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Abstract

:

This study investigates water droplets impacting a two-layered pool, consisting of a deep pool of water above which an ultrathin a suspended layer of silicone oil is present. Initially, the difference between the impact dynamics of water droplets on ultrathin and thick layers of oil were studied. It was found that the existence of an ultrathin layer of oil changes the impact characteristics such how aggressively the jet rises, how the dimensions of the impact impression change, and how the jets are broken down on their tops. Then, in a series of experiments on ultrathin layers of oil, the droplet size, the velocity of the droplets upon impact, and the viscosity of the oil layers were changed to observe and measure the characteristic dimensions of the formed craters and the jets. It was observed that when the viscosity of oil layers decreased to a minimum of 1 (cSt), the jet height and crater sizes increased to their maximum value. In addition to the effect of the oil viscosity, it was found that the droplet size and the release heights of the droplets were in the next orders of significance in determining the impact dynamics. The impacts were also characterized qualitatively by specifically looking into the crown and crater formations, pinch-off modes in jets, and number of formed secondary droplets. As well as the quantitative conclusion, it was found that the major affecting parameter in changing each of these qualities was the viscosity of the suspended oil layer.
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1. Introduction


Droplet impact on surfaces can be seen in a wide range from daily life to industrial applications such as inkjet printers, pesticide sprayers, irrigation systems, fuel injection in engines, fire extinguishers, metal quenching systems, and plasma spraying, among others [1,2,3,4,5]. The surfaces that experience impacting droplets could be a solid, a pool of liquid, or a thin liquid film laid either on a solid substrate or suspended on a pool of another immiscible liquid [6,7,8]. Properties of the impacting droplets (e.g., size, velocity, viscosity, surface tension, etc.) and characteristics of the pool/thin film liquids (e.g., thickness, viscosity, surface tension, etc.) and/or solid surfaces (e.g., surface energy, roughness, polarity, wetness) all influence the outcome of the impact [9,10]. For instance, modulating roughness and energy of solid surfaces has resulted in bouncing/repelling of the impacting droplets and development of so-called superhydrophobic surfaces [11,12,13]. Other potential outcomes of such impacts include homogenous wetting, splashing, and impalement/sticking [14,15]. On the other hand, droplets impacting miscible or immiscible liquids (ultrathin film or pool) might lead to outcomes such as crater and jet formation depends on liquid thickness, temperature, viscosity, surface tension, etc. [16]. Effects of droplet size, the number of falling droplets, the impact velocity, and condition of the impacted pool of liquid (temperature, viscosity, stationary/moving, etc.) have all been investigated [17,18]. These studies have mainly focused on the formation and dimensions of the craters upon impact, the retraction of the craters, and the consequent jet formations [19,20,21].



Inertia, capillary, viscous, and surface tension forces are all involved in studying droplet dynamics. Competing effects of these forces have been studied through various dimensionless numbers such as Reynolds (Re), Weber (We), Froude (Fr), Ohnesorge (Oh), Bond, and capillary [22,23,24]. Among those, the We and the Re numbers have been used mostly to explain various phenomena involved in droplet dynamics. For instance, Manzello et al. defined a critical We for jet break up that was independent of the pool depth [25]. Castillo-Orozco et al. found that the jet height increases as the We number increases and that the chances of the jet break up significantly decreases in higher droplet viscosity [26]. Ding et al. studied dynamics of viscous droplets impacting a less viscous pool of liquid (a mixture of water and glycerol with the oil content changing from 50 to 100 (wt.%), providing various dynamic viscosity values). They observed two successive jet formations after the impact in which the first jet corresponds to climbing behavior of the more viscous droplet and the second one is the so-called Worthington’s jet [27]. Che et al. showed that the miscibility of two interacting liquids (i.e., droplet and pool of liquid) play a major role in determining outcome of the impact. They found that when a water droplet impacts an oil layer a compound jet forms while when an oil droplet impacts a water layer, the droplet spreads quickly [28]. Jain et al., investigated the effect of viscous oil droplets impacting on a pool of water, showing a correlation between the droplet viscosity and the crater depth. They showed that as the viscosities of the droplets and the pool liquid becomes closer, shallower craters are formed [29]. One of the few studies on the impact of droplets on multi/double layered pools was conducted by Kim et al., where oil droplets impact a suspending oil layer on a pool of water. With different droplet diameters and suspended layer thicknesses, they found out that with even a very thin layer of oil, the jet height and the crater depth are smaller when compared to the case in which no suspended oil layer is present [30]. In a similar study by Zhang et al., a water droplet impacted a suspended heptane layer on a deep pool of water. The study concluded that with changing the impact velocity (We number) and the thickness of the suspended oil layer, four types of impact outcomes observed (single crown-jet, single crown-bubble, double crown-bubble, and double crown-jet). They also showed that the existence of the water-oil interface substantially reduces the crater dimensions [31]. There are other works focusing on the impact of droplets on solid surfaces with engineered properties and thin films of liquid spread on solid substrates. For instance, Raiyan et al. used macrotextures to reduce contact time of viscous liquids impacting superamphiphobic surfaces [32]. On the other hand, Yeganehdoust et al. used a three phase flow model to study air entrapment during droplet impact on a thin film of immiscible liquid [33].



More recently droplet impacts on multilayers of immiscible liquids have been studied. Among various parameters, thickness of each layer have shown major effect on the characteristics of the crater and jet formation [31,34]. When a droplet impacts a multilayer of immiscible liquids, relative thickness of the outmost liquid (suspended layer) to the droplet size plays a major role in characteristics of the impact. The physics becomes more complex when this relative thickness becomes ultrathin [30]. Despite previous reports, there are no major efforts that study dynamics of droplets impacting ultrathin layer of a liquid suspended/floating on a pool of another immiscible liquid.



Here, dynamics of water droplets impacting an ultrathin layer of silicone oil suspended on a deep pool of water is investigated. Effect of oil viscosity and droplet size to oil thickness ratio on impact dynamics are studied. Characteristics of crater, crown, jet, and secondary droplets and their dependence to droplet/bilayer liquid (ultrathin silicone oil and pool of water) properties are studied in detail. It is found that an increase in the droplet size leads to an increase in jet height and crater dimensions (i.e., depth and width). In addition, higher We and Re numbers lead to formation of tall crowns and jets with top pinch-off modes, respectively. Furthermore, it is found that the oil viscosity plays a major role in defining the dynamics of the impact. Building upon these insights and drawing from the work of Yongsheng Wu et al. [35] we recognize that environmental factors such as rainfall must be considered in the context of oil spills. Their study underscores that rain-induced turbulence significantly affects oil droplet size and dispersion rates, similar to the turbulence caused by wind-induced waves. This phenomenon is critical for understanding the maximum droplet sizes and dispersion fractions in varying conditions, including the use of chemical dispersants. Their findings suggest that heavy rainfall can influence the dispersion of light and heavy oils to varying degrees, which should be considered when developing strategies to mitigate oil spill. Integrating this knowledge, our study will further elucidate the potential spread of oil spills over oceans due to rain, providing insights for better handling of such environmental crisis.




2. Results and Discussions


Droplet dynamics involves competition of inertia, viscous, surface tension, and gravity forces, among others. To understand significance of each force, various dimensionless numbers are employed. Weber (We) number represents ratio of inertial force to surface tension force and is defined as   W  e e  =    ρ w   V 2  d   σ e     (effective impact Weber number) while Reynolds (Re) number represents competing effects of the inertial force to viscous resistance and is defined as   R e =   V d   ν w    . Here   V  (  m s  )   is the impact velocity,    ρ w    (   k g   m 3   )    is the droplet density,   d  ( m )   is the droplet diameter,    ν w    (   k g   m . s   )    is the droplet kinematic viscosity, and    σ e    (   m N  m  )    is the effective surface tension of the pool liquid (ultrathin silicone oil suspended on water or just water). As shown in their mathematical forms, these numbers vary by droplet viscosity, droplet size, impact velocity, equivalent surface tension, and the viscosity of the liquids [36]. Existence of an ultrathin layer of oil suspended on a pool of water changes some of the properties mentioned above. For instance, the active surface tension of the impact changes to interfacial tension since at the same time the water droplet is in interaction with air, and an oil layer suspended on a pool of water [30]. Figure 1C shows three different combinations of pool surface in which the oil thickness (H) varies from 0 to ultrathin layer (  H ≪ d  ) to comparable to water droplet diameter (  H ≥ d  ). In the case that there is no oil layer present (  H = 0  ), the interfacial tension would be equal to that of air-water surface tension. When the oil layers are added (i.e., from ultrathin to thicknesses close to droplet diameter), the interfacial tension between the water droplet, air, and oil layer would become equal to a combination of oil-air and oil-water surface tensions. Finally, when the oil layer is thick enough (i.e.,   H > d  ), the interfacial tension changes to just the surface tension of oil-water without considering the term for air-water or air-oil surface tensions [37,38]. By adjusting the surface tensions (interfacial tensions in the case of ultrathin oil layer), the effective surface tension (  σ e  ) is calculated based on each experimental combination (equations shown in Figure 1C are adopted with modifications from Kim et al. [30]). Knowing the effective surface tension, the effective   W  e e    number is calculated and used for data analysis. Since the only changing parameter in the ultrathin oil layer cases is the equivalent surface tension, the rest of the dimensionless numbers are kept and used as they were. Figure 1 shows the overall experimental setup and steps and Table 1 summarizes the liquid properties used in this study and the ranges of their values [39].



When a water droplet impacts an ultrathin layer of silicone oil suspended on a pool of water, its kinetic energy leads to deformation in the droplet and the pool liquid. Figure 2 shows different stages of the impact dynamics. Upon impact, the liquid pool surface deforms forming a crater with a depth of D and width of W significantly larger than the droplet diameter (d). This phenomenon is also called the crater evolution (step 2). Next, the crater retracts and pushes a column of liquids (water and silicone oil) upward forming a varying-height jet which is known as jet evolution and build up (step 3). In some cases, as the jet height reaches to its peak (based on initial impact conditions), the jet breaks up and forms secondary/child droplets (step 4). This moment is exactly when the jet peaks in its height and starts to descent. Generally, this region is called pinch-off or jet break-up and it is where the secondary/child droplets form from the descending liquid column (step 5). In some instances, as the jet descends the weight of that liquid column forms another crater upon impact to the pool forming a secondary crater (step 6). This might lead to formation of a secondary jet which is not typically tall and ultimately results in a liquid dimple and a tertiary droplet (step 7). However, from the point that the jet is descending, the process of droplet impact moves toward a stable state. At this stage, the droplet initially gets trapped in the suspended oil layer and eventually it passes the oil layer and meets with the deep pool of water, mixing with it (step 8). Movie S1 illustrates all the introduced stages of the impact. The video corresponds to a droplet impact falling from height of Z = 750 (mm) with a diameter of   d ≈ 4.1   (mm) on an ultrathin layer of silicone oil with kinematic viscosity of   ν = 50   (cSt) suspended on a deep pool of water.



2.1. Effect of Oil Layer Thickness


Figure 3A represents three different silicone oil thicknesses employed in this study. The oil thicknesses of   H = 5   and 8 (mm) are considered thick layers (  H > d  ), the oil thickness of   H = 3   (mm) is considered a thin layer (nearly equal to the water droplet diameter or   H ≈ d  ) and finally, the ultrathin oil layers in which   H ≪ d  . When the oil is ultrathin (  H ≈ 0  ) it does not resist the impacting water droplets much. This leads to formation of deep craters regardless of oil viscosity. However, when the suspended oil becomes thicker (  H = 5   and 8 (mm)) it resists the water droplet upon impact, leading to a decrease in the depth of formed craters. However, the kinetic energy of the impacting droplets leads to creation of wider craters instead. This can be seen when plotting the normalized depth (  D ′  ) vs. normalized width of craters (  W ′  ) (Figure 3B). It can be hypothesized that an increase in the normalized jet height (  L ′  ) means less energy dissipation during the droplet impact. Therefore, it can be concluded that the wider crater formation leads to more energy dissipation than the formation of a deeper one. Difference between water droplets impacting an ultrathin vs. a thick oil layer is evident in characteristics of impact dynamics. With no research on dynamics of a water droplet impacting an ultrathin layer of oil suspended on a pool of water, characteristics of that impact such as formation of crater, crown, jet, and secondary droplets are studied in detail and presented here. Movie S2 compares the characteristics of impacts on ultrathin and thicker layers of suspended oil on a pool of water. The pool surface conditions are with no oil, ultrathin oil layer, and thicker oil layers (H = 3, 5, and 8 (mm) and   ν = 50   (cSt)). The droplet size is   d ≈ 2.9   (mm) released from   Z = 750   (mm). A   45 ∘   view of the same impact is presented in Movie S3.



Figure 3C shows the difference between ratio of crater dimensions (in terms of   W D  ) for impacts on ultrathin layers oil in comparison to similar impacts on thicker oil layers. It can be seen that for impacts on ultrathin layers of suspended silicone oil, the majority of the impacts form a crater with    W D  < 1   while for impacts on thicker suspended oil layers the crater dimension ratio changes to    W D  > 1  . Although the impacts on   ν = 50   (cSt) and   H = 8   (mm) falls below the margin of thin and thick oil layers, it can be safely anticipated that the impacts on thick oil layers are different in nature.



Finally, Figure 3D shows that despite dissipation of the kinetic energy upon droplet impact, an increase in inertial forces leads to enhanced retainment of the energy leading to a jet formation with increased normalized jet heights (  L ′   which will be discussed in next sections). However, this trend is less intensified when the water droplets impacted a thicker layer of oil suspended on a pool of water (  H > d  ). This can be explained due to surface tension mismatch between the water and the silicone oil and the corresponding damping nature. As expected, when the oil is ultrathin, a linear trend between the impact We number and the normalized jet height (  L ′  ) is observed. In addition, a decrease in oil viscosity leads to an increase in the normalized jet height, especially where an ultrathin layer of oil is suspended on a deep pool of water. Overall, at a given number a decrease in oil viscosity or its thickness leads to taller jet formation.




2.2. Vertical Displacement of Liquid and Formation of Crowns


As the falling water droplets impact the pool surface (water only or ultrathin oil on water), a deformation occurs in both the falling droplets and the pool surface [40,41]. The impact leads to liquid deformation and consequently to formation of craters. However, the liquid retracts due to surface tension forces resulting in its vertical displacement [42,43]. The extent of vertical displacement in the liquid depends on the impact condition such as We number. In addition, the effect of pool surface viscosity should always be considered as surface/interfacial tension and viscosity forces are in constant interaction during liquid deformation and motion. Four different impact conditions and the extent of vertical pool liquid displacement, up to formation of a full crown, are shown in Figure 4A–D. As the impact conditions change, it can be seen that the viscosity is playing an important role.



When the effective Weber number is small (  150 ≤ W  e e  ≤ 230  ), in most impact instances, no vertical displacement occurs regardless of existence and/or viscosity of the suspended ultrathin oil (see Figure 4E). With an increase in the effective Weber number (  230 ≤ W  e e  ≤ 400  ), slight/short vertical displacement in the liquid is observed during the crater formation. This is expected given the increase in the kinetic energy of the impacting droplets. Further increase in the Weber number (  470 ≤ W  e e  ≤ 710  ) leads to medium and large vertical displacements in the liquid. However, at higher Weber numbers adding an ultrathin layer of silicone oil on pool of water leads to an overall decrease in the extent of vertical displacement. This can be due to the surface tension mismatch and immiscibility difference between the silicone oil and the water. In addition, the viscosity of the silicone oil can also play a role. At higher Weber numbers (  470 ≤ W  e e  ≤ 710  ), an increase in the viscosity of the ultrathin silicone oil from 1 to 100 (cSt) leads to an overall decrease in the extent of vertical displacement in the liquid and consequently crown formation. It is hypothesized that more viscous oil leads to enhanced energy dissipation during the impact and less likelihood of large vertical displacements at high Weber numbers. When the vertical displacement of the liquid is large it leads to so-called crown formation which is visible at the tips of the displaced liquid (Figure 4E). It has been shown that the crown becomes more enhanced when the water droplet impacts the pool of water without any suspended ultrathin layer of oil [44].



Figure 4F shows the behavior of the impact regarding its   W  e e    and   R e   numbers. As these dimensionless numbers increase, there is a higher chance in observing a full crown formation. Based on the impact Re numbers, three distinct regions of no displacement, short displacements, and full crown formations could be observed over the ranges of   5000 ≤ R e ≤ 8000  ,   8000 ≤ R e ≤   11,000, and 11,000   ≤ R e ≤   15,500, respectively. However, the instances of medium deformations were available over a wide range of impact   R e   numbers (  8000 ≤ R e ≤   15,500) which was expected as these deformations were transition modes between a short deformation and a full crown formation. Although it is possible to distribute this category to short displacements and full crowns, they are kept in order to have the highest distinction between all the observed categories. The   W  e e    and   R e   numbers include the terms for impact velocity and the droplet size themselves. Thus, it can be concluded that as the release heights and droplet sizes increase, a linear increasing trend will be observed for chances of having full crown formations.




2.3. Crater Formation and Its Characteristics


Upon droplet impact on a pool of liquid (ultrathin silicone oil suspended on water), deformations occur both in the droplet and the liquid pool leading to formation of craters with various depths and widths 44. As discussed earlier, the craters are wider than deeper (   W D  > 1  ) due to more resistance droplets experience in the impact direction (see Figure 3B,C). However, as the   W  e e    number increases, the difference between the width and depth of the craters fades away. This means that at impacts of larger droplets from higher release heights, the craters are formed closer to a hemisphere shape rather than oval-shaped ones which occurs during impact of smaller droplets released from lower heights. It can be also seen that larger craters form when the impacts are more aggressive (increase rate of D is higher than that of W). Thus, such impacts result in increased depth of craters rather than width which enhances the retraction and formation of full crowns. This trend is mostly seen where there are comparable values of W and D (  W ≈ D  ) (see Figure 5B). Furthermore, an increase in droplet size and its release height collectively leads to an increase in impact   W  e e    number. As expected, the enhancement in the kinetic energy leads to larger crater formation as evident by an increase in the overall dimension (  W + D  ) of the formed craters. This consequently leads to enhancement in the vertical displacement of the liquid, resulting in increased occurrence of full crown formation. Figure 5C,D represent the effect of droplet size and release height on enhanced chances of full crown formations. For larger droplets released from a higher height (larger impact   W  e e   ), most of the impact instances results in a full crown formation. A real snapshot of the impact instances with droplet sizes 1–4 are shown in Figure 5A where in similar impact conditions, increasing the droplet size causes an increase in the crater dimensions and consequently formation of taller jets which will be discussed in the following sections.




2.4. Jet Pinch-Off Modes


Consequent to crater formation and its retraction, the excessive energy of the impacting droplets leads to vertical displacement of the liquid forming a jet [45]. Depending on the extent of energy dissipation during the impact, liquid jets with different heights form some of which experience a disintegration and a pinch-off on top of the liquid pillar. This occurs due to different velocities in a pillar of the liquid that moves upward [46,47]. The process starts with elongation of a column of liquid followed by necking and partial separation, as shown in Figure 6A. If observed pinch-off modes are categorized as low, medium, and top depending on their height as shown in Figure 6B. Figure 6C shows that with an increase in the impact   W  e e    number an increase in the normalized jet height (  L ′  ) is observed. As shown in Figure 5D, with increased release heights, the crater size increases which translates to more severe crater retraction since more liquid is displaced. As the retraction became more aggressive, a higher normalized jet height was occurred, consequently leading to enhancement in top pinch-off modes. However, at any given release height, there were several instances of top pinch-off which means the release height alone is not a well-defined indicative of the pinch-off modes.



On the other hand, the size of the droplets is considered as the other impacting parameter in changing the impact   W  e e    number. As shown in Figure 6D, with increased droplet sizes, a higher number of top pinch-off instances were observed. Similar to the droplets released from a higher height, when the larger droplets impact the pool surface, higher kinetic energy is converted and larger craters form. Depending on the properties of the droplet and pool liquid properties (such as viscosity), they will deform to different extents. For instance, if the pool surface has a higher equivalent viscosity, the impacting droplets deform more easily. In general, the impacts made wider craters rather than deeper ones which can be obviously seen in Figure 5C,D but with an increased droplet size and release height, this difference became smaller (higher impact   W  e e    numbers in Figure 5B). Overall, increase in effective   W e   number leads to formation of craters with larger depth and width. This leads to enhanced vertical displacement of the liquid, ultimately forming crown. Upon crater retraction the height of the formed jets depends on the size of craters and extent of vertical displacement in the liquid. Observed increase in the depth and width of the formed craters ultimately lead to taller jet formations that experience top pin-off modes.



Figure 6E shows that as the viscosity of the ultrathin oil layer increases the dissipation of kinetic energy increases during the impact. This leads to formation of smaller craters and consequently shorter jets that result in low or no pinch-offs. For instance, an impact on  ν  = 100 (cSt) silicone oil is less severe compared to the same impact on a lower viscosity (e.g.,  ν  = 1 (cSt)) as in the former, the resisting viscous forces of the pool surface are larger. On the other hand, surface tension plays a key role when comparing the impacts on silicone oil of  ν  = 1 (cSt) and pool of water with the same viscosity. Since the oil layers are ultrathin (  H / d ≪ 1  ), the effective surface tension (   σ e  ≈ 82   (   m N  m  )   ) is roughly equal to the sum of oil-air (   σ  o a    ≈ 27.2  (    m N  m   )) and oil-water (   σ  o w   ≈ 55.2   (   m N  m  )   ) surface tensions and greater than the water-air surface tension (   σ  w a    ≈ 72.8  (    m N  m   )) [30]. Upon impact, both water surface and oil layer deform. However, on the oil layer, the crater faces a resistance caused by higher surface tension and retracts more aggressively. As a result, the formed jets are taller for the instances of impacts on  ν  = 1 (cSt) oil layer and the chances of observing top pinch-offs increase [29].



Based on the presented data, it can be concluded that for larger droplets and higher release heights impacting less viscous ultrathin oil layers, it is highly expected to observe deeper craters, taller jets, and higher chances of top pinch-off (see discussion on Figure 6E). Figure 7A shows that the minimum   W D   ratio occurs at impacts on  ν  = 1 (cSt) oil layer and the highest number of instances with top pinch-off occurs at this condition. As a result, it can be concluded that with a deeper (or less wide) crater, the chances of experiencing a top pinch-off increases. Since the instances of top pinch-off occur nearly in any given impact conditions (a combination of release height and droplet size in Figure 7B), it is apparent that the major affecting parameter in defining the pinch-off modes is the viscosity of the target surface followed by its surface/interfacial tension. Nearly all the impacts on the low viscosity oil layer resulted in top pinch-off modes, justifying this finding. Although the droplet size and the release height are the other important contributing factors to categorize the pinch-off modes (Figure 6C,D), the major effect is reflected by the pool surface conditions. Figure 7C represents impacts on different pool surfaces from different heights, corresponding to the presented discussion. When water droplets impact a pool of water only instead of oil, the formed craters disappear faster due to lower viscosity of water when compared to oil. This results in less energy dissipation during the impact and formation of taller jets with potential occurrence of a pinch-off. Adding an oil with a high viscosity to the pool of water results in formation of craters with increased width to depth ration (  W D  ) due to high shear forces leading to shorter jet formation that do not experience top pinch-offs. However, for the impacts on a pool of water and  ν  = 1 (cSt), the ruling factor seems to be interfacial tension of oil-water-air. It is hypothesized that the suspended oil layer acts as a cushion but due to its negligible thickness it does not provide any significant resistance to deformation and further facilitates the impingement of the falling droplet. Although a deeper crater formation is expected for impacts on a pool of water, an opposite trend was observed. This is a distinct observation when compared to the studies on conventionally thicker oil layers [29,48].




2.5. Secondary Droplet Formation


When jet pinch-off occurs, the liquid body (jet) divides into a main descending column and a secondary droplet. Different pinch-off modes (low, medium, and top) result in different types of secondary droplet formations [49]. A single droplet or a series of droplets (two or more) might form during jet pin-offs depending on the impact condition [50,51,52]. Here, the results are categorized into three distinct groups of: no secondary droplets, single secondary droplet, and double/multiple secondary droplets as shown in Figure 8A.



When a water droplet with a threshold effective Weber number (  W  e e  ≥ 190  ) impacts a pool of water, the resulting jet always experiences a pinch-off with one or more secondary droplets formation. This is valid even after adding an ultrathin layer of silicone oil with kinematic viscosities of  ν  = 1 and 50 (cSt) to the pool of water. However, when the silicone oil viscosity increases further to  ν  = 100 (cSt) the formed jet does not necessarily experience a pinch-off, thus no formation of secondary droplets. With a  ν  = 100 (cSt) silicone oil suspended on pool of water, at higher   W  e e    numbers a single secondary droplet form in rare occasions of impacts. However, adding a less viscous ( ν  = 1 or 50 (cSt)) ultrathin layer of oil to the pool of water leads to enhanced chances of jet pinch-offs, forming single or multiple secondary droplets (see Figure 8B). Comparing impacts on a deep pool of water and a suspended oil layer of  ν  = 1 (cSt), at higher impact   W  e e    numbers (  W  e e  ≥ 430  ), the impacts on pool of water mostly resulted in single secondary droplet formation while for lower   W  e e    numbers a greater number of secondary droplets were formed. Since the overall air-water surface tension is less than the sum of interfacial tensions between oil and air and oil and water, the retraction of the crater formed upon impact on the pool of water was less abrupt compared to that of 1 (cSt) oil layer (see discussion on Figure 6E). In addition, higher impact   W  e e    numbers result in a thick compound jet where a higher volume of liquid is displaced compared to singular jets (lower   W  e e    numbers). As a result, the necking is less likely to happen for cases of compound jets and lower chances of pinch-off and formation of multiple secondary droplets will exist (see Movie S4).



Figure 8C shows that over a wide range of   W  e e    numbers and normalized jet heights different numbers of secondary droplets form. Once a threshold   W  e e  ≈ 190   number is reached, double/multiple secondary droplets are observed during pinch-off of even short jets. This shows that the secondary droplet formation is not exactly following the increasing trend observed for the crown formation as a function of the impact   W  e e    numbers. However, there is a threshold for the normalized jet height (   L ′  ≈ 3  ) that is needed to lead to formation of single/double/multiple secondary droplets. Overall, a combined condition of increase in effective Weber number and normalized jet height lead to formation of single/double/multiple secondary droplets during jet pin-offs.



Figure 8D presents the data for secondary droplet formations based on pinch-off modes. At different pinch-off modes (Low, Med, and Top), the instances of multiple secondary droplets increase over any given impact   W  e e    number. Most likely for any instance of top pinch-off and regardless of the impact   W  e e    numbers, there would be multiple secondary droplets formed. For medium (Med) pinch-offs there is a higher chance of multiple secondary droplet formation by critical   W  e e  ≤ 350   but for higher   W  e e    values mostly single secondary droplets form. Lower   W  e e    numbers reflect smaller impacting droplets released from a lower height which are more likely to form thin singular jets. This leads to a more feasible necking and pinch-off leading to formation of multiple secondary droplets, compared to thicker compound jets formed at higher impact   W  e e    numbers. It can be concluded that viscosity of the suspended oil layer is the major determining factor in qualitative analysis of secondary droplet formation. Table 2 summarizes how variations in Weber number and oil layer thickness influence the observed jet pinch-off modes and various liquid displacement during crater formation.



While this study has provided valuable insights into droplet dynamics on ultrathin oil layers, we acknowledge certain limitations. Our experiments were conducted under controlled laboratory conditions, which may not fully capture the complexities of natural environments where factors such as wind, temperature fluctuations, and surface heterogeneity can play a role. Furthermore, we focused on a specific range of droplet sizes and velocities limiting the range of studied We number which can be broadened in future studies.. In addition, oil with varying surface tension and thickness can be explored further to better mimic crude oil that spills over oceans/seas.





3. Conclusions


In the current study, it was found that with different impact conditions, different impact dynamics are observed. Initially, it was observed that droplet impacts on ultrathin and thicker suspended silicone oil layers express different impact characteristics; impacts on ultrathin oil layers relatively result in deeper crater formation followed by taller jets. After observing the significant difference in dynamics of impacts on ultrathin oil layers, the experiments were focused on investigating the different characteristics of such impacts. In that regard, it was found that as the impact   W  e e    increases, the chances of formation of full crowns increase as well. Most of the instances of full crown formations occurred in impacts on a pool of water or  ν  = 1 (cSt) silicone oil. Addition of more viscous oil layers reduced the chances of full crown formation. Furthermore, the size of the formed craters enhanced with increase in droplet size and release height (higher impact   W  e e    numbers). In addition, at higher impact   W  e e    numbers, the crater dimension ratio (  W D  ) decreased, shifting the morphology of the craters to near-sphere shapes. Jet pinch-off modes were observed to be directly tied to droplet size and release height while the major effect was reflected by the pool surface conditions.



Going forward, it was observed that as the oil viscosity decreases, the chances of observing top pinch-offs increased. Comparing the case of a similar viscosity ( ν  = 1 (cSt) silicone oil and a pool of water), the effective surface tension plays the major role by increasing the depth of the craters and resulting in taller jets and more instances of top pinch-offs for impacts on  ν  = 1 (cSt) ultrathin oil layer. Other than that, the impacts on this viscosity oil resulted in formation of deeper craters compared to the similar impacts on a pool of water. This is a key characteristic difference compared to the results of previous studies that focused on thicker oil layers. By different behaviors in pinch-off modes, it was expected to have a notably different number of secondary droplet formations. It was observed that secondary droplets can form over a wide range of impact   W  e e    numbers. However, the highest chance of observing multiple secondary droplets is at lowest oil viscosity of  ν  = 1 (cSt), followed by impacts on a pool of water. The number of secondary droplets is directly tied to the dynamics of jet formation and pinch-off modes.



It was observed that for impacts on a pool of water, as the impact   W  e e    numbers increase, the compound jets form (relatively thicker compared to singular jets) which decreases the chances of necking and pinch-off. As a result, lower number of secondary droplets were formed at this specific impact condition. For a similar reason, the impacts resulted in medium pinch-off form multiple secondary droplets at lower impact   W  e e    numbers while most top and low pinch-off instances resulted in multiple and single secondary droplet formation, respectively.



Future studies can consider impact of water salinity to better mimic ocean water. There is also a great need for studying the impacts of different types of crude oils to better understand impact of rain droplets on crude oil spill over oceans. It can also help in drawing generalized inferences for other industrial applications and environmental conditions by extending the range of the   W e   number using wider range of droplets sizes and impacting velocities/release heights.




4. Materials and Methods


4.1. Experimental Setup


Figure 1A shows a schematic of the setup used in this study and the corresponding parameters. Experiments are conducted in a controlled environment (i.e., temperature of 21–23 °C, and relative humidity of 75–80%). A large transparent container (100 mm × 100 mm × 110 mm) is made of polycarbonate and filled with deionized water (Millipore Sigma, Burlington, MA, USA). The container is made large enough to minimize any wall effects [26]. Silicone oils with kinematic viscosities of    ν o  = 1 , 50  , and 100 (cSt) ( μ  MicroLubrol, Clifton, NJ, USA) and thicknesses of   H = 3 , 5  , and 8 (mm) are poured on the deep pool of water. Another set of experiments are conducted in which droplets of the silicone oil (with various viscosities as listed above) are placed on the deep pool of water, forming a suspended ultrathin layer of oil (  H ≪ d  ). Water droplets are generated with a syringe pump (NE-300 Just Infusion, Braintree, MA, USA) at a flowrate of   Q = 50   m l   h r     and using four different needle diameters, (   d n  ≈ 0.6 , 0.9 , 1.6  , and 2.1 (mm)) to obtain droplets with different diameters (d). Based on the needle sizes, the droplet diameters (d) are mathematically calculated to be around   2.4 , 2.9 , 3.4   and 4.1 (mm), respectively. These numbers are also verified through acquired images. The water droplets are released from different heights, (Z = 250, 500, and 750 (mm)) to obtain different impact velocities upon reaching the pool liquid. A high-speed camera (Olympus i-speed, Digital Solutions Americas, Bethlehem, PA, USA) is used to image the impact dynamics at 1500 fps. The silicon oils are dyed with Sudan III (Sigma-Aaldrich, Burlington, MA, USA) to improve contrast and to obtain better quality videos/images.



To accurately replicate real-world conditions in our experiment, we used droplets with varying sizes and release heights. This partially enables findings of this study to be applicable for real worlds scenarios such rain droplets and industrial spraying. Such a varying range for the   W e   number allows us to explore droplet dynamics comprehensively, identifying regime transitions and clarifying the underlying mechanisms. Our focus on specific droplet parameters guarantees that our findings are attributable to the interplay of inertial and surface tension forces, offering critical insights into droplet impact physics relevant for environmental and industrial advancements.




4.2. Video Processing


The acquired videos are processed to obtain characteristics of various features (i.e., formation of craters, crowns, and jet and their breakup) observed during the impact dynamics. Dimensions of various features are obtained based on the ratio of the image size to the actual size of the droplets using pixel counting. The reported values are based on averages of three experiments/measurements. Figure 1B shows representative images of the crater and jet formation during the impact and their characteristic dimensions (W and D are the width and the depth of craters, respectively and L is the jet height). Their corresponding nondimensional values are obtained by dividing them over the size of the impacting water droplets (   W ′  =  W d   ,    D ′  =  D d   , and    L ′  =  L d   ). In addition, characteristics of other features observed during the impact dynamics such as crown height, jet pinch-off modes, and number of secondary formed droplets are obtained from the videos, qualitatively.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/fluids9040082/s1, The supporting information files of this work include discussion about the different stages of an impact of a falling droplet to a target pool in addition to representing the impact characteristics of similar impacts on a pool of water, on an ultrathin layer, a thin layer, and two thicker layers of suspended silicone oil on a deep pool of water from different angles of view (front view and 45° top view). Furthermore, a comparison of two different jet types is presented where their different characteristics result in different impact dynamics. Movie S1: Represents different impact stages of a falling water droplet on an ultrathin layer of silicone oil suspended on a pool of water. The pool of water is large and deep enough to consider it semi-infinite pool. A droplet in size of d ≈ 4.1 (mm) was released from Z = 750 (mm) on an ultrathin layer of silicone oil ( ν  = 1 (cSt)) suspended on a deep pool of water; Movie S2: Represents different impact characteristics for different experimental conditions. (A) impact occurs on a deep pool of water without any suspended oil layer (H = 0). (B) impact occurs on an ultrathin layer of silicone oil ( ν  = 50 (cSt), H ≈ 0) suspended on a deep pool of water. (C) impact occurs on a thin layer of silicone oil ( ν  = 50 (cSt), H = 3 (mm) ) suspended on a deep pool of water. (D) impact occurs on a thick layer of silicone oil ( ν  = 50 (cSt), H = 5 (mm)) suspended on a deep pool of water. (E) impact occurs on a thicker layer of silicone oil ( ν  = 50 (cSt), H = 8 (mm) ) suspended on a deep pool of water. The difference between the impact characteristics is evident as the thickness of the oil layer decreases and reaches to an ultrathin layer; Movie S3: Represents a similar impact from a 45° view angle. The impact conditions are identical as well; Movie S4: Represents the two different types of jet formations, singular jets, and compound jets and how the jet type affects the pinch-off modes and consequently the number of formed secondary droplets. The singular jet is resulted from an impact with relatively lower impact Wee numbers, but it has a higher number of secondary droplets formed. Evidently, the thicker jet needs more upward velocity/energy to onset necking and pinch-off as it contains a larger volume of liquid, compared to that of the singular jet.
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Figure 1. Schematic of the setup, measured features, and different thicknesses of silicone oil layer on pool of water. (A) Shows the components of the setup; a syringe pump (1) is used to pump the water with a set of syringes and connections (2) which are fixed on an adjustable height controller (3). The needle is fixed at the grip location (4). After releasing the droplets (5) their impact on the pool (6) are recorded using a high-speed camera (7). (B) Shows the crater dimensions (width of W and depth of D) in addition to the jet height (L). (C) Shows thicknesses of silicone oil on pool of water where in (i) there is no oil layer present (  H = 0  ), in (ii) an ultrathin oil layer is present (  0 < H ≪ d  ), and in (iii) a thick oil layer is present (  H ≥ d  ), in addition to the equations used to calculate the effective surface tensions,   σ e  . Note   d = 2 r  . 
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Figure 2. Different steps when a water droplet impacts on an ultrathin oil layer suspended/floating on a deep pool of water and their associated timeline. (1) A moment before impact, (2) Crater formation and evolution (with or without crown formation), (3) Jet evolution and build up (formation), (4) Jet break-up/pinch-off and formation of a secondary/child droplet, (5) Descending jet and secondary/child droplet, (6) Secondary crater formation, (7) Dimple and tertiary droplet formation, and (8) Steady state pool surface where the droplet finally meets and mixes with the deep pool of water (the sequences correspond to a water droplet with diameter of   d ≈ 4.1   (mm) falling from a height of   Z = 750   (mm) on an ultrathin oil layer with viscosity of    ν o  = 1   (cSt)). 
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Figure 3. Crater and jet characteristics based on oil thickness. (A) Three different thicknesses of suspended silicone oil layer on a pool of water defining thick (  H > d  ), thin (  H ≈ d  ), and ultrathin layers (  0 < H ≪ d  ) discussed in this work. (B) Shows the difference between the normalized crater depth,   D ′  , and normalized crater width,   W ′  , of impacts between impacts on ultrathin and thicker oil layers. (C) Shows the margin of normalized crater    w i d t h   d e p t h    (   W ′   D ′   ). It is evident that the impacts on ultrathin oil layers cause relatively deeper craters than wider when compared to the instances of impact on thicker oil layers. (D) Shows the normalized jet height as a function of impact We numbers for different oil thicknesses and kinematic viscosities. In all impacts, water droplets with diameters of   d ≈ 3.4   (mm) were released from height of   Z = 250   (mm), 500 (mm), and 750 (mm) on oil thicknesses of   H ≈ 0  , 3, 5, and 8 (mm). The oil kinematic viscosity was   ν = 50   (cSt) or   ν = 100   (cSt). 
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Figure 4. Vertical displacement of the pool liquid (ultrathin layer of oil suspended on water) under various impact conditions. The extent of displacement is based on the impact conditions such as droplet release height, impacting velocity, and droplet size, while oil kinematic viscosity has its own effect, as well. Highest vertical displacements result in formation of a full crown (as shown in (D)). The corresponding impact conditions are shown in each section (A–D). (E) Shows the effect of pool condition (with or w/o oil) on the extent of vertical displacement at a given impact   W  e e   . It can be seen that the full crowns are more likely to form at lower oil viscosity. (F) Shows the the relation between the impact   W  e e    and   R e   numbers. As the dimensionless numbers get larger (larger droplet sizes or higher release heights), higher chances of observing tall crowns are expressed. 
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Figure 5. Crater characteristics based on size and velocity of droplets impacting an ultrathin layer of silicone oil suspended on a pool of water. (A) shows the sequences of crater formation and jet formation for impacts of droplets in different diameters in the same conditions resulting in different impact characteristics. (B) shows the variations of crater depth (D) versus crater width (W) from smaller to larger impact   W  e e    numbers. (C) shows the specific effect of droplet size d) on the crater dimensions (  W + D  ). And (D) shows the effect of release height (Z) on overall crater dimensions (  W + D  ). For a more appealing look, the droplet sizes were coded as 1, 2, 3, and 4 corresponding to the actual droplet sizes of ≈2.4, 2.9, 3.4, and   4.1   (mm), respectively. All the snapshots are for droplets size 1–4 released from height of   Z = 500   (mm) on suspended ultrathin oil layer of   ν = 50   (cSt) oil (crater 1/jet 1–crater 4/jet 4). 
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Figure 6. Sequences of pinch-off process, different types of pinch-off modes, effect of processing parameters on pinch-off modes. (A) sequence of jet evolution by an impact corresponding to   d ≈   2.9 (mm), Z = 750 (mm), and  ν  = 1 (cSt) kinematic viscosity. The white arrows in 6, 7, and 8 show necking, partial separation, and pinch-off, respectively. (B) shows the different types of pinch-off modes from no pinch-off to top pinch-off. (C–E) are the corresponding plots to the specific effects of release height, droplet size, and pool surface conditions on pinch-off modes. 
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Figure 7. Various pinch off modes upon impact on different pool surfaces. (A) shows the effect of pool surface conditions on ratio of crater dimensions (  W D  ). (B) shows a wide range of impact   W  e e    numbers on experiencing top pinch-off instances which mostly occurred in presence of  ν  = 1 (cSt) silicone oil on the pool surface. (C) represents the different snapshots of craters and jets formed for impacts of different release heights and pool surfaces. The sequences are obtained from a droplet size of   d ≈   3.4 (mm) impacting different oil layers ( ν  = 1, 50, and 100 (cSt) and pool of water), released from Z = 250, 500, and 750 (mm), respectively. 
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Figure 8. Relation of different processing parameters on the characteristics of impact and secondary droplet formation. (A) shows three different impacts with different numbers of secondary droplets. (B) shows the relation between the different pool surfaces and the combined effect of impact velocity and droplet size,   W  e e   , with identified categories. (C) shows the relation of the normalized jet height,   L ′  , with   W  e e   . (D) categorizes the different number of secondary droplets based on pinch-off modes (Top = top pinch-off, Med = medium pinch-off, Low = low pinch-off, and No = no pinch-off) and the impact   W  e e    numbers. The sequences shown in (A) (from left to right) are results of impacts as follows:  ν  = 100 (cSt) oil layer,   d ≈ 3.7   (mm), Z = 750 (mm) − ν  = 100 (cSt) oil layer,   d ≈   4.1 (mm), Z = 750 (mm), and  ν  = 1 (cSt) oil layer,   d ≈   4.1 (mm), Z = 250 (mm), respectively. 
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Table 1. List of liquid properties, dimensionless numbers, and range of their values.
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	Variable
	Symbol
	Range





	Water droplet diameter (mm)
	d
	2.4–4.1



	Water droplet release height (mm)
	Z
	250–750



	Water density (kg/  m 3  )
	   ρ w   
	997



	Water kinematic viscosity (cSt)
	   ν w   
	1



	Water surface tension (mN/m)
	   σ w   
	72.2



	Effective Weber number
	   W  e e    
	145–704



	Reynolds number
	   R e   
	5195–15,216



	Oil density (kg/  m 3  )
	   ρ o   
	962–964



	Oil kinematic viscosity (cSt)
	   ν o   
	1–100



	Oil surface tension (mN/m)
	   σ o   
	19.8–21.3










 





Table 2. Impact Dynamics by   W e   Number, Oil Thickness, and Jet Pinch-Off Modes.
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	We Number Range
	Oil Layer Thickness
	Jet Pinch-Off
	Crater Formation





	Low (150–230)
	Ultrathin
	No/low pinch-off
	No displacement



	
	Thick
	Slight pinch-off
	No displacement



	Medium (230–400)
	Ultrathin
	Low to medium pinch-off
	Short displacement



	
	Thick
	Medium pinch-off
	Short to medium displacement



	High (470–710)
	Ultrathin
	Medium to high pinch-off
	Medium to full crown



	
	Thick
	Less frequent high pinch-off
	Medium, full crown less likely
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