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Abstract

:

An intensive training course has been developed and implemented at the California State University Long Beach based on 8 years of experience in the multiphase flow area with the specific focus on droplet–solid interactions. Due to the rapid development of droplet-based equipment and industrial techniques, numerous industries are concerned with understanding the behavior of droplet dynamics and the characteristics that govern them. The presence and ensuing characteristics of the droplet regimes (spreading, receding, rebounding, and splashing) are heavily dependent on droplet and surface conditions. The effect of surface temperature, surface wettability, impact velocity, droplet shape and volume on droplet impact dynamics, and heat transfer are discussed in this training paper. Droplet impacts on moving solid surfaces and the effects of normal and tangential velocities on droplet dynamics are other topics that are discussed here. Despite the vast amount of studies into the dynamics of droplet impact, there is still much more to be investigated as research has expanded into a myriad of different conditions. However, the current paper is intended as a practical training document and a source of basic information, therefore, the scope is kept sufficiently broad to be of interest to readers from different engineering disciplines.
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1. Introduction


This paper summarizes an intensive course on the subject of multiphase flow with the focus on both the theoretical and practical knowledge on droplet–solid interactions. More specifically, the goal of this training manuscript is to provide students with in-depth practical knowledge of droplet dynamics due to its numerous industrial and scientific applications. The dynamics of droplet impacts on solid surfaces has been studied for years starting with the work of Worthington [1,2]. To this day, droplet impact dynamics are widely studied as further improvements in understanding of droplet behavior due to the variety of their industrial applications. In particular, droplet impacts are imperative to industrial processes employing spray coating and painting, spray cooling, inkjet printing, combustion engines, and anti-icing characteristics of critical industrial components such as aircraft surface, powder lines, and wind turbines [3,4,5,6,7]. A brief discussion for some of these usages is presented below.



One of the prominent applications of droplet studies is aircraft icing, which refers to creation of ice on the surface of flying objects. This usually happens at the presence of super-cooled water droplets and below icing temperature. Those droplets are formed as droplets with various size merge in clouds, or when the falling snow melts as it passes through a warmer layer (weather inversion). In either case, they are very unstable, and any disturbance will cause ice formation. During a flight, a fraction of super-cooled droplets tracks through the airflow and impact the aircraft surface. In most cases, the low energy droplets freeze upon impact, whereas the ones with higher energy flow along the surface until their energy is depleted and then freeze. Consequently, the resulting ice changes the surface structure of the aircraft and this reduction in the aerodynamic of the wing increases the fuel consumption [8,9,10,11,12,13]. As such, a detailed understanding of this process is much needed to engineer more efficient wings.



Other application of droplets is in direct injection combustion engines, where the behavior of fuel droplet impingement on the piston and surrounding cylinder walls is heavily studied [14,15,16,17,18]. The formation of the wall-fuel film and the improvement in the efficacy of combustion engine promote a wide variety of research into droplet dynamics [14,15,16,17,18]. The properties of superhydrophobic surfaces are of major interest in aerospace and power industries for their anti-icing characteristics, to prevent ice formation on wind turbine blades, power-lines, or aircraft wings [11,19,20,21]. Methods improving the repulsion of water droplets off surfaces have been heavily studied. Such methods involve variable surface inclination and application of superhydrophobic coatings [4,22,23,24,25,26].



Another interesting application of droplet dynamics is in the thermal spray process, where molten or semi-molten metal and ceramic particles are deposited on a substrate to generate various types of coatings such as thermal barrier, wear resistance, and corrosion resistance ones [27,28,29,30,31,32]. During the thermal spray process first, a heated gas is created via chemical combustion or electrical energy in a torch. Then the gas is used to melt the coating powder or wire into droplets and accelerate them toward a substrate, where the particles generate a splat. Finally, a coating is formed via multiple layers of splats. In that regards, most research studies the effect of droplet’s inflight behaviors such as velocity, temperature, and trajectory, and their interaction with the substrate’s temperature and roughness on the process of droplet solidification and coating structure [27,28,29,30,31,33,34,35,36,37,38].



Yet another importance of fundamental study in the droplet impact field is its application in spray cooling, where an array of small droplets is applied to a heated surface as a cooling mechanism to enhance its heat transfer [39,40,41,42,43,44]. In this operation, the cooling effectiveness is strongly influenced by fluid properties and droplet’s size and velocity. Amongst the numerous usages here are dermatological operation, fire protection, and cooling of hot surfaces like hot strip mill and high-performance electronic devices. For example, cryogenic spray cooling is selectively directed to pre-cool human skin in laser treatments and hair removal procedures. Similarly, in steel strip casting, a jet gas with water droplets is guided to cool a high temperature (up to 1800 K) steel surface that shapes the final microstructure optimization. All in all, new developments in spray cooling technology demand improving the heat transfer rate, while maintaining uniform heat removal, and preventing temperature overshoot. They also require uniform operating temperatures maintenance, the removal of high heat flux, or the adaptability to changes in heat flux [39,42,45].



Furthermore, droplet dynamics are widely used in ink-jet printing as it involves the generation and deposition of small droplets, usually containing colorants, onto a substrate in certain patterns. Main challenges in the process are when droplets bounce back or spread unevenly on the paper. The development in understanding droplet dynamics is thus motivated by the vast applications of ink-jet printing, where improvements in droplet positioning, volume, and directionality are the main concerns [46,47,48]. Note that, the input substance (ink) can be a tiny liquid of “smart” material. As such today’s applications of ink-jet technologies include printing solar cells, medical sensors, and electronic circuits. Particularly, ink-jet printing techniques have rapid developments in medical industry, where the manipulation of small amounts of liquid is essential in cell culture growth and pharmaceutical drug production [49,50,51].



Lastly, there has been rapid developments in microfluidic technologies, where liquid drops are handled on nano or micro scales. Microfluidic technologies have heavily impacted the biomedical, environmental, food, and chemical industries [52,53,54]. Other notable industrial applications of droplet impacts include quenching of aluminum alloys and steel, fire suppression, incinerators, soil erosion, and crop spraying [3,55,56,57,58].



Key Dimensionless Numbers in Droplet Impact Dynamics


To facilitate the characterization of droplet dynamics several dimensionless numbers have been introduced in the literature. The main dimensionless numbers are given in Table 1 [3,59,60], where    ρ l    denotes the liquid density,    d 0    is the droplet diameter,    u 0    is the droplet impact velocity,  σ  is the surface tension,    μ l    is the liquid viscosity,  g  is the gravity, and  t  is time. Furthermore, in this table,    d  c l    ,    c l   ,    k l   ,    T 0   ,    h  l v    , Q, and    M  e v a p     denote the diameter of the wetted region, liquid specific heat, liquid thermal conductivity, initial temperature, enthalpy of vaporization, total heat that is transferred to the droplet, and the evaporated mass at a given time, respectively. Subscripts  l  and  s  also stand for liquid and solid, respectively. It is worth mentioning that Table 1 only covers the main dimensionless numbers, while additional dimensionless numbers can be defined for the contact angle of the droplet on the surface, the boundary layer thickness, vapor properties, etc.





2. Droplet Impact on Static Solid Surfaces


Experimental investigations suggest the presence of six possible regimes for droplet impact on dry surfaces, including deposition, receding breakup, rebound, and splashing (see Figure 1). The characteristics of these regimes after droplet impact has been deeply investigated [3,57,59,61,62,63,64]. The presence, or lack of each regime is dependent upon multiple conditions of the impacting droplet and characteristics of the surface. Such properties include impact velocity, droplet size, liquid surface tension and viscosity, surface temperature, wettability [3,4], etc.



The expansion of the droplet after its impact on the surface is known as the spreading regime. This phenomenon is observed at relatively low Weber number values and low surface temperatures [3,63,66]. One of the most important parameters for characterizing the spreading regime during the droplet impact is the maximum spreading diameter of the droplet. The maximum spreading diameter of the droplet is imperative when heat transfer is a concern as the maximum spreading defines how much surface area is available for heat transfer [66]. Several characteristics of both the droplet and surface can affect the maximum spreading, such as droplet impact velocity and surface wettability [67,68,69,70]. Initial droplet velocity heavily impacts its spreading. As the droplet impacts on the surface, the kinetic energy in the vertical direction is transferred to the radial direction, promoting the spreading of the droplet. Lann et al. [69] described in their work that droplets spreading behavior is overseen by the conversion of kinetic energy into surface energy or dissipated heat. Different models have been developed to predict the maximum spreading ratio,    S  m a x   =  d  c l , m a x   /  d 0   , as a function of the impact parameters. Some of the most commonly used formulas in the literature are as follows:



Jones [71]


   S  m a x   =    4 3  R  e  1 / 4      



(1)







Chandra and Avedisian [72]


    3 W e   2 R e    S  m a x  4  +  (  1 − c o s θ  )   S  m a x  2  −  (    W e  3  + 4  )  = 0  



(2)







Asai et al. [73]


   S  m a x   = 1 + 0.48 W  e  0.5   × exp  [  − 1.48   W  e  0.22     R  e  − 0.21    ]   



(3)







Pasandideh-Fard et al. [74]


   S  m a x   =     W e + 12   3  (  1 − c o s  θ A   )  + 4  (  W e /   R e    )       



(4)







Mao et al. [75]


   [   1 4   (  1 − c o s θ  )  + 0.2   W  e  0.83     R  e  0.33      ]   S  m a x  3  −  (    W e   12   + 1  )   S  m a x   +  2 3  = 0  



(5)







Ukiwe and Kwok [76]


   (  W e + 12  )     S  m a x   = 8 +  S  m a x  3  ×  [  3  (  1 − c o s  θ A   )  + 4   W e     R e      ]   



(6)




where    θ A    stands for the advancing contact angle.



The receding regime involves the contraction of the droplet once it has reached the maximum spreading. Droplet receding is due to the liquid surface tension, which pulls the droplet together [3,66]. The receding time depends on several factors including the surface shape and the liquid surface tension [67,77]. The suppression of this regime has also been observed under various conditions. For example during the impact of liquid fuels such as decane, ethanol, and tetradecane due to their low surface tension, the contraction phase is suppressed [77]. This regime has also been shown to be heavily affected by surface temperature. Receding can be hindered or even vanished by sufficiently low surface temperatures. For instance, during the water droplet impact on ice films, once the droplet reaches maximum spreading, the contact interface between the droplet and the ice film freezes, preventing the formation of a receding regime [78,79,80,81,82].



After receding, the droplet may show rebounding depending on various parameters such as surface wettability, temperature, and kinetic energy. In the rebound regime, if the droplet has a high contact angle and sufficient kinetic energy, it may bounce off the surface. The rebound regime has also been shown to be absent under various conditions. For instance, upon impact on a super-cooled superhydrophobic surface, water droplet freezes and adheres to the surface as it spreads, therefore, no rebounding occurs [83].



The appearance of the splashing regime is also dependent on various conditions of the droplet and surface. During impact with high enough energy, the droplet hits the surface and disintegrates into secondary droplets. Splashing can be induced by changing the orientation of the surface, such as having spherical or inclined surfaces, or impact on a moving liquid film [84,85,86]. There are several types of splash such as corona, prompt, and fingering within the splashing regime [77,87,88,89]. In corona splashes (see Figure 1) the outer rim of the lamella lifts off the surface forming a crown. From the crown, the lamella breaks apart forming secondary droplets. In prompt splashes, the droplet disintegrates, and secondary droplets form immediately after impact. Finally, in fingering splashes, protrusions extend from the droplet, eventually disintegrating and forming secondary droplets [77,87,88,89]. Various boiling regimes have also been experimentally studied at super-heated temperatures. This causes different splash phenomena, such as boiling-induced breakup or boiling-induced splashing, due to nucleate boiling in the contact interface [66].



As mentioned earlier in this manuscript, the regimes and phenomena observed during droplet impact significantly depend on a variety of droplet/surface conditions. Here we aim to describe the key conditions affecting the impact dynamics of droplet on solid substrates. As such the article is divided into two sections describing the droplet impacts on (1) stationary solid surfaces and (2) moving solid surfaces. Noting that due to the vast number of characteristics defining the behavior of droplets only the major ones will be discussed in this article; namely impact velocity, droplet shape and size, surface wettability, and temperature.



2.1. Effect of Surface Temperature


Surface temperature is an important characteristic affecting the dynamics of impacting droplets, particularly when heat transfer is a concern. In the case of a hot, dry solid surface, the droplet impact outcomes are classified into several regimes: evaporation, nucleate boiling, foaming, transitional boiling, and film boiling. In the nucleate boiling regime, which occurs at relatively high surface temperatures, the droplet is in direct contact with the surface and vapor bubbles are formed at various isolated nucleation sites. These bubbles rise and the droplet will eventually boil off (see Figure 2b) [67]. In the foaming regime, which is a subcategory of nucleate boiling, the entire drop starts to foam. The vapor bubbles grow much larger in this regime while no separation from the liquid–gas interface and no coalescence are detected. In the transition boiling, due to high wall temperature, the generation rate of the vapor bubble increases quickly. Owing to bubbles coalescence, a vapor layer is formed over some portions of the area between the drop and the surface, while the rest of the drop wets the surface. In this regime, liquid layers frequently collapse, therefore, this regime is very unstable and secondary droplets are also generated [90]. Further increasing the temperature changes the regime to film boiling. In this regime, a vapor layer forms preventing the complete contact between the liquid and the surface [67]. In the film boiling regime, the droplet levitates on a vapor layer, as shown in Figure 3. This phenomenon is heavily studied and called the Leidenfrost effect [91]. The Leidenfrost effect also promotes rebounding of the droplet without disintegration into secondary droplets.



One important characteristic of heat transfer in droplet dynamics is the evaporation time. When the surface temperature is within the nucleate boiling regime, it was observed that as surface temperature increases, the evaporation time decreases due to an increase heat transfer. During the transitional regime, the evaporation time is variable due to uneven contact between the liquid and surface. However, in the film boiling regime, the evaporation time sharply increases due to the Leidenfrost effect. When the droplet enters the film boiling regime, it is no longer in contact with the surface as the vapor layer separates the two. This vapor layer acts as an insulating layer, slowing down evaporation [67]. Further increasing the temperature past the Leidenfrost effect will decrease the evaporation time [92].



Liquid surface tension has significant influence on the dynamic Leidenfrost temperature. The dynamic Leidenfrost temperature is the minimum surface temperature at which the impacting droplet bounces without splashing, in other words the minimum temperature to induce the Leidenfrost effect [93]. Chen et al. [93] studied the effects of surfactants on the dynamic Leidenfrost temperature. In these sets of experiments alcohol surfactants, octanol and ethyl-hexanol, were added to water droplets causing a reduction in surface tension of the droplet. As a result, the maximum spreading diameter increased during the spreading regime. Additionally, it was observed that the time to reach maximum spreading was decreased. Chen et al. [93] found that by adding surfactants the dynamic Leidenfrost temperature increased. The addition of surfactants promotes splashing and prevents the formation of vapor layer. The reduced surface tension promotes a thinner lamella during spreading, this makes it easier for vapor bubbles to burst out from the boiling film and break the vapor layer, preventing the Leidenfrost state [93]. The reduced surface tension also makes it difficult for vapor bubbles to coalesce and form a vapor layer as a result of the lower bubble departure diameter. The dynamic Leidenfrost temperature can also be raised higher by increasing the concentration of surfactants in the droplet due to increased reduction in surface tension. Surface wettability is another parameter that affects the Leidenfrost point in a way that more hydrophilic surface leads to a higher Leidenfrost temperature [67,90].



Cooled and super-cooled surface temperatures also have an intense effect on droplet dynamics. At sufficiently cool temperatures, droplets begin to nucleate and freeze. The sessile droplet undergoes a complex solidification process, typically split into five stages [83,94,95], which is similar to the freezing of suspended water droplets. First, the droplet is cooled from its initial temperature to temperatures below the equilibrium freezing temperature during a cooling stage. Second, the droplet experiences a nucleation stage, where ice crystal nucleation occurs. Third, rapid crystal forms from the nucleation points driven by supercooling during the recalescence stage until it reaches the equilibrium temperature. Fourth, crystal growth is driven by heat transfer until the droplet is completely frozen during the freezing stage. Lastly, during the solid cooling stage, the temperature of the solidified droplet decreases due to the continuous cooling of the cold plate [83,94,95]. At this stage the ensuing droplet forms a peculiar shape with a pointed tip as shown in the last sequence of Figure 4.



The deformation of an impacting water droplet throughout the freezing process on a hydrophobic horizontal surface is shown in Figure 4. Experimental studies have shown that sub-cooled temperature has no significant effect on the spreading of the droplet after impact [80,96]. However, it shows significant suppression of the receding speed and height when the period of receding is sufficiently long [96,97].




2.2. Effect of Surface Wettability


Surface wettability is the ability of surface to be wetted by a liquid and is mainly determined by surface roughness and chemistry. The Wenzel [98] and Cassie-Baxter [99] states describe the droplet wetting regime on the surface (see Figure 5). In the Wenzel state, water penetrates into the surface structures and conforms to the surface while in the Cassie-Baxter state, the water droplet remains above the surface structures, maintaining an almost spherical shape [4].



Static contact angle,  θ , which is defined as the angle between the droplet and the surface at the contact line (see Figure 6) is a characteristic used to define the degree of surface wettability. The advancing contact angle,    θ A   , is the contact angle for a droplet with an advancing contact line (e.g., for a growing droplet), while the receding contact angle,    θ R   , is the contact angle for a receding contact line (e.g., a shrinking droplet). Contact angle hysteresis is defined as    θ A  −  θ R    and is an indication of the droplet mobility on the surface, in a way that the lower is the hysteresis the easier the droplet moves on the surface (higher mobility). In general, in contact with water, a hydrophilic surface displays a contact angle of less than 90°, while a hydrophobic surface shows a contact angle of more than 90°. On a superhydrophobic surface, contact angle is more than 150°, and the contact angle hysteresis should be less than 10° [4,68].



The wettability of a surface considerably affects the droplet dynamics after impact. It is shown that the wetted area during the spreading regime decreases with lower surface wettability [68]. It is also found that as wettability decreased a longer time was required for a droplet to reach equilibrium. This is due to oscillations in the droplet as more kinetic energy remains after the spreading regime. As spreading is suppressed, less energy is dissipated [68]. Tang et al. [77] studied the droplet dynamics of various liquid on surfaces with variable roughness. It was shown that as surface roughness increases, the droplet has a slower spreading time and smaller maximum spreading diameter. It was also observed that increase of surface roughness, promotes droplet splashing. Moreover, it was demonstrated that surface roughness has a prominent impact on the promotion of splashing in liquids with a smaller Ohnesorge number.



Surface wettability has a significant impact on the heat transfer rate in droplet dynamics. Pan et al. [68] studied droplet impacts on cold surfaces and observed how wettability affects the freezing process. As surface wettability decreases the total icing time of the droplet increases. This is because of a lower heat transfer rate due to a smaller heat transfer area. The lower surface contact area is due to the high interfacial tension in low wettability surfaces, which prevents droplet spreading. As expected, on hydrophilic surfaces the total freezing time is shorter comparing to the hydrophobic surfaces. On hydrophilic surfaces spreading is promoted due to more heat transfer area. Overall, more contact surface area leads to a higher heat transfer rate and in turn a shorter freezing time [68].



Surface wettability also has an impact on the boiling process during droplet dynamics. In general, as wettability increases the rate of phase-change heat transfer enhances [92,101]. As surface becomes more hydrophilic, smaller and faster bubble growth occurs [102,103]. Kim et al. [92] studied the effects of surface wettability on droplet rebounding on hot surfaces above the Leidenfrost temperature. In their experiments four surfaces were prepared, a smooth hydrophilic, a smooth hydrophobic, a hydrophilic, and a hydrophobic surface both with nanoscale structures. For both smooth and nanoscale hydrophobic surfaces, rebounding of the droplet was achieved, but at varying surface temperatures. For both hydrophilic surfaces, it was found that a higher surface temperature was needed to induce rebounding as more energy was required to disperse the droplet from the surface. On hydrophilic surfaces, there is more contact area and more surface tension, thus more work is needed to break the droplet adherence to the surface. Finally, on the nanoscale hydrophilic surface, splashing was induced caused by the capillary effects and cavities of the surface [92].




2.3. Effect of Impact Velocity


One of the most important characteristics affecting the dynamics of droplet impact is the droplet impact velocity. Specifically, impact velocity has a profound effect on the droplet spreading regime. Clearly, when the impact velocity increases, more kinetic energy is given to the droplet. The momentum in the vertical direction is then transferred in the radial direction upon impact [3,67,68]. As higher impact velocities a higher degree of spreading is promoted, leading to more surface area for heat transfer [62,66,67,68,93,104]. Rajesh et al. [67] showed that on superheated concave and convex surfaces, an increase in impact velocity translated to an increase in both maximum droplet spreading and contact time. This increase in maximum spreading diameter is due to a rise in impact kinetic energy allowing the droplet to spread more. Similarly, the increase in maximum droplet spreading, due to higher impact velocity, affects the freezing time of the droplet on cold surfaces. With higher impact velocities, a trend of shorter icing time and faster freezing is observed (faster spreading and higher heat transfer dispersal occurs upon impact [68]). Furthermore, as mentioned above, if the droplet has enough energy, it rebounds after retraction. Increase of the impact velocity has shown to promote rebounding and further increase of the impact velocity can induce splashing [3,59]. Chen et al. [93] studied the effect of the initial droplet impact momentum on the Leidenfrost point and detected that at high impact velocity, a higher surface temperature is needed to induce the Leidenfrost effect. The increased droplet impact momentum leads to higher kinetic energy in the spreading droplet, this causes a thinner liquid disk, hence nucleate bubbles are easier to burst out from the disk, which breaks the Leidenfrost state [93].




2.4. Effects of Droplet Shape and Volume


The shape of the droplet can impact its dynamics and the heat transfer rate. By increasing the ellipticity and asymmetry of the droplet, the spreading and retraction regimes are significantly changed. Generally, asymmetrical droplets require a higher impact velocity for rebounding [105,106,107,108]. Yun [109] studied the effects of asymmetry and ellipticity on droplet dynamics, specifically on its rebound regime. Asymmetric droplets, in the shape of an egg, showed uneven spreading and retraction in both the  x  and  y  axis (see Figure 7). To investigate the effect of asymmetry and ellipticity on the rebound regime, the height of the droplet at the center of mass was measured. It was found that with increasing ellipticity the height of the droplet decreased [109]. Additionally, with decreasing asymmetry the droplet showed a reduced rebound height. This suggests that suppression of droplet rebound can be induced by variances in its ellipticity and asymmetry. In other words, the degree of droplet deposition can be promoted with variances in the droplet’s shape. The suppression of droplet bouncing is due to a break in the horizontal momentum of the droplet at low asymmetry and high ellipticity [109].



The size of the impacting droplet can also affect multiple characteristics of droplet dynamics. Pan et al. [68] studied how the initial droplet diameter affected its maximum spreading diameter and heat transfer rate. By increasing the initial droplet size, water droplet spreads more and showcases more oscillation during the spreading regime owing to an increase in initial kinetic energy. Additionally, upon impact on a cold surface, larger droplets showed increase in freezing time. Despite an increase in surface area during the spreading regime, larger droplets needed a longer time to freeze due to an increase in mass [68]. This experiment demonstrated the predominance of droplet volume over the effects of droplet dynamics on freezing time due to longer time spent during the heat transfer process compared to the droplet dynamic process. It is worth mentioning that an increase in droplet volume can induce splashing due to an increase in the Weber number.




2.5. Effect of Relative Humidity


Relative humidity has considerable influence on droplet dynamics. Bobinski et al. [110] qualitatively observed the effects of relative humidity and surface temperature on droplet impact in icing conditions. In their studies, relative humidity was kept constant and equal to 75%, while the surface temperature was reduced to −10 °C. It was found that droplet freezing is triggered during the spreading phase and it freezes when the maximum spreading is reached, even on the superhydrophobic surface. By decreasing the relative humidity to 9%, it was shown that the impact process on the superhydrophobic surface is similar to the case of room temperature tests and the droplet does not freeze. Experimental study was also performed by Jadidi et al. [111] to understand the effects of relative humidity, surface temperature, and wettability, and the frosting mechanism on water droplet impact dynamics. In their study superhydrophobic, aluminum, and glass surfaces with three different surface temperatures (i.e., 20, 2, and −2 °C) were used. Furthermore, three different relative humidities (i.e., 10%, 20%, and 30%) were applied while the droplet Weber and Reynolds numbers, and the air temperature were fixed. It was revealed that the ratio of the surface temperature to the dew point temperature, which depends on relative humidity and air temperature, has a significant impact on droplet spreading, recoil, and contact angle. In general, when the mentioned ratio is less than one and decreases (it can be done by increasing the relative humidity or decreasing the surface temperature), condensation and frost formation become important, droplet spreading diameter increases significantly, and the equilibrium contact angle decreases.




2.6. Effect of Dimensionless Numbers


The effect of dimensionless numbers on the spreading ratio,  S , during droplet deposition on a dry surface is shown in Figure 8 [60]. To obtain these results, one dimensionless number was individually changed while other dimensionless numbers as well as contact angles were kept constant. As shown in Figure 8a, the maximal spreading ratio increases with Reynolds number. On the other hand, the minimal spreading ratio at the end of the receding phase slightly decreases as the Reynolds number increases. Furthermore, the Reynolds number does not significantly affect the duration of spreading and receding phases in terms of dimensionless time. In contrast, as can be seen in Figure 8b, the Weber number does not affect the spreading phase. However, by increasing the Weber number, receding is slowed down. Increasing the Bond number, results in a slight increase of the spreading ratio in all impact stages (see Figure 8c). In short, the competition of inertial and viscous forces has significant influence on the spreading phase, while the surface tension force mainly affects the receding phase [60].



Herbert et al. [60] also showed that by increasing the Reynolds number, the total heat transfer from the substrate to the droplet significantly decreases. It was explained that although the heat transfer area is larger during the spreading and the beginning of the receding stages for large values of Reynolds, the heat flow is noticeably lower in these phases. In addition, it was shown that increasing the Weber number causes the dimensionless heat flow during the spreading and the receding phases to decrease and enhance, respectively. Moreover, increasing the Prandtl number results in significant reduction of heat transfer due to a suppressed convective heat transfer at the solid–liquid interface. It was also revealed that a higher value of Bond number causes the heat transfer rate to increase throughout the entire process since the wetted area is enlarged, as shown in Figure 8c.





3. Droplet Impact on Moving Surfaces


Droplet impact onto moving surfaces shows vast differentiations in their dynamics. The degree of droplet deformation and induction of splashing are heavily dependent on droplet impact velocity and surface tangential velocity. Povarov et al. [112] observed the presence of the air layer causing the droplet to lift off at high tangential velocities. At low surface velocity, the droplet is deposited onto the surface with no lift off. The bottom layer of the droplet adheres to the surface and spreads in a tear-like shape. At higher velocities, there is partial lift off of the droplet. The bottom layer of the droplet adheres to the surface and moves with it while the remainder of the droplet stays above the impact point. As the bottom layer is dragged away, sufficiently high tangential velocities cause the formation of an air layer. This triggers the rear edge of the droplet to splash and partially rebound off the surface. Total rebounding occurs at even higher tangential velocities as the droplet becomes significantly deformed [112]. Figure 9 illustrates droplet deformation on a moving surface. Mundo et al. [113] studied the splashing threshold of a droplet during impact on a moving substrate. Based on their observations, for high impact velocities, as the droplet impacts on the surface, a liquid film forms and spreads. The liquid film then deforms with the moving surface forming corona around the droplet. As the droplet continues to impact the surface, the fluid is fed into the corona film allowing it to grow. Whereas when less fluid is fed into the corona film, it becomes thinner and eventually disintegrates into secondary droplets. At lower impact velocities, the droplet impacts and spreads on the surface since there is not enough normal momentum to allow the corona formation and the kinetic energy is lost during the deformation process [86,113]. Mundo et al. also investigated the effects of surface roughness on droplet impacts on moving surfaces. They figured out that at increased surface roughness the droplet shows irregular deformation. Here the formation of the corona film and sequential instabilities were not observed due to vigorous splashing. Increased surface roughness also showed an increase in the formation of secondary droplets. On the other hand, decreased surface roughness promotes deposition of the droplet and splashing can be suppressed [113].



Zen et al. [86] studied how impacting velocity affected the splashing on moving surfaces. They described two splash phenomena, splash-around and side-splash in the rear edge. The threshold between splash-around and side-splash is dependent on the impact and surface velocities. In general, increasing the impact velocity induces side-splash and further increases in velocity lead to splash-around. It was also observed that increase of the impact velocity promotes the formation of smaller secondary droplets. Increasing the tangential velocity lead to promotion of side-splashing in the rear edge and lower tangential velocities promotes splash-around in all edges. Yao and Cai [114] demonstrated the predominance of tangential velocity on splashing threshold. They observed that as the surface velocity increased, the critical impact velocity to induce splashing significantly decreased.




4. Conclusions


The importance of droplet impact dynamics in a vast number of industrial applications such as spray coating and painting, spray cooling, ink-jet printing, combustion engines, etc., drives numerous studies into this area. This paper summarized the intensive training course aimed at discussing some of the main governing factors on droplet impact dynamics and heat transfer on both static and moving solid surfaces. In details on solid static surfaces, the effects of surface temperature, wettability, impact velocity, dimensionless numbers, and droplet shape and volume were discussed. Surface temperature played a major role on droplet dynamics, particularly at super-heated or super-cooled temperatures. At ample temperatures, the Leidenfrost effect or the freezing process can be induced, wildly changing the droplet dynamics. Surface wettability also greatly affected the droplet dynamics as spreading, retraction, and rebounding can be promoted or suppressed depending on impact conditions. Impact velocity of the droplet heavily affects spreading and splashing regimes owing to transfer of kinetic energy after impact.



The effects of tangential and impact velocity on the impact dynamics on moving surfaces were also discussed in this article. Droplet impact dynamics are heavily dependent on the impact and surface velocity. Splashing is easily promoted on moving surfaces due to deformations in droplet caused by the moving surface. In general, having training on droplet impact subject for engineering students is essential due to the real-world applications of this topic.
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Figure 1. Droplet impact regimes on dry surfaces (reproduced with permission from [65]). 
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Figure 2. Outcomes of droplet collision with a hot, dry solid surface: (a) evaporation, nucleate (b) boiling, (c) foaming, (d) transition, and (e) film boiling (reproduced with permission from [90]). 
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Figure 3. The Leidenfrost phenomenon forms vapor layer preventing droplet from contacting the surface. 
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Figure 4. Sequences of water droplet impact on a cold hydrophobic surface, in a way (a–m): the starting point of the process to the end of the phenomenon. Droplet diameter = 2.82 mm, impact velocity = 0.77 m/s, and surface temperature = −10 °C (reproduced with permission from [68]). 
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Figure 5. Wetting regimes of droplet on a solid surface: (a) Cassie-Baxter state and (b) Wenzel state (reproduced with permission from [4]). 
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Figure 6. Schematic of static,  θ , receding,    θ R   , and advancing,    θ A   , contact angles [100]. 
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Figure 7. Simulation and experimental snapshots of the impact dynamics of (a) spherical and (b) asymmetric droplets on a hydrophobic surface (reproduced with permission from [109]); the equivalent droplet diameter is 2 mm and   W e = 17  . SV and BV stand for the side and bottom-views in the experiment, respectively. 
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Figure 8. Effect of dimensionless numbers on the droplet spreading ratio; (a) effect of the Reynolds number (We = 15, Bo = 0.5, Pr = 9.54), (b) effect of the Weber number (Re = 1000, Bo = 0.5, Pr = 9.54), and (c) effect of the Bond number (We = 15, Re = 1000, Pr = 9.54; reproduced with permission from [60]). 
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Figure 9. Side (Left) and top (Right) view of droplet deformation on a moving surface showing (a) deposition, (b) partial lift off, and (c) partial lift off with side-splash; scale bar is 1mm (reproduced with permission from [86]). 
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Table 1. Key dimensionless numbers to study droplet impact dynamics.






Table 1. Key dimensionless numbers to study droplet impact dynamics.





	Dimensionless Number
	Formulation





	Weber number (ratio of inertial to surface tension forces)
	   W e =    ρ l   d 0   u 0 2   σ    



	Reynolds number (ratio of inertial to viscous forces)
	   R e =    ρ l   d 0   u 0     μ l      



	Ohnesorge number
	   O h = W  e  0.5   R  e  − 1     



	Bond number (ratio of gravitational to surface tension forces)
	   B o =    ρ l  g  d 0 2    4 σ     



	Dimensionless time
	   τ =    u 0  t    d 0      



	Spreading ratio
	   S =    d  c l      d 0      



	Prandtl number
	   P r =    μ l   c l     k l      



	Stefan number
	   S t =    c l  Δ  T 0     h  l v       



	Ratio of the thermal effusivity of the liquid and the solid
	    R  e f f   =        (  ρ c k  )   l           (  ρ c k  )   s        



	Ratio of specific heat capacities
	    R c  =      (  ρ c  )   l       (  ρ c  )   s      



	Ratio of the total heat Q transferred to the droplet to the maximal possible heat transfer
	    E *  =   6 Q   π  ρ l   d 0 3   h  l v       



	Evaporation efficiency
	    E  e v a p  *  =   6  M  e v a p     π  ρ l   d 0 3      
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