provide rapid droplet disruption through their collisions.



In the field of liquid atomization in a gas–vapor medium, droplets are commonly classified on the basis of their role in the collision process [4,25]. Larger droplets are commonly called targets and smaller droplets are known as projectiles. A target droplet has a lower velocity as compared to a projectile droplet, or it may even be sessile in the experiments. This approach makes it possible to choose the collision parameters so that droplet atomization could require minimum energy. It is also used for collisions of immiscible droplets. For instance, Planchette et al. [4] studied the collisions of immiscible liquid droplets as a promising method of providing droplet encapsulation with a preset film thickness. The classification of droplets into a target and a projectile is of special importance when a droplet free-falls on a liquid film or on a sessile droplet sitting on a surface [26] (such processes occur when droplets are supplied to a surface to cool it down). Piskunov et al. [25] distinguished the differences between the breakup of target and projectile droplets colliding with each other. They established that a target droplet breaks into a much larger number of secondary fragments than a projectile droplet in the Weber number range of 50 to 150. Planchette et al. distinguished crossing separation as a separate collision regime of immiscible droplets, in which secondary droplets are only formed out of one liquid [4]. This makes it possible to distinguish between secondary fragments formed from the breakup of the projectile droplet and target droplet.



Research findings on the impact of the viscosity, density, and surface tension of liquid on the characteristics and outcomes of droplet collisions became widely known [4,6,21,27,28,29]. Sommerfeld et al. [27] proposed a model describing the critical values of the Weber number (We) for the boundaries between reflexive separation and stretching separation. They found a point on the regime map in which bounce, coalescence, and stretching separation may occur depending on the viscosity. An increase in the liquid viscosity was found to result in a shift in the position of this point towards the smaller dimensionless linear interaction parameter (B). Interesting results were obtained as part of research into the impact of interfacial tension of liquid on the integral characteristics of droplet collisions [28,29]. Refs. [28,29] studied emulsions based on silicone oils with an interfacial tension ranging from 0.0229 to 0.0505 N/m. They analyzed the impact of interfacial tension of liquid on the duration of droplet coalescence. It was experimentally established that the impact of interfacial tension is only observed in the range of low flow velocities (under 10−2 m/s). Gao et al. [30] outlined the effects of velocity fluctuations on liquid spraying and droplet deformation in an aerosol. They established that a transition from laminar to turbulent flow causes greater droplet deformation, and more droplets collide at random with a decrease in surface tension.



Many industrial applications make use of collisions between droplets with different viscosities [12,31,32,33]. An important stage in the fundamental research of such collisions is the study of similar-size droplets colliding with each other with various degrees of off-centeredness. The dynamics of such collisions were studied by Focke et al. [31]. They explored the collisions of highly viscous (25% Polyvinylpyrrolidone solution) and low viscous (5% Polyvinylpyrrolidone solution) liquids to establish that an increase in the viscosity of one of the droplets significantly slows down droplet coalescence (the coalescence time reached 1700 μs). Tkachenko et al. [12] recorded the fluorescence of two parent droplets and the droplet that resulted from their coalescence. They established the deformation characteristics of the near-surface layer of two colliding droplets, the liquid mixing speed, and the time of complete mixing after coalescence. Research in this field makes it possible to analyze the liquid distribution inside each of the droplets as a result of their collisions, which is especially important when studying dispersed two-phase flows [12].



Baumgartner et al. [33] investigated the impact of the viscosity of liquid on the outcome of a collision between immiscible droplets and jets. In particular, they focused on collision outcomes, when a droplet collided with a jet to deform into a curved plate with a rim formed around it. An increase in viscosity was found to cause a significant stabilization of droplets and jets. The maximum droplet deformation inside a jet was shown to depend solely on the impact velocity and droplet viscosity. The authors conclude that the parameters of collisions between droplets and jets can be modeled using Weber and Reynolds numbers.



Shlegel et al. [34] plotted interaction regime maps accounting for the Weber and Ohnesorge numbers to factor in the properties of liquid. They studied the impact of liquid viscosity as well as surface and interfacial tension on the number and size of secondary droplets. It was shown that a 50% decrease in surface tension led to a 50–65% decrease in the Weber numbers required for droplet breakup into a group of small fragments. At the same time, a two-times increase in viscosity only increased these values by 5 to 15%. The experimental findings [34] suggest that, by selecting the viscosity, density, and surface tension of a liquid in certain ranges, one can control the intensity of droplet breakup into a cloud of small fragments.



The results obtained in Refs. [3,5,6,7,8,9,10,11,12,13,14,15,17,35,36] contribute to the development of chemical and petrochemical technologies based on collisions of single-component and multicomponent droplets as well as gas-vapor-droplet technologies. In addition to liquid properties, a significant impact on droplet interaction regimes comes from the characteristics of the gaseous medium in which collision takes place (for instance, temperature, humidity, pressure [37], etc.). This happens because these parameters are not at all standard in the technological equipment. Droplets are exposed to a range of forces, so they transform significantly, collide with each other, and are more likely to explode; droplet size distributions are constantly changing. Research findings obtained in this field provide a deeper insight into droplet collisions. In particular, Strotos et al. [38] presented the simulations of droplet breakup (in the Weber number range of 15–90) in a gaseous medium heated to high temperatures (150–700 °C). It is shown that the Weber number is the controlling disruption parameter, while the Reynolds numbers affect droplet breakup in the low We range. At the same time, although heating significantly reduces the surface tension of liquid, the overall hydrodynamic behavior of droplets (transformations, breakup intensity, and the nature of secondary droplet formation) does not change much. Strotos et al. [38] link this to the short duration of droplet heating in a gaseous medium and to high volatility of the fuel under study. The heating of the gaseous medium affects droplet collision mostly at low Weber numbers and with a significant difference between the liquid and gas temperatures. Droplet collisions under high pressure were modeled by Dupuy et al. [39] for the conditions of real industrial application (as illustrated by a scrubber). They analyzed the coalescence process under high pressure of the gaseous medium. The research findings are of special importance for selecting the parameters of equipment operation in which droplets collide under high pressure and can be used to predict the improvement of industrial performance. Dupuy et al. [39] hypothesize that it is sensible to use the Reynolds number rather than the Weber number to describe droplet collisions in a gaseous medium under high pressure. Qian et al. [18], in turn, showed that the pressure of the gaseous medium affects the boundaries between regimes in the B(We) maps. They established that droplets mostly coalesce and bounce at atmospheric pressure (up to 0.7 atm). When the pressure goes up to 4.4 atm, separation and disruption occur. The Weber number at the bounce–coalescence boundary increases significantly with an increase in pressure.



In Ref. [35], the authors experimentally studied liquid droplet collisions in a heated gas. They showed the impact of the gas temperature as well as droplet size and velocity on droplet bounce parameters. It was established that the bounce regime occurs at low resultant droplet velocities and at a gas temperature of about 20 °C. When the gas is heated up to 80 °C, the droplet bounce occurs several times as frequently, which results from the intense evaporation of small droplets and the formation of a buffer layer around them. The formation of this layer was also observed by Kuznetsov et al. [40] during the collision of two water droplets heated up to 90 to 95 °C. The thickness of the vapor layer was 12–18% of the diameter of the resulting droplet formed by coalescence [40]. In turn, Tkachenko et al. [37] showed that the critical Weber numbers decrease by a factor of 10–30 with a temperature increase from 20 °C to 200 °C.



In their theoretical research [7], Krishnan and Loth controlled for the impact of liquid viscosity as well as pressure and density of the gas medium on the spraying characteristics. They established that these parameters are of special importance in fuel systems with jets under pressure. An increase in the viscosity of colliding droplets and in the gas pressure was found to result in higher probability of droplet bounce [7].



In addition to liquid droplets colliding with each other, researchers focus on droplet interaction with solid particles. This is a promising field of production processes, because such interactions are encountered in many applications involving solid particle capture by droplets, for instance, in spray drying and water treatment. The key research in this field deals largely with droplet and particle size distribution in a two-phase flow. Research by Gac and Gradoń [41] showed that the duration of droplet/particle collisions depends on their size ratio, and the collision regime depends on the Weber number. Droplet shape has no real impact on collision characteristics. Pawar et al. [42] classified droplet interaction outcomes into agglomeration (the particle sticks to the droplet) and separation of the particle and the droplet with the formation of secondary droplets. The impact of hydrophilic and hydrophobic behavior of particles on collision regimes was studied by Yang and Chen [43]. They showed that when particles are hydrophobic, droplets bounce off them, whereas a hydrophilic particle passes through a droplet, which breaks up into secondary fragments. Malgarinos et al. [44] theoretically described droplet/particle collisions in the injection zone of a fluid catalytic cracking reactor in the temperature range of 205 to 400 °C. Collisions were simulated using a three-dimensional model of a two-phase CFD flow. The authors studied how droplet size and particle temperature affected droplet–particle interaction. As droplets moved between catalytic particles, a thin liquid layer was formed and droplet levitation was observed due to a vapor layer between particles.



Yoon and Shin [45] established that despite the vast amount of research into collisions between droplets and particles, some points were still neglected. In particular, the focus is usually on narrow ranges of parameters for such collisions (the behavior of a particle colliding with liquid with differing characteristics is still understudied). With this in mind, the authors explored the maximal spread of a droplet following its collision with a dry sessile spherical particle in a wide range of the Weber number (30–90), Ohnesorge number (0.0013–0.7869) and droplet/particle size ratios (1/10–1/2). They presented an empirical correlation applicable to droplet collisions with both a particle and a flat surface.



The research findings described above serve as the database that can be used to design fibrous filters and optimize liquid treatment technologies. Furthermore, we present the research findings in the field of gas-vapor-droplet applications obtained using the statistical approach (jets and mist flows). This approach requires greater time and energy expenditures as well as the use of expensive equipment (optical systems recording hundreds of droplet collisions simultaneously). However, the research findings obtained using this approach are representative of real technologies.




3. Collisions of a Large Array of Droplets


In the industrial technologies described in the first section, droplets mostly move and collide in the turbulent regime, where droplet concentration in a flow is high and droplet size varies in a wide range (10–1000 μm). The analysis of the theoretical findings and conclusions shows that the initial parameters of the vapor–liquid medium, in particular temperature, particle size, and content of additives, play the decisive role in forming the gas-vapor-droplet flows. Here, it is sensible to study droplet collisions in a mist, controlling for a set of factors that are typical of technological systems and equipment: concentration and velocities of droplets as part of a mist, pressures of spraying systems, temperatures, etc. There has been a number of interesting studies in this field, whose findings can be used in real industrial technologies. In particular, the impact of the injection pressure P (in the range of 12–20 bar) on droplet collisions was studied by Santolaya et al. [46]. They used industrial oil heated to 95 °C as the liquid under study. It was shown experimentally that an increase in the pressure P from 12 to 20 bar improves the spraying characteristics. For all the pressures, the liquid spatially redistributed after jet disruption largely due to droplet interaction with the air flow. Droplet velocities were measured to find that velocity variations along the flow increase the intensity of droplet collisions. As a result, they coalesce, and the average droplet diameter increases.



The average Weber numbers and droplet collision frequency increase significantly with an increase in the liquid discharge pressure. Here, head-on droplet collisions are the most frequent ones leading to the formation of secondary fragments. Modified bio-diesel was sprayed at high ambient pressures (100 and 300 bar) as part of experiments by Ghahremani et al. [47]. An increase in ambient pressure was found to increase the jet angle and the liquid spray area. With an increase in the injection pressure, the Reynolds number increases due to more intense turbulent fluctuations. Ghahremani et al. [47] established that an increase in this parameter together with a rise in Oh improves spraying efficiency.



The impact of injection pressure of bio-diesel on its spraying characteristics was studied by Ghahremani et al. in Ref. [48]. The authors established that even a slight increase in the injection pressure or percentage of diesel fuel in a blend may significantly increase the jet angle and hence the spraying area. At the same time, one of the key ways to improve spraying efficiency is by increasing the difference between the injection pressure and the ambient pressure. Spraying characteristics can also be maintained by a simultaneous increase in the Ohnesorge number and decrease in the Reynolds number. Spraying can be characterized using the Sauter mean diameter [48]. Sauter diameter is the diameter of a droplet that has the same volume/surface area ratio as the entire array of droplets in a jet. The Sauter mean diameter calculated by Ghahremani et al. [48] with varying ambient pressure and injection pressure is given in Figure 4 for various types of fuel. Figure 4 shows that an increase in the injection pressure and ambient pressure improves the fuel jet spraying efficiency.



The widely used diesel fuel has high combustion efficiency and stability parameters. However, there are environmental downsides to its use. That is why emulsified fuels, which improve combustion efficiency and reduce air pollution, are generating a considerable interest as a subject of research [49,50]. Ismael et al. [50] showed that injection pressure has a significant impact on the secondary atomization of a water-in-diesel emulsion. In particular, at high injection pressures (500, 1000, and 1500 bar), water evaporation leads to puffing and micro-explosion [50]. The properties of emulsion (size and number of dispersed droplets) change after injection, and the water evaporates rapidly due to high pressure and temperature. As the authors showed, the injection time depends more on the size of dispersed droplets and water content in a droplet than on the original droplet size in a spray flow.



The key parameter of a mist flow is its size distribution, which reflects the volume concentration of droplets in a gaseous medium. This parameter characterizes the liquid consumption and the average droplet size in a flow. To improve the performance of gas-vapor-droplet units in heat and mass transfer applications, it is important to control droplet concentration in a gaseous medium [51]. However, this parameter is rather difficult to predict, because mist flows from several nozzles are mixed together. Due to the difficulty of technical implementation, there is not enough experimental research on droplet collisions in a mist flow. Not many research findings [52] are available on the impact of droplet concentration in a spray flow on droplet evaporation characteristics in gaseous media heated to high temperatures. Ref. [52] shows that this impact may be significant even in the medium temperature range.



Vysokomornaya et al. [53] experimentally studied droplet collisions in a spray flow. They explored the impact of liquid flow turbulence on droplet collisions. The outcomes of such collisions were described using the We and Re numbers, which varied in the range of 1100 to 2800. The occurrence probability was calculated for each regime. It was established that higher flow turbulence rate (provided by increasing the Re numbers) increases the intensity of droplet interaction. As a result of such interactions, droplets may bounce, coalesce, or break up. Intense atomization or the enlargement of droplets can be provided by setting the spray nozzles at an optimal angle. The regime occurrence probabilities depending on the Weber and Reynolds numbers calculated by Vysokomornaya et al. [53] can be used to predict the flow structure for heat exchange equipment and fuel technologies.



In practical applications where it is necessary to intensify the evaporation of spray droplets (for instance, in direct-contact heat exchangers or polydisperse firefighting systems), it is advisable to reduce the volume concentration of droplets. This can be done by varying the liquid flow through injectors as well as by decreasing the injection pressure and rate. An interesting result in this field was obtained by Volkov et al. [54] using high-speed video recording, Tema Automotive software, and panoramic optical techniques (PIV, Stereo PIV, PTV, IPI, SP). They obtained the characteristics of 100–300-μm droplets moving in a reversed flow of gases heated to about 1100 K. Droplet concentration was varied in the wide range [54], which is typical of numerous practical applications in gas-vapor-droplet technologies. In the course of experiments, the authors determined the integral characteristics of droplet evaporation (in particular, mass vaporization rates). With an increase in the volume concentration of droplets in a liquid flow, their evaporation was shown to slow down in the area of high-temperature combustion products. It was established that the mist flow covering 1 m in a high-temperature gaseous medium induces a 70–95% decrease in the volume concentration of droplets. This was linked to the intense evaporation of droplets under 100 μm [54]. The findings can be used for predicting the conditions of droplet evaporation in a mist flow with varying droplet concentration in a wide range.



In practice, secondary droplet atomization is often provided not only by setting the parameters of atomization systems but also by mixing liquid flows from two injectors (nozzles) installed at an optimal distance at different angles to each other. This nozzle layout provides the intersection of spray cones, which significantly increases the probability of droplet collision and intensifies their atomization. In this case, the droplet breakup rate depends greatly on the collision angle and We numbers, as well as on the liquid viscosity, density, and surface tension. The main focus here is on increasing the number of secondary fragments formed due to collisions of parent droplets and on studying the effect of the above parameters [55,56]. For instance, interesting patterns in diesel aerosol intersection were analyzed by Almohammed and Breuer [57]. They studied the mixing of flows generated by two injectors positioned at 90° to each other at a distance of 0.07 m. As shown, due to such nozzle arrangement, the greatest number of droplet collisions occur in the area of flow intersection leading to droplet coalescence. The droplets formed by this coalescence are almost four times as large as the pre-collision droplets (droplet size after primary atomization is 175 μm, and it is 400 μm in the droplet flow intersection area). It is advisable to use the model developed in Ref. [57] for the numerical investigation of droplet coalescence in real applications.



Ruan et al. [58] explored the intersection of two spray flows under different operating conditions and the impact of flow velocities and collision angles on this process. The intersection angle of mist flows makes the greatest contribution to the breakup process. The impact of the flow velocities was determined using the Weber numbers, which ranged from 30 to 10,373. The research findings show [58] that at low We numbers (and, hence, low resultant velocities), the collision of liquid flows does not lead to the intense disruption of droplets colliding in the area of their intersection. The liquid jets are stable and have an ellipsoidal shape. Higher velocities (increase in the Weber numbers above 200), however, intensify the disturbances and lead to the intense jet disruption into a fine mist.



Fathinia et al. [59] presented their research findings on the performance improvement of spray flash evaporation desalination systems. Nozzles with a flow rate of 2–17.8 L/min were arranged at 30–60 mm from each other at an angle of 65°. The injection pressure ranged from 0.25 to 6 bar. The temperature of the gaseous medium was 70 °C. The research findings [59] show that an increase in pressure from 0.25 to 6 bar has a negligible effect on the volume of the evaporated water (no more than 1.05 L). A significant impact on this parameter comes from the nozzle arrangement. The maximum performance improvement is 28% when the nozzles are at a maximum distance from each other.



Studies of collisions between droplet flows and particles occupy a special niche in the research of droplet flow interactions [51]. This field holds some potential, but there are not enough numerical and experimental data in this area to develop a theory. This is generally linked with the difficulty of technical implementation of such experiments. The collision outcomes of droplets in a mist obtained by the statistical approach serve as a database to predict droplet collision parameters with varying spraying parameters (relative droplet concentration in a gas as well as gas pressure and temperature) in a wide range. The analysis of these factors provides a deeper insight into the structural and compositional changes in gas-vapor-droplet flows as part of real technological equipment.




4. Liquid Droplets Colliding with a Solid Wall


Droplet disruption after colliding with a solid surface is implemented in a wide range of industrial applications (fuel injection into combustion chambers, desalination, cooling, heat transfer in evaporators, water droplets hitting turbine blades, etc.). Research in this field focuses mainly on droplet interaction with a solid surface and with a surface covered by a liquid film. Today, an extensive body of experimental research findings has been accumulated on the effect of surface properties (roughness, hydrophilic and hydrophobic behavior, heating, and slope) on droplet collision dynamics. Review papers [60,61] made a significant contribution to the research into collisions of liquid droplets with surfaces. Liang and Mudawar [60] focused on high-velocity droplet impingement on a solid surface, spreading over it and forming a liquid film, as well as a crown with small secondary droplets shattering from the crown’s rim. The mechanism of this interaction is shown in Figure 5. The main factors affecting the droplet impact dynamics are generalized and distinguished [60]: droplet size (diameter), impact velocity, temperature and liquid properties (viscosity, density, and surface tension), and the surrounding gas properties (pressure, temperature, density, etc.). Liang and Mudawar outline the mechanisms for determining the characteristics of a liquid film with the specified roughness range of the wall and impact characteristics [60]. They also describe the crown formation dynamics with the specified Weber numbers, film thickness, diameter, and height, as well as droplet velocities, at which the crown is formed. It is shown that with Lnd < h * < 3 Rnd0.16 (where h * is the non-dimensional film thickness, Rnd denotes the non-dimensional wall roughness parameter, and Lnd refers to the non-dimensional length scale of wall roughness), the Impact depends on wall features. In the range of 3 Rnd0.16 < h * < 1.5, the liquid film regime occurs, and the Impact is weakly dependent on wall features. For the shallow pool regime, the range of these parameters is 1.5 < h * < 4: In this case, the Impact depends on film thickness but is independent of wall features. In the deep pool regime (h * > 4), the Impact is independent of film thickness.



A large number of secondary droplets are formed when a droplet collides with a wall followed by splashing, which occurs at high droplet impact velocities. Two types of splashing are distinguished: prompt splashing and delayed splashing [60]. The former is associated with secondary droplet ejection from the crown while it is still growing. With delayed splashing, secondary droplets eject after the crown reaches its maximum height. The critical conditions required to initiate splashing into secondary droplets can be determined using the correlation K = We∙Oh−0.4. Liang and Mudawar [60] outlined the most promising avenues for further research of droplet impact on a solid surface. In particular, it is research into the heat transfer between a solid wall covered with a liquid film and a falling droplet or a group thereof. These processes should be studied with due consideration of the liquid impact mechanics and the heat transfer coefficient associated with significant heating of a surface, interfacial evaporation, or interfacial condensation. In this context, of special interest are the findings that account for the impact of the wall temperature on the behavior of droplets impinging on it [56,57,58,59,60,61,62,63]. For instance, Šikalo et al. [62] described the heat exchange mechanisms as a result of liquid droplet impact on a heated wall. They explored the influence of droplet velocities, viscosity of liquid (water, glycerol, isopropyl alcohol), surface roughness (smooth and rough glass, wax, polyvinyl chloride), and droplet–wall impact angle. It was experimentally established [62] that an increase in droplet impact velocities on a solid surface increases the spreading rate of the thin liquid layer over the surface provided that the liquid film is boiling. This leads to a reduction in the size of secondary fragments (droplets). It is shown [62] that an increase in the liquid viscosity leads to a significant increase in the size of secondary droplets, and a decrease in the surface roughness reduces the size of the resulting fragments by more than 15%. In addition, the surface roughness is shown to affect the maximum droplet spread diameter. A reduction in the droplet/substrate impact angle from 45° to 15° leads to a significant decrease in the size of secondary droplets. The analysis of research findings [62] indicates that the collision outcome cannot be determined by the Weber number alone. The droplet behavior on a surface is largely determined by the characteristics of liquid. An isopropyl alcohol droplet broke into fragments on a smooth glass surface at the Weber numbers of around 300, whereas the impact of a water droplet on the same surface at the Weber numbers of approximately 1080 did not lead to droplet disruption.



Demidovich et al. [63] arrived at similar conclusions. They determined the main atomization characteristics of liquid droplets impinging on a solid surface with varying roughness, thermophysical characteristics, hydrophilic and hydrophobic behavior, temperature of the wall, impact angle, etc. The main objective of the research was to consider a set of the above factors for analyzing the conditions, under which a fine mist is formed with the necessary characteristics of secondary droplets. As in many other studies, Demidovich et al. [63] used an indicator characterizing the liquid droplet area ratio after and before collision (S1/S0) as the atomization intensity indicator. In particular, the droplet size distribution and S1/S0 were shown to change depending on the material of the collision surface. The use of metal substrates increases the area ratio to reach S1/S0 ≈ 3.8. The use of surfaces with different roughness classes also led to changes in the area ratio. The maximum value equaled 6.55 for roughness class 3 (average roughness 20; 16;10 μm; average peak-to-valley roughness 80; 63; 50; 40 μm). At impact angles of 60–90°, the area ratio S1/S0 is at its maximum.



It was established that the collision process depends heavily on the wettability of the solid wall in addition to its roughness and thermophysical properties of its material. The impact of the surface material roughness and wettability on its interaction with liquid droplets was studied by Clavijo et al. [64]. The diameter of droplets was 1.9 ± 0.03 mm. The surface roughness was within the range of 0.025~6.3 µm. An increase in these parameters was found to provide the intense disruption of droplets impinging on a solid surface. However, the droplet only breaks up if the surfaces are hydrophilic or superhydrophilic (Figure 6). Upon collision with a hydrophobic surface, a droplet deforms and bounces. Clavijo et al. [64] studied the hydrodynamics of water droplet impingement on superheated solid surfaces (125 °C to 415 °C) in a wide wettability range: superhydrophilic, hydrophilic, hydrophobic, and superhydrophobic. They plotted hydrodynamic characteristics of a droplet as functions of the Reynolds number, Weber number, and surface properties (Figure 7).



Clavijo et al. [64] found that the maximum number of secondary droplets are formed in a certain average temperature range. Similar conclusions were made from analyzing the experimental data [63] showing that the greatest number of secondary fragments are formed by the impingement on a heated substrate. A limited temperature range was identified (50–100 °C), in which the maximum atomization of impinging droplets occurs. The result correlates well with the findings of previous research [64,65], which also recorded an increase in the number of secondary droplets when the solid surface was heated to certain (critical) temperatures (150–300 °C). Further heating of the wall led to a dramatic decrease in the number of resulting secondary fragments [64,65]. This effect [64,65] is caused by a liquid layer formed on the impingement surface that subsequent droplets interact (merge) with. Demidovich et al. [63] supplemented the conclusions drawn in Refs. [64,65] by a set of hypotheses. In particular, they established that a vapor–gas buffer layer is formed between the droplet and the substrate when the wall temperature exceeds 100 °C. This reduces the intensity of heat transfer from the substrate to the liquid and, hence, the intensity of its heating. In addition, heating to 100 °C leads to water boiling. This boiling causes the micro-explosion of droplets with subsequent atomization (splashing).



The patterns observed in Refs. [66,67,68,69] build on the previous research [61,62,63,64,65]. In particular, Sen et al. [67] experimentally studied the impact of alternative jet fuel on a surface heated to 25 to 350 °C. They observed rather intense disruption (splashing) of the fuel film with the formation of a group of secondary droplets upon impact on a substrate heated to the temperatures Ts over 210 °C (Figure 8). When a surface is heated to 280 °C, a crown is formed, and the intensity of its disruption does not differ much from droplet disruption on a substrate at 320 to 350 °C (Figure 8).



At substrate temperatures of 150–210 °C and Weber numbers We = 886, the number of secondary droplets is found to be much greater than at We = 166. The results obtained by Sen et al. [67] are in an acceptable agreement with the patterns established by Fujimoto et al. [68], where the intense disruption of droplets impinging on a substrate at 2.07–2.1 m/s was observed at surface temperatures of about 200 °C. When droplets hit a surface heated to over 300 °C, the liquid assumed a ring-like shape, then coalesced and rebounded off the surface.



Interesting patterns in the successive impingement of a group of droplets on a solid metal surface were observed by Fujimoto et al. [66]. The wall temperature was varied from 25 °C to 500 °C. The successive generation of single droplets (0.39–0.65 mm in size, with a velocity of 2–5 m/s) led to the formation of a liquid layer on a solid surface. As a result, each subsequent droplet interacted with a liquid layer of varying thickness. As a result of such interaction, the so-called liquid crown is formed: When a droplet hits a liquid film, the film swells due to the high pressure at the point of impact. Heating the surface to 300 °C leads to a significant deformation of the first impinging droplet (an oblong liquid crown is formed) with its further breakup into a large number of small-size secondary droplets. When a droplet impinged on a surface heated to 500 °C, no secondary droplets were formed. Instead, a thin vapor film emerged between the droplet and the surface, which rapidly spread and evaporated.



The research findings [61,62,63,64,65] indicate that it is not feasible to increase the wall temperature above a certain average temperature range in which the secondary droplets are formed most actively. Such data pave the way for reducing the energy cost of wall heating in technological equipment aimed at improving the efficiency of fine mist. It is sensible to single out new methods and approaches to studying the interaction of liquid droplets with solid surfaces [71,72,73,74,75]. The approach used in Refs. [71,72,73,74,75] involved the restitution coefficient (ratio of bounce velocity to initial velocity of a droplet) characterizing the energy dissipation during impact. It was shown that an increase in the thickness and viscosity of the liquid film on a solid surface reduces this coefficient. If the droplet impingement velocity is constant, the restitution coefficient does not depend on the droplet impact angle. Wang et al. [70] studied the rupture of liquid film in vapor–liquid separators using Planar Laser Induced Fluorescence (PLIF). The Reynolds numbers ranged from 1800 to 4200 in the experiments. As part of the experimental research, the authors established the specific height of the liquid film destruction and the droplet size distribution.



Quite interesting results were obtained in the field of theoretical research into liquid droplet interaction with solid walls. In particular, Senda et al. [71] developed a model simulating the formation of a fuel film when a diesel spray impinged on a wall. Importantly, the film broke up to form of an array of interacting droplets. Roisman [72] presented a theoretical description of an unsteady laminar viscous flow in a spreading film of a Newtonian fluid. Such flow is generated by a drop impact onto a solid surface with high Weber and Reynolds numbers. A numerical solution for the viscous flow in the spreading droplet is obtained which satisfies the Navier–Stokes equation. The research findings [72] established the maximum spreading diameter of a droplet colliding with a solid surface as a key droplet/wall interaction parameter. This parameter largely depends on the Weber and Reynolds numbers, as well as on the substrate wettability. However, if the We and Re are high, the effect of wettability is negligible. Several modes of spreading were distinguished [72]: droplet impact on a wall with low Weber and Reynolds numbers (We < 10, Re < 100); a collision when We > 10 and Re > 100 (in this mode, the droplet shape can be represented as a radially spreading lamella when the flow in the lamella is inertia dominated); droplet impact leading to the maximum spreading diameter determined mainly by the viscous effects. The above research findings hold great potential for industrial application, especially since materials are being developed for protection against pollution, icing, and corrosion [73].




5. Droplet Collision with a Gas Jet


The discharge of a gas jet to break up droplets into a large number of fine fragments is used in many technical applications (in particular, in fuel combustion [74]) to intensify the evaporation processes [75,76,77,78,79,80]. At high liquid droplet velocities and gas densities, the aerodynamic asymmetry of a jet could dramatically promote liquid breakup [81]. Aerodynamic forces acting on a droplet deform it significantly and, if such forces have a high magnitude, they break up a droplet into a large number of small fragments [81]. Research in this field follows two lines: identifying critical (transient) conditions between regimes [75,76,77,78,79,80] and determining the integral characteristics of the atomization processes [82].



Fundamental research (both theoretical and experimental) into the deformation of droplets exposed to an air flow was generalized and presented in Refs. [74,76,77]. As a result, two main parameters were identified that affect the droplet disruption behavior: the Weber number and the Reynolds number. The breakup process occurs in three main stages: droplet deformation, formation of a rim, and its further expansion and fragmentation. Experimental and theoretical research findings [7,76,78,79,80] accumulated over the last 50–70 years made it possible to outline the main breakup regimes of droplets exposed to an air flow [78]. However, to describe the breakup dynamics, the regimes are further classified into the following ones [76]: vibrational breakup (We = 10–15), bag breakup (We = 15–20), bag-and-stamen breakup (We = 50–70), stripping breakup (continuous shift) (We = 800–1000), and explosive or catastrophic breakup (We > 5000).



The disruption of droplets exposed to aerodynamic forces is often analyzed by directing a high-speed air jet at suspended droplets. In particular, Jackiw and Ashgriz [83] obtained the images of droplets and their disruption process with a high temporal and spatial resolution to show the manner of droplet breakup into small fragments, as well as their number and size. They hypothesize that droplet disruption is governed by its internal stream. They also presented a calculated prediction of the number and size of secondary droplets. Interesting results were obtained by Chou and Faeth [82], who experimentally studied the temporal indicators of droplet disruption by an air flow at standard temperature and pressure. The Weber numbers were varied in the range of 13–20, the Ohnesorge numbers equaled 0.0043–0.0427, and the Reynolds numbers ranged from 1550 to 2150. The liquid ring formed from the original droplet contained 56% of the initial droplet volume (mass) and when it broke up, it formed droplets with a 30% lower average diameter as compared to the original droplet size. The liquid bag formed under aerodynamic forces was a monolith containing about 44% of the initial droplet volume (mass). It broke up into virtually monodisperse droplets with an average diameter of about 4% of the original droplet diameter. The duration of the initial droplet breakup was about 3.2 to 3.5 s. It was established [82] that such disruption could provide an almost monodisperse droplet size distribution.



Flock et al. [76] presented the results of their experimental research into the deformation behavior of single ethyl alcohol droplets injected into a continuous air jet. The experiments were conducted for the conditions in which the regimes of bag breakup and stripping breakup occurred to find the average diameter of the resulting droplets, as well as their trajectories and velocities. No significant impact of droplet evaporation was observed on droplet breakup by an air jet. Experimental results obtained in Ref. [76] are useful for the development of physical models and validation of Eulerian–Lagrangian simulation techniques.



The research findings on the breakup of droplets of Newtonian and viscoelastic fluids in a high-speed air stream (We = 11,700–16,900, Re = 40,000–127,600) were presented by Joseph et al. [84]. When exposed to this stream, water droplets of a millimeter diameter were reduced to mist after 500 μs. The data obtained made it possible to determine the acceleration of viscous droplets required for their intense fragmentation (104–105 times as high as free-fall acceleration) [84]. The shock wave Mach number is shown to increase significantly with an increase in the liquid viscosity.



Voytkov et al. [85] recorded the transformation and breakup characteristics of droplets of typical fire suppressants (water and water-based slurries and emulsions) exposed to aerodynamic forces (the air flow velocity ranged from 0.5 to 50 m/s). Three regimes were identified: surface transformation without breakup, bag formation followed by its destruction, and breakup into a cloud of small droplets (catastrophic breakup). Critical We and Re numbers were determined for complete (catastrophic) breakup. It was shown that, in order to increase the free surface area by more than 10 times, the air flow should be supplied at a velocity of over 50 m/s and the liquid compositions should be highly heterogeneous. The results obtained in Ref. [85] can be used to develop extinguishing media, heat exchange chambers, thermal water treatment technologies, as well as environmentally friendly fuel technologies due to water and water vapor capturing the hazardous anthropogenic emissions.



The research findings by Soni et al. [86] deserve special attention. They experimentally investigated the deformation and breakup of droplets interacting with an oblique continuous air stream (the nozzle orientation was varied from 0 to 60°). In addition to the air stream impact angle, they studied the impact of droplet size and liquid properties (surface tension and viscosity) on breakup regimes. The critical Weber numbers for droplet breakup were obtained as a function of the angle of inclination of the air stream and the Ohnesorge number. The departure from the cross-flow arrangement led to a significant decrease in the critical Weber numbers for the bag breakup.



An increase in the obliquity angle of the air flow prolongs the droplet breakup time. This effect was attributed to the decelerated curvilinear motion of a droplet [86]. In addition, an increased viscosity of the liquid (increased Ohnesorge numbers) requires higher We for the droplet to undergo the bag breakup. Similar conclusions are formulated in Ref. [84].



The above research findings indicate that droplet exposure to an oncoming air flow significantly increases the probability of droplet fragmentation. However, the use of this technique causes a significant excess of gas (air) in the combustion chamber [74], increasing both the economic expenses and the concentration of nitrogen dioxide. It is also known that at high droplet flow velocities [78], droplets break up due to the domination of friction and drag forces over the surface tension. However, this droplet atomization technique is economically unfeasible because the existing heat exchangers and combustion chambers need to be pressurized, which increases their cost and wear.




6. Micro-Explosive Breakup of Droplets


The micro-explosive breakup of droplets of liquids, slurries, and emulsions enables a several-fold increase in their evaporation surface area (Figure 9). This effect reduces the energy and time costs of fuel heating, evaporation, and ignition. It also decreases the anthropogenic emissions and provides more complete fuel combustion. The present-day systems of thermal and flame water treatment, as well as other principally different systems, unfortunately cannot provide high performance [87,88]. This is because the liquid to be treated needs to be fed to the thermal treatment chamber repeatedly. Impurities cannot evaporate or burn out completely during just one cycle in the heating chamber. Therefore, the energy consumption of these systems increases and so does the duration of the corresponding processes. In thermal liquid treatment and fuel technologies, this problem can be solved by droplet breakup into smaller fragments with a typical size of several dozens to several hundreds of microns. However, as the experiments [89] show, droplets this small moving at low velocities may stick to the walls of the combustion chamber walls or they may be entrained by high-velocity hot flue gases or incoming air flow and blown away from the thermal treatment chamber. Thus, preliminary droplet breakup before supplying them to heating chambers may result in technological limitations and complications. In this case, it is practical to start droplet disintegration in thermal treatment or combustion chambers in the process of heating. Researchers from all over the world endeavor to develop the corresponding technologies. The most effective ones in terms of stability as well as the required energy and time t involve explosive droplet boiling and breakup to form a fuel spray.



Researchers [90,91,92] were among the first to pay attention to splashing in the puffing regime and explosive breakup of boiling fuel droplets. According to their data, these processes are largely governed by molecular interactions, as well as the amount and concentrations of vapor bubbles emerging in droplets. Refs. [90,91] establish that CO2-rich water emulsion droplets require less superheating and shorter heating time for boiling and breakup. These data explain the reasons why water emulsion droplets heat up and boil after a shorter time. In Refs. [90,91], the explosive breakup of emulsion droplets required high concentrations of petroleum products and high temperatures. The role of CO2 under such conditions is significant [90,91]. Therefore, it took less heating time for water emulsion droplets to boil and break up into a large aerosol cloud with a distinct CO2 smell. Using a mathematical model based on the experimental data from Refs. [90,91], one can predict how CO2 will influence the heating and boiling of water emulsion droplets. Experimental research by Won et al. [49] showed that water-in-oil emulsions show higher combustion efficiency associated with lower emissions as compared to conventional fuels. Such improvements, according to Won et al. [49], become possible due to micro-explosions. The emulsion containing 0.2% of mixed surfactant was found optimal [49]. Ref. [49] shows that the temperature of the onset of micro-explosion increases with an increase in the fuel injection pressure.



Experimental studies presented in Refs. [92,93] distinguished the following stages of heterogeneous droplet vaporization: evaporation from its free surface, bubble boiling at the internal interfaces, growth of bubbles and droplet enlargement with a decrease in the liquid film thickness around the inclusion, and explosive breakup (separation of a group of fragments with vapor and air bubbles in them). The authors established that adding <0.05-mm nontransparent carbonaceous inclusions (with a mass fraction under 2%) to water droplets contributes to a 40–50% reduction in droplet lifetimes compared with droplets containing only one nontransparent solid inclusion in the case of evaporation from an external surface. They also established the impact of a vapor layer forming around droplets and serving as an extra thermal insulation due to low thermal conductivity on the intensity of droplet evaporation. When a water droplet with a solid inclusion is heated in the air at over 1000 K, the evaporation surface area may increase by 3–15 times relative to the original droplet surface area due to intense liquid vaporization with an explosive breakup into small droplets [92,93].



Refs. [92,93] established the integral characteristics of boiling, surface transformation, and superheating for droplets of water and water-based slurries when radiative heat flux from the surrounding gas dominates the convective one. They identified the necessary and sufficient conditions for the explosive breakup of boiling water slurry droplets with carbonaceous and soil additives, as well as for slow evaporation with the droplet retaining its integrity. The first simplified models were developed simulating the heat and mass transfer controlling for the explosive breakup of droplets heated in a high-temperature gas [92,93].



Studies by Meng et al. [94] showed that the micro-explosion characteristics depend heavily on the flow of the heating medium: the higher the heated gas flow rate is, the shorter the micro-explosion delay becomes and the smaller the secondary droplets are. Refs. [95,96,97] experimentally showed how the micro-explosion affects the ignition and combustion characteristics of multicomponent fuels. It was established that micro-explosion and changing the fuel chemical composition by adding oxygen-containing compounds [98] accelerates combustion and decreases soot production [95,96,97] due to more intense mixing of fuel and surrounding oxidizing gases. Moreover, the component ratio was found to have a significant influence on fuel spraying and ignition [95,96,97]. The experimental data obtained by Wang et al. [97] show that the occurrence of micro-explosion also depends on the regimes, in which two-liquid droplets are formed during component interaction. For example, for collision-produced droplets, a bubble is more likely to emerge in a droplet if the impact velocity is higher and the collision is not head-on, which, in turn, increases the chance of micro-explosion. Wang et al. [97] also established that a micro-explosion significantly accelerates the combustion.



The mechanisms of micro-explosive breakup of multicomponent droplets were investigated with several hypotheses formulated [99,100] about the physics of such processes. In a series of complex experiments, Wang et al. [99] showed that micro-explosion occurs when one or two large bubbles emerge near the droplet center, which contributes to more effective fragmentation. The bubble generation is directly influenced by the difference in the component volatilities. For a bubble to emerge in a droplet, it must be heated to the boiling temperature of the least volatile component [99]. Research by Li et al. [100] showed that bubble nucleation in a droplet with its subsequent breakup depends on the degree of superheating—there must be a critical change in temperature. Li et al. established [100] that breakup occurs due to bubbles expanding inside a droplet and its surface tension decreasing because of superheating. Another breakup mechanism is the high velocities of convective flows at the interface between two components. They trigger the disruption of the inter-component interface and then the full breakup of the droplet [100]. For droplet disruption modeling, it is linked to critical Weber and Reynolds numbers. At higher Weber numbers, the liquid structure tends to break up into small fragments, and turbulent dissipation is generally minimized. For low Weber numbers, critical Reynolds numbers are determined corresponding to the onset of droplet disruption.



One of the first and quite simple micro-explosion models for typical heterogeneous liquid droplets was presented by Law in 1978 [101]. When heated, the least volatile component concentrates in the center of a droplet. It may reach the temperatures sufficient for bubble nucleation, which triggers droplet breakup [101]. Over the recent years, studies in this field have been undertaken all over the world. In particular, Sazhin et al. [102] presented a simplified micro-explosive breakup model based on the solution of the heat equation. The water boiling temperature reached by the droplet surface was regarded as the threshold condition for the micro-explosive breakup. Sazhin et al. introduced a series of restrictions to significantly simplify the calculations, which, however, reduced the agreement between the simulated and experimental characteristics of micro-explosive fragmentation [102]. The agreement was only good enough at high temperatures and pressures in the heating chamber and with extremely small droplet size. The corresponding conclusions were formulated by Sazhin et al. [102] after comparing the data obtained from simulations and a series of experiments. They present their model [102] as a first approximation, sufficient for predictive evaluations of the micro-explosive breakup characteristics of emulsified fuels.



According to the preliminary analysis [103,104], the duration of two-component droplet heating and breakup as well as the size and number of resulting droplets largely depend on the concentration of components and the heat flux supplied to the droplet surface. With emulsion droplets, it is necessary to add such important factors as [103,104]: size of discontinuous phase droplets (water droplets in a combustible liquid, for instance, diesel), size of emulsion droplets, water content in the emulsion, as well as the concentration and type of stabilizer. To investigate the impact of the most important factors from the list above, experiments were carried out [103,104] with varying temperature in the muffle furnace, air flow temperature and velocity, as well as the concentration and type of the liquid combustible component. It was shown [103,104] that droplet lifetimes before swelling and micro-explosion decrease nonlinearly with an increase in the ambient temperature (Figure 10). This was linked to the non-linear (exponential) dependence of the evaporation rates of combustible and non-combustible liquid components on temperature [103,104]. Here, the more large-scale the changes in these velocities with the rising temperature and the lower the boiling, ignition, and flash temperatures of combustible components, the more significant the changes in the heating times until explosive breakup (τ) (in particular, Figure 10 shows a 44% difference between the parameter τ for the emulsion containing 5% of petroleum differs and that of the emulsion containing 5% of transformer oil). In some cases, as noted in Refs. [103,104], droplet puffing was difficult to record due to considerable surface transformations of droplets moving towards the channel with heated air as well as due to droplets breaking away from the holder. Therefore, the curves are not obtained for all the compositions in the temperature range of 250 to 550 °C.



The breakup times of two-liquid droplets in the muffle furnace experiments are found to be several times longer than in the experiments with incoming heated air (Figure 10) at identical temperatures. This happens because the convective heat flux from the air flow to the droplet surface is several times greater than the radiative heat flux from the muffle furnace walls at such mild temperatures [104]. In particular, the radiative heat flux starts dominating the convective one at above 800 °C [104].



The global scientific community is still in search of methods to control the explosive breakup (disruption) of droplets of combustible liquids, fuels, as well as two immiscible fluids, emulsions, solutions, or slurries. Mathematical and physical models should be developed to reliably predict droplet breakup outcomes after local superheating and boiling, as well as regimes of these processes, differences between various mixing schemes, etc. This is only possible with a reliable experimental database of characteristics and conditions for these effects.




7. Combined Atomization Schemes


When using the atomization schemes described above, it makes sense to combine them to intensify the generation of a droplet flow with the required particle size distribution, as well as to reduce the economic and time costs. Very few studies have been conducted so far on the integral characteristics of droplet atomization using well-known secondary atomization schemes (among them are Refs. [97,105,106]). Such characteristics should be compared by determining the mean and maximum sizes of secondary fragments and their total surface area. The choice of secondary atomization methods to be combined is relevant in many applications. Several secondary droplet atomization schemes used one after another will significantly increase the free surface area of a liquid. For instance, the use of several secondary atomization methods plays an important role in liquid purification technologies.



From the analysis of the literature quoted in Section 4 and Section 6, we can make a reasonable conclusion that the most efficient droplet atomization is provided by droplet interaction with a solid wall and by micro-explosive breakup. With this in mind, it would be reasonable to reduce the cost of these processes. To avoid the use of extra heaters for the surfaces that droplets break up on, it is sensible to position high-power heating elements, furnaces, and chambers next to solid heating surfaces. The heat flux from furnaces and heating chambers, in which micro-explosive breakup occurs, can be supplied to the surfaces involved in the intense atomization of liquid fragments. The research findings in this field are given in Refs. [97,105,106]. Wang et al. [97] investigated droplet atomization arranged in two stages. At the first stage, binary droplet collisions took place leading to droplet coalescence (the original droplet size was varied from 0.1 to 0.4 mm). The resulting liquid droplets fell through a vertical channel connected to a high-temperature combustion chamber to provide droplet micro-explosion (second atomization stage). Micro-explosive breakup was only observed for coalesced droplets. The authors hypothesized that his process was initiated by air bubbles entrained by droplets during their interaction. The potential importance of bubble nucleation in colliding droplets on spray atomization was emphasized. The probability of bubble nucleation inside droplets was shown to increase with an increase in the impact velocities and off-centeredness. The research findings [97] indicate that the simultaneous use of several secondary atomization methods can only be effective if the spraying parameters were well selected at the previous stages, including the sizes and velocities of initial droplets, component composition of the liquid, impact angles, etc.



Kuznetsov et al. [105] determined the conditions for the use of various secondary atomization techniques to produce a mist of minimum-sized droplets with a relatively low electric power consumption. They used an experimental setup that provided droplet collisions with each other followed by their exposure to an air flow. At the last stage, droplets collided with a solid wall. Kuznetsov et al. [105] combined several secondary atomization schemes: droplet–droplet collisions, exposure to a gas flow, collisions with a heated wall, and micro-explosion. This combination was shown to provide a severalfold increase in the free surface area of the liquid as compared to using one of the atomization mechanisms described above (Figure 11). A significant growth of this indicator occurs at the third atomization stage—the disruption of earlier atomized droplets on a heated solid wall. The least active generation of secondary droplets occurs due to the combination of three droplet atomization schemes: droplet–droplet collision, droplet breakup on a solid surface, and micro-explosive breakup. However, this scheme can be made more effective by using a heated surface at the second stage. Based on the generalized data given in Figure 11, the following conclusion was made [105]: When several secondary atomization schemes are used, the greatest contribution comes from the impact of droplets on a heated solid wall after their preliminary atomization by colliding with each other and exposure to the incoming air flow. Intense droplet fragmentation is also observed when the micro-explosive breakup is used at the last step of combined atomization.



Kuznetsov et al. [105] presented the curves for the ratio of the average post-collision fragment size to the original droplet size by combining several atomization schemes (droplet–droplet collision, atomization by a gas jet, droplet collision with a surface, and micro-explosive breakup). The results obtained by Kuznetsov et al. [105] were compared with those obtained by Davanlou et al. [106] also using several secondary atomization schemes. When comparing the data from Refs. [97,105], 30–40% deviations were found, which Kuznetsov et al. [105] linked to differences in the sequence of atomization stages. Binary droplet collisions took place at the first stage [97] and micro-explosive breakup followed at the second stage. However, the combination of atomization schemes in this sequence prolonged the droplet disruption, which is a crucial parameter for the practical application of the technology in industrial combustion chambers [105]. It was experimentally established [105] that intense atomization of both homogeneous and heterogeneous liquids can be provided by combining four secondary atomization schemes. Recommendations were formulated on the simultaneous application of such schemes that can ensure the maximum intensity of droplet spray generation. The first atomization stage should involve droplet collisions followed by an air jet impact at the second stage. Then it is advisable to provide droplet atomization through collisions with a heated wall followed by the micro-explosive breakup of droplets heated in special-purpose chambers and furnaces [105]. This combination will increase the free surface area of emulsions by 250 times. For slurry droplets, the S1/S0 indicator is somewhat lower, namely, 170 to 190. However, such high ratios cannot be achieved for water because it is impossible to provide micro-explosive breakup of homogeneous water droplets without solid or liquid additives.



The data obtained in Refs. [97,105,106] are of great practical importance because they make it possible to select secondary atomization schemes to be combined depending on the size of secondary droplets required by a specific technology and their component composition. In particular, the heat of the high-temperature gases coming from furnaces can be used in liquid treatment to heat the walls of evaporators and the air therein. This provides conditions for droplet disruption on a heated wall and for their micro-explosive breakup. The research findings [105] have shown that 400–500 °C is a sufficient temperature for the wall surface heating to provide intense droplet atomization. According to Kuznetsov et al. [105], liquid treatment after the injection of the initial spray will take several seconds in this temperature range at each atomization stage.




8. Conclusions


In this analysis, we have summarized the experimental and theoretical research findings on liquid droplet coalescence, disruption, and fragmentation in multiphase and multicomponent gas-vapor-droplet media. These processes can be studied using phenomenological and applied approaches, and both have been considered in this paper. The analysis of the known research findings has shown that scientific foundations have been laid for the modern theory of liquid droplet interactions in a gaseous medium. We have presented the main elements of these scientific foundations. The generalized curves, tables, and approximations can be used to predict the conditions and characteristics of liquid droplet coalescence, disruption, and fragmentation in multiphase and multicomponent gas-vapor-droplet media. The systematized experimental and theoretical research findings expand the contemporary notions of liquid droplet interactions in a gas. At this point, it is safe to conclude that the most promising technologies of secondary atomization of liquid droplets can be introduced using a combination of several techniques: droplet–droplet collisions, droplet collisions with a solid wall, exposure to a gas jet, and micro-explosive breakup.
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Nomenclature




	
Greek letters




	
αd

	
impact angle, o.




	
Δ

	
droplet size ratio.




	
τ

	
heating time until explosive breakup, s.




	
Latin letters




	
b

	
linear approach parameter, mm.




	
B

	
dimensionless linear interaction parameter.




	
D32

	
Sauter diameter, μm.




	
FT

	
injection in percentage terms, %.




	
h *

	
non-dimensional film thickness.




	
Lnd

	
non-dimensional length scale of wall roughness.




	
N

	
number of child droplets.




	
Oh

	
Ohnesorge number.




	
P

	
injection pressure, bar.




	
Rd1, Rd2

	
radius of the first and second droplet, respectively, mm.




	
Rnd

	
the non-dimensional wall roughness parameter.




	
rd

	
radius of child droplets, mm.




	
Re

	
Reynolds number.




	
S0

	
surface area of two initial colliding droplets, mm2.




	
S1

	
area of newly formed fragments after the collision of two initial droplets, mm2




	
S1/S0

	
ratio of areas before and after collision.




	
Ta

	
gas temperature, °C.




	
TS

	
substrate temperatures, °C.




	
Tg

	
temperature of a hot air flow, °C.




	
t

	
time of explosive droplet boiling and breakup to form a fuel spray, s.




	
Ud1, Ud2

	
velocities of initial droplets, m/s.




	
Urel

	
resultant droplet velocity, m/s.




	
We

	
Weber number.
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Figure 1. Droplet interaction regime map in the B(We) coordinates, using the data from [18,19]. 
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Figure 2. Typical droplet collision regimes described in [5]. 
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Figure 3. Droplet collision scheme used for experimental data processing (using the data from [12,24]). 
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Figure 4. Variation of Sauter mean diameter with an increase in the injection and gas pressure (comparison using the data from [48]). 
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Figure 5. Mechanism of secondary droplet formation. 
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Figure 6. Droplet impingement on a surface: HB stands for hydrophobic surface; HL is hydrophilic surface. 
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Figure 7. Wall impact regime map plotted using the data from [64]. I—secondary fragments are not formed; II—secondary droplets are formed. HL is hydrophilic surface; SHB denotes superhydrophobic surface; HB stands for hydrophobic surface. 






Figure 7. Wall impact regime map plotted using the data from [64]. I—secondary fragments are not formed; II—secondary droplets are formed. HL is hydrophilic surface; SHB denotes superhydrophobic surface; HB stands for hydrophobic surface.



[image: Energies 14 06150 g007]







[image: Energies 14 06150 g008 550] 





Figure 8. Wall impact regime map (top view): 1—substrate; 2—droplet; 3—liquid film; 4—crown formation. 
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Figure 9. Scheme of micro-explosive breakup. 
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Figure 10. Comparison of droplet (15 µL) heating times for various compositions to explosive breakup versus gas temperature (using the results [103]): 1—emulsion (97% water, 3% petroleum); 2—emulsion (95% water, 5% petroleum); 3—emulsion (97% water, 3% oil); 4—emulsion (95% water, 5% oil). 
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Figure 11. Maximum surface area ratio of an emulsion containing 90 vol% of diesel and 10 vol% of water for combining most effective schemes (I–II), described in [105]: 1—droplet-droplet collisions; 2—exposure to air flow; 3—collision with a heated solid surface; 4—collision with a cold wall; 5—micro-explosive breakup. 
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