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Abstract
When small particles, e.g., flour, pollen, etc., come in contact with a liquid surface they immediately disperse. The dispersion can be explosive, especially for small particles on the surface of mobile liquids like water. This is due to the fact that the capillary force pulls particles into the interface causing them to accelerate to a relatively large velocity. The maximum velocity increases with decreasing particle size; for nanometer sized particles, e.g., viruses and proteins, the velocity on an air-water interface can be as large as ~47 m/s. We also show that particles oscillate at a relatively high frequency about their floating equilibrium before coming to stop under viscous drag. The observed dispersion is a result of strong repulsive hydrodynamic forces that arise because these oscillations. 
Introduction


The following experiment can be easily performed in any reasonably well-equipped kitchen: Fill a dish partially with water; wait for a few minutes for the water to become quiescent, and then sprinkle a small amount of wheat or corn flour onto the water surface. The moment the flour comes in contact with the surface it quickly disperses into an approximately circular shaped region, forming a monolayer of dispersed flour particles on the surface (see figure 1a). The interfacial forces that cause this sudden dispersion of flour particles are, in fact, so strong that a few milligrams of flour sprinkled onto the surface almost instantaneously covers the entire surface of the water contained in the dish. 

The above experiment can be performed using other finely granulated powders, e.g., corn flour, salt, sugar, sand, etc., or even small seeds, such as mustard and sesame seeds and pollen (see figure 1b). The tendency of powders to disperse, however, varies. The fact that salt and sugar dissolve in water is not important in this experiment because the dispersion occurs at a time scale which is much smaller than the time taken by particles to dissolve. Furthermore, the speeds with which particles disperse increases with decreasing size.

In 2003, we did experiments on the migration of small particles sprinkled onto a liquid surface. When sand was sprinkled on water in a Petri dish, it first dispersed violently at large speeds which was followed by a phase that was dominated by attractive lateral capillary forces during which particles slowly came back to form monolayer clusters. The same dynamics were observed for more viscous liquids except that the dispersion speeds were smaller. The fluid dynamics of the attractive phase are well understood [1-7], but to our knowledge there is no mention in the past studies of the initial violent dispersion despite the fact that this dispersion is ubiquitous, and occurs for many common liquids and particles. 
Underlying physics
(i) Vertical acceleration of a particle
In this article, our focus is on the first (dispersive) phase. We show that when a particle comes in contact with a liquid surface it experiences a strong vertical force due to capillarity which acts to bring the particle to its equilibrium height within the interface (see Figure 2). The equilibrium height is determined by a balance of the buoyant weight and the vertical interfacial force, and the contact angle. Therefore, for example, if the equilibrium height of a spherical particle is zero (i.e., in equilibrium, its center is at the undeformed surface), the particle must travel downwards a distance equal to its radius to reach equilibrium (see Figures 2). The vertical capillary force that moves the particle towards the equilibrium height can accelerate the particle to a relatively large velocity (see Supplementary Information for details). The maximum velocity attained by a spherical particle of radius R is given by
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Here 
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is the interfacial tension, is the fluid viscosity, 
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 is the particle density. Therefore, a particle of diameter 200 m (which is roughly the size of a sand particle) on the air-water interface can accelerate to a velocity of the order of 1 m/s. 
The above equation implies that the maximum velocity attained by a particle increases with decreasing particle radius and decreases with increasing fluid viscosity. In the limit R approaching zero, the velocity is given by 
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(2)
This is the maximum velocity that can be attained by a particle under the action of the vertical capillary force. Thus, a 10 nm sized particle, such as a virus or a protein molecule, may accelerate to a velocity of around 46.67 m/s (168.1 km/hr) on the air-water interface!
(ii) Vertical oscillations of a particle 


The motion of the particle is dominated by inertia, and may overshoot equilibrium. Viscous drag causes the particle to slow down, but for a small particle the drag is not large enough to stop the particle as its momentum carries it below the equilibrium height. When this happens, the capillary force reverses direction and acts in the same direction as the drag. Hence, after moving down some additional distance, the particle reverses its direction. This behavior of the particle is similar to that of under damped spring-dashpot systems which oscillate about the equilibrium height a few times before coming to rest (see Figures 2 and 3). Such under damped oscillations of a particle were observed in experiments, as well as in direct numerical simulations (DNS) where particles are moved according to the fundamental equations of motion of fluids and solid particles without the use of models [7]. In our experiments, the frequency of oscillation for an 850 m sized particle was around 55 Hz and increased with decreasing particle size.  

The equation of motion for a particle in the direction normal to the interface can be lineazied used to show that if 
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the particle oscillates about the equilibrium position before coming to rest (see Supplementary Information for details). The frequency of oscillation is given by
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. This implies that the frequency of oscillation increases with decreasing particle size which is in agreement with the trend observed in experiments. Furthermore, the frequency of oscillation for a particle of 850 micron diameter on the air-water interface according to this equation is 65.8 Hz which is in good agreement with the experimental value noted above. 
(iii) Interfacial flow and dispersion due to oscillations
The under damped oscillatory motion of a single particle about the equilibrium height creates waves leading to a net interfacial flow which moves small particles on the interface (tracers placed on the interface for flow visualization) away (see Supplementary Information). The fluid velocity increased with decreasing distance from the particle and decayed to zero a short time after the particle came in contact with the interface (in less than one second on the air water interface).


In our experiments, we found that when two identical particles were dropped together near each other onto a liquid, the surface velocity (measured using tracer particles) was larger than when only one particle was dropped. When four particles were dropped onto the liquid surface, the velocity was even larger. This is due to the fact that each particle creates its own radially outward flow, resulting in a net flow which can be approximated as the sum of the flows caused individually by the dropped particles.

When two particles were dropped together near each other they moved apart along the line joining their centers. This was because of the repulsive hydrodynamic forces that arise due to the motion of particles in the direction normal to the interface. Specifically, each of the particles is pulled into the surface by the vertical capillary force, and oscillates about its equilibrium height before coming to rest (see Figures 2 and 3). The repulsive hydrodynamic forces arise since particles are near each other and the direction of their motion is normal to the lines joining their centers.


The average velocity with which particles moved apart increased with increasing number of particles. This increase in the dispersion velocity with increasing number of particles was also seen in our direct numerical simulations (see Supporting Information). For example, when four particles were simultaneously dropped onto a liquid, the maximum average velocity with which they moved apart was approximately two times larger than that for two particles (see Figures 3 and S20). Furthermore, the velocity with which a small amount of powder sprinkled onto a liquid surface dispersed increased with increasing amount.


Our experiments also showed that clusters of particles disperse radially outward from the center (see Figure 1a which shows the streak lines of the particle motion). The velocity of the particles increased with increasing distance from the cluster center. Also, when the cluster size was larger the velocity with which it expanded and the final radius it attained were larger.


The maximum velocity with which particles dispersed was reached shortly after they came into contact with the liquid surface and then slowly decreased with time. Also, for most of our experiments, except those involving micron sized particles for which the attractive capillary forces are negligible, particles reversed direction after some time and clustered. Clusters formed by particles of intermediate size (~10-50 m) were rather porous, as the attractive capillary forces for them are relatively weaker. Our analysis shows that nano particles, e.g., viruses, proteins, etc., are expected to disperse even more violently, as they can accelerate to larger velocities under the action of vertical capillary forces, and then remain dispersed because for them attractive capillary forces are negligible. However, since their dispersion is expected to be over in less than a fraction of a second, it will be difficult to observe.
Conclusions and discussion
The explosive dispersion of particles (see Figure 1) is analogous to an explosion (e.g., of a firecracker) except that this “explosion” occurs in two dimensions because the particles remain trapped at the interface. The driving force in this case is the interfacial energy released which is imparted to the particles in the form of kinetic energy which causes them to vibrate about their equilibrium positions. (In an explosion, the driving force is the chemical energy that is released during a reaction.) The sudden dispersion, as noted above, occurs because of the strong hydrodynamic forces that arise due to these vibrations. To our knowledge, this dispersion, or explosion, in two-dimensions is a unique physical phenomenon.


We did experiments (similar to those described in Figure 1) which show that when a tiny amount (less than one milligram in one liter) of dish washing detergent is added to the water the flour no longer disperses. This shows that the presence of surfactants at the surface can significantly inhibits the lateral migration of particles. 

The results presented in this article show that the adsorption of particles onto a fluid-fluid interface can be a rather violent process. The newly adsorbed particles not only create interfacial waves, but also cause particles already adsorbed on the interface to move away. For example, Figure 4 shows that a newly adsorbed particle creates a circular particle-free region around itself, the radius of which can be several times larger than its own radius. 
The sudden dispersion of particles may also play an important role in some biological and chemical processes involving fluid-fluid interfaces. For example, an important first step in the formation of porous pollen structures called “pollen rafts” is the initial dispersion of pollen occurring after it comes in contact with the water surface [13]. The paper [13] did not give a reason for the initial dispersion of pollen, but in our experiments it disperses like glass particles of the same approximate size. After this initial dispersion, the pollen particles (usually, form a single anther) cluster to form a pollen raft. It was shown in [13,14] that the formation of porous pollen rafts increases the probability of pollination because the surface area of the raft is much greater than that of a single pollen grain. In this regards, we also wish to note that there have been sharp declines in seagrasses of some polluted coastal regions [15,16] that may be associated with surface contamination which, even when the concentration of contaminants is very small, can influence the porous structure of pollen rafts. 

The results presented may also explain why a female of some mosquito species (Culex) has to hold onto the egg raft with its hind legs to prevent it from drifting away while she attaches new eggs. The eggs are laid one at a time and stuck together to form a raft that enables them to float together on the water. If she did not hold onto the raft, it would move away. The eggs of some other mosquitoes (Anopheles) are laid individually onto the water surface, they aggregate under the action of lateral capillary forces with the ends of the eggs touching each other. The spacing between the eggs in this case is relatively larger (which is perhaps advantageous for this species) as they dispersed initially. Lateral capillary forces cause the eggs to cluster and keep them together while the cluster moves around on the water surface. Traveling in large numbers helps ensure survival of the species, as some of the eggs are eaten by other insects before they hatch.
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Figure legends
Figure 1. Sudden dispersion of particles sprinkled onto water in a Petri dish. (a) Streak lines formed due to the radially outward motion of the flour particles emanating from the location where it was sprinkled. About one second later, almost the entire water surface was covered by a layer of dispersed flour particles (also see Supporting Movie 1). The size of flour particles was between ~2-100 m. (b) Sudden dispersion of colored sand sprinkled onto the water surface (also see Supporting Movie 2). The size of sand particles was around 200 m. The velocity with which sand particles dispersed was smaller than that for the flour particles.

Figure 2. Trapping (or adsorption) of particles at an interface. (a) The particles come in contact with the interface and are pulled downwards by the interfacial force (). (b) The particles oscillate about the equilibrium height within the interface. These oscillations of the particles in close proximity create repulsive hydrodynamic forces which cause them to move away from each other. The amplitude of oscillation decreases with time.
Figure 3. Direct numerical simulation of the adsorption of two particles released above their equilibrium height. The velocity distribution on the midplane of the computational domain and the deformed interface around the particles are shown. The initial distance between centers and the undeformed fluid interface was 0.95R; the lower 0.05R of the particles are immersed. The contact angle was maintained at 85º. The other parameters are the same as in Figure SI18. (i) The particles, and the fluid around them, are moving downwards. (ii) The particles are moving upwards and apart. As time increases, the particles continue to oscillate about their equilibrium height and move further apart (also see Supporting Movie 3).

Figure 4. A mustard seed of diameter 1.1 mm dropped onto a monolayer of 18 m glass particles on the surface of a 60% glycerin in water. The mustard seed caused all of the nearby glass particles to move away, and thus created an approximately circular particle-free region.
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Figure 2.
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(ii) t = 0.1 s

Figure 3.
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