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Abstract
This review presents the beautiful world of droplet splashing. The dynamics of droplet splashing
can be divided into two main categories, droplets impacting liquid and solid surfaces. An
experiment will be done on the less-studied corona/crown closing in a high-speed impact. The
height evolution of the closed corona is then presented.
Introduction
The impact of a liquid droplet onto different surfaces has been studied for more than a century.
One of the earliest studies in the field was done in 1876 by the English professor, A.M.
Worthington (Worthington 1908). Since then, there has been countless journals and books
dedicated to the various phenomena of droplet impact. The physics of impact interaction of a
droplet are important in forming a basic understanding of parameters causing splashes. One of
the few problems which solutions are obtained from these phenomena are prevention of soil
erosion due to rain, dispersal of fungus spores by splashing raindrops (Rein 1993),
micrometeorite impact on spacecraft body (Pumphrey et al 1989), spray combustion in liquidfueled combustors, and ink-jet printing technologies.
Although more than a century has passed since the first study of droplet impact, the details
associated with the impact of a liquid droplet on a surface are complicated and still not well
understood. Droplet impact can be divided into two main categories, onto either solid or liquid
surfaces. The different phenomena appearing in these two categories will be described first and
then the dynamics of drops impacting a deep pool of the same liquid will be explored in more
depth.

I. Summary of Different Impact Types
I.1. Solid Surfaces
First, we will consider the impact of a liquid droplet onto a solid surface. The result of a liquid
droplet impacting a solid surface can be divided into bouncing, spreading, and splashing. This is
sketched in (Rein 1993) as shown below:

Figure 1: Droplet Impacting Solid Surfaces.
The spreading of droplet begins right when the droplet touches the surface. When the kinetic
energy of the droplet is very small, the spreading process of the droplet is dominated by
intermolecular forces. In this case, a precursor film with thickness on the order of Angstroms
leads the advance of the spreading (Cazabat 1987).
For a large kinetic energy, the spreading process is dominated by the kinetic energy of the
droplet. Splashing might also occur above a certain threshold pressure and roughness. There are
two types of splashing; corona splashing where a corona forms and subsequently ruptures and
prompt splashing where droplets emerge at the advancing line (Rioboo et al 2001). These two
splashings are controlled by two different parameters. Corona splashing is controlled by the
surrounding gas while prompt splashing is controlled by the surface roughness. Xu et al (2005)
discovered that corona splashing only occurs above a certain critical gas pressure while prompt
splashing will occur even in the absence of air. At room pressure, the transition of spreading to
splashing on a dry solid surface is summarized below (Liu 2000):

Figure 2: Splashing and Spreading Transition at Room Pressure.

Figure 3: Lamella and Rim.
For a moderate kinetic energy, the kinetic energy can be absorbed by the surface tension. This
will cause the lamella to recoil inwards producing Worthington jet. This might cause what is
perceived as droplet bouncings as the droplet moves upwards away from the surface together.
This phenomenon is shown in a series of pictures taken from Rioboo et al (2001):

Figure 4: Droplet Bouncing on a Solid Surface.
Droplet bouncing typically occurs on hydrophobic surfaces where it can either bounce off the
surface (fakir droplets) or strongly stuck to it (Wenzel droplets). Further analysis of the different
parameters can be found in Bartolo et al (2006).

I.2. Liquid Surfaces
The result of liquid droplet impacting liquid surfaces can be divided into four main categories:
floating, bouncing, coalescence, and splashing. This is sketched in (Rein 1993):

Figure 5: Droplet Impacting Liquid Surfaces.

The regions for these phenomena are drawn below (Liow 2000):

Figure 6: Criteria for the Different Results of Liquid-Liquid Impact.

Floating droplets only occurs for Froude number less than 7. It is clustered around the
Weber(We)=Froude(Fr) line. The rarity of the data for floating droplets is caused by the
difficulties of producing these parameters (We=Fr). Bouncing droplets data is more common as
it is scattered over a wide range of Fr with Fr>We. Experimental data suggests that bouncing
droplets do not exceed We of 8 and 600µm diameter. The other two different classifications of
impact results are coalescence and splashing. When droplets coalesce into a target fluid, the
droplet in essence disappears into the target fluid without disturbing the surface much. The
coalescence of a droplet is usually connected to the formation of a vortex ring below the surface.
On the other hand, when droplets’ impacts result in splashing, the target fluid’s surface is
disturbed by a lot. Rodriguez and Mesler (1985) suggested the appearance of a central jet (known
as Rayleigh or Worthington jet) as a criterion for splashing. A cavity is formed in the center of
the impact and a liquid sheet (known as corona/crown) is formed around the cavity. As the
corona closes above the cavity, a bubble of air is trapped below the surface level. This
phenomenon is called the bubble entrainment. When this cavity collapses, a Rayleigh jet usually
rises out of the center.
Splashing is thus mainly divided into jet formation, corona formation, and corona closure. As
described before, corona is formed around the cavity during splashing. At relatively low
viscosity and surface tension, the corona becomes unstable and small droplets are ejected from it.
At later times, the corona starts to subside forming a Rayleigh jet out of the crater. When the
impact energy or Weber number is large enough, the corona grows to a height much larger than
the initial droplet’s diameter and starts to bend inwards. Depending on the initial impact energy,
the corona might close and form two jets. One of these two jets moves downward and meets the
Rayleigh jet. The other jet moves upward. At higher Weber numbers, this upward moving jet
will break-off producing a daughter droplet (Pan et al 2008).

II. Methods
II.1. Setup
The experiments were conducted on a 30x30x30cm cube filled with distilled water to a height of
approximately 15cm. A syringe of 5mm diameter was used to produce water droplets. Its height
was varied throughout the experiment. The splashing was recorded using Phantom V7 High
Speed Camera. The settings used for the camera were: 7207frame per seconds, 10ms exposure
time and 640x480pixels resolution. Two halogen bulbs were used to illuminate the setup. All
trials were performed on the same pool of distilled water. Although the droplet reached its
terminal velocity at heights approximately more than 1.5m, the experiments were done multiple
times (~50times) over different heights to see the effects of height on the stability of the droplet.
A diagram of the setup is shown below (modified from Arkhipov and Trofimov 2005):

Figure 7: The Experiment Setup.
II.2. Analysis
Measurements of drop sizes, impact velocity, and height of the corona were done using Matlab.
The drop size and height of the corona were measured by comparing the number of pixels to a
calibrated length. When the droplet has already reached its terminal velocity, the impact velocity
was taken as the average velocity of the droplet over several frames before the impact. Excel was
then used to do the height evolution graph.

III. Results and Discussion
The velocity at impact was determined using Matlab. Droplet’s height from the surface and the
frame number is plotted below:

Figure 8: Plot of Height in Pixel vs. Frame.
As can be seen above, the line is straight with a constant slope. Thus, the liquid was not
accelerating and terminal velocity was reached. The velocity at impact is then calculated to be
5.57m/s. The droplet’s diameter is found to be 5.44mm. This gives a Weber and Reynolds
number of 2300 and 30000 respectively.
The evolution of the impact is summarized in the figure below:

Figure 9: The Evolution of Corona Closing.

In chronological order, the closing of the corona seen above can be described as follows. The
corona of the cylindrical wave closes to form a spherical bubble dome over the cavity. At the
apex of the bubble, the converging liquid separates upwards and downwards. The downward
moving jet formed at the apex meets and merges with the upward moving Rayleigh/Worthington
jet. The upward moving jet formed at the apex finally moves downward due to gravitational pull.
There are approximately 15 secondary droplets produced at the rim of the corona in this
experiment. The tuning of viscosity and surface tension will vary this number (Vander Wal
2005)
The observed height evolution during this phenomenon is plotted below:
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Figure 10: The Height Evolution of Closed Corona.
The second hump (increase of height) at around 60ms is unique to this phenomenon. As far as
the author knows, this increase in height has not been documented in detail yet. It is evident from
the video that it is not caused by the upward force of the Rayleigh jet, since the increase in height
happens before the rise of the Rayleigh jet. Although it is not apparent in the pictures and video,
I predict that this increase of closed corona’s height is due to the rise of the trapped air below the
surface.

IV. Conclusion and Further Studies
Countless further experimental, numerical, and analytical works on the physics of droplets have
been done since Worthington’s study in 1876. Although the study of droplet splashing was
started more than a century ago, the complexity and beauty of it still intrigues many researchers
in these day and age. This project introduces several different phenomena of droplet splashing. In
the second half of the project, a study was done on high-speed impact of water droplet on a deep
pool. The particular phenomenon of interest in this project is the complex – and dare I say,
beautiful – events happening at the onset of corona closing.
Using the technique described in the project, a correlation between the closed corona’s height
and Weber number can be obtained. A further study into the importance of viscosity in the
closed corona’s height can also be done using similar techniques.
However, there is an important limitation of our experimental setup. Since the syringe was
operated by hand, there was some oscillation imparted onto the droplets as they left the syringe.
This oscillation causes the irregularity of the droplets’ shape. These irregular droplets impact the
surface differently and thus might cause a slight difference in closed corona’s height. However,
for the measurements reported above the heights were adjusted carefully such that the profile of
the droplet was nearly circular, as can be seen in the video or in figure (9).
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