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Abstract @ Splashes caused by a spherical body plunging into water were investigated
experimentally using a high speed CMOS camera. We categorized types of splash according to
impact velocities of the sphere. Three types of splash were found: Type-I is a thin spire-type
splash, Type-II is a mushroom-type splash with many droplets, and Type-III is a crown-type
splash with many droplets. The reaction to the concave water surface attached to the sinking
sphere is a cause of the Type-I splash. The film flow climbing up the sphere is a dominant cause
of the Type-1II splash. The velocity of the film flow, which is proportional to the impact velocity of
the sphere, affects the fingers of the film flow, detaching of droplets, and maximum height of the
Type-II splash. The Type-III crown-type splash is characterized by water jets with many
droplets. A bulky air column in water is formed behind the sinking sphere, and longitudinal
ridges and ripples on the surface of the air column were observed.
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1. Introduction

Splashes formed by a spherical body plunging into water were investigated experimentally. The
objective of this study is to categorize splash patterns for different impact velocities of the sphere.
Water splashes appear in the following cases: a liquid—liquid collision, droplets impinging on a solid
surface, and a solid body impinging on a liquid surface. In an example practical application of the
latter case, a wedge-shape body impacting water was studied to better understand seaplane landing
by von Karman (1929). The relationship between gliding angle, landing speed, and downward
velocity of the seaplane was analyzed. Sound from a body or droplet impacting water can produce
problems in real applications, and the relationship between water splash and sound generation was
reported by Duez et al. (2007). They observed splash patterns, but not the details of their formation.
A splash is also formed by a droplet impacting a solid surface. The finger-like structures at the
circumferential edge of water film flow spreading in the radial direction were reported by Yoon et al.
(2007). Bejan et al. (2006) and Bussmann et al. (2000) numerically and experimentally investigated
the deformation of a droplet impinging on a solid surface. The number of fingers of the spreading
droplet after collision was described by Rayleigh—Taylor instability theory. The linear perturbation
theory for interface instability of a radially expanding liquid sheet was studied by Kim et al.(2000)
for droplet collisions with a solid surface. These studies are useful in understanding the finger-like
structures of the film flow climbing up the sphere upon impacting water in our observations. To
understand the mechanism of finger generation, we compared our results with previous studies of
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spreading water film flow. For the liquid-liquid collision, three types of collision for two drops were
reported by Testik et al. (2008). They showed that the manner of collision changed with the size and
approaching direction of droplets. The milk crown from a milk droplet and solid body falling into milk
was studied by Worthington (1882). They showed splash patterns, but did not discuss details on
classification and generation mechanisms.

The water splash is similar to the above studies, but details of its formation are not well known.
We categorized types of splash according to impact velocities of the sphere. Three types of splash
were found: Type-I is a thin spire-type splash, Type-II is a mushroom-type splash with many droplets,
and Type-III is a crown-type splash with many droplets. Characteristics for these splash types are
discussed in this study.

2. Experimental Setup

Experiments of a spherical body impinging on water were performed. A 300 x 300 x 400 mm?3 tank
was filled with water up to a height of 340 mm. Tap water was used in this experiment as the results
are insensitive to the difference between tap and distilled water, as shown in Fig. 1. The sequence of
splash-formation photos for tap and distilled water taken with the same timing coincide with each
other. Thus, any contaminants in the tap water do not affect the results.

An acrylic sphere with diameter D (= 2/) = 20 mm and mass M= 4.8 x 10-3kg was used in this
experiment. The surface of sphere was hydro dynamically smooth, and the surface roughness of
sphere has not changed during the experiment. The surface of the sphere was carefully cleaned for
stains such as oil before each trial to maintain controlled surface conditions. The free-fall velocity of
the sphere was varied by changing the initial height A, which is measured from the water surface to
the bottom of the sphere. The initial height A was varied from 0.1.D to 660, which results in the
impact velocity Vi of the sphere at the water surface varying from 0.10 to 5.09 m/s. Vi was
determined from the conservation of energy, and is given by Vi = (2gh)%5, because air drag is
negligible for the range of heights in this study. A pipe held the sphere via suction at the initial
height just before release. We release the sphere by turning off the electric valve to the suction pipe,
and this enables the sphere to fall without rotation or horizontal displacement, producing
reproducible results.

The sequence of splash formation was photographed from the side and top of the water tank
using a high speed CMOS camera (Vision Research Inc., Phantom v7.1). The camera was set at

Fig.1. Comparison between sequences of water splash formation for (a) tap water and (b) distilled water in
the case of V; = 1.4 m/s. As the difference was negligible, effects of contaminants in the tap water were not
important in our experiment.
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4000 frames per second so that precision in timing between consecutive frames was 0.25 ms. A
halogen lamp of 500 W was used for illuminating the splash.

3. Experimental Results and Discussions

Two important dimensionless parameters for splash formation are the Reynolds number Re and the
Weber number We. The former is defined as Re=V.D/v, where vis the kinematic viscosity of water at
25°C, and the latter is given by We = pVi2D/o, where p is the density and ois the surface tension of
water at 25°C. The dimensionless time 7'is defined as 7'= ¢V;/D, where tis the measured time. This
is useful for comparing splashes formed at different Vi. Even if 1] is different, 7= 1 indicates the
same dimensionless time interval while the sphere moves a distance equal to the diameter D. 7= 0
when the sphere touches the water surface.

3.1 Classification of Splash Formation

Various types of water splash for different Vi were observed. We categorized water splashes by
similarity in the formation process, as shown in Fig. 2. The splash categorization is discussed in this
section, and details on each type are discussed in the following sections. The splash formation is
classified into three types: Type-I, -II, and -III. The horizontal axis in Fig. 2 shows the impact velocity
Vi, and vertical axis shows the dimensionless time 7t when a splash is first observed. Circular marks
in the figure show the beginning of splash formation for different V.. The Type-I splash appears in
the range of 0 < 14 < 0.9 m/s. The splash is similar to a thin spire and its formation process is the
same in this range. The details for the Type-I splash are presented in Section 3.2. The Type-II
splash appears in the range of 0.9 = 14 < 4.2 m/s. The value of V] at the border between Type-I and
Type-Il is 0.9 m/s =0.1 m/s. The splash shape is similar to a mushroom with small droplets, and a
thin film flow along the sphere surface before splash formation is a peculiarity of Type-II. The details
for the Type-II splash are presented in Section 3.3. The Type-III splash appears in the range of 4.2 =
Vi = 5.1 m/s. The value of V| at the border )
between Type-II and Type-III is 4.2 m/s +0.1 (1) Spire-type splash
m/s, and Vi = 5.1 m/s is the upper limit of our
experiments.  Characteristics of Type-III Re x104
splashes are a crown shape with small 140 2;3 4;5 6;9 9;2 1|2
droplets and a large air column following the Y]
sphere after water entry. The details for the 121 & ‘ |
Type-III splash are presented in Section 3.4. ®

T: = & Vi /D shows non-dimensional time
of & & is the beginning time when the °
spire-type, mushroom-type and crown-type -
splashes form for each case. The time at 08 o )
which  splash  formation  begins, 7i, & o o099%%
represented by a solid circular mark, is 06 ° ®eo,
continuous, indicating that there 1is no L
apparent timing jump for splash formation 04 L (I1) Mushroom-type a4
even if the formation process is different for splash Crown-
each type. 7 in Typel increases with 02 L type |
increasing Vi until Vi becomes 0.52 m/s, where splash
T becomes maximum, and it decreases when 0 . , , , ,
Vi > 0.52 m/s. On the other hand, 7i in 0 1 2 3 4 5
Type-II decreases with increasing Vi until V; =
2.8 m/s, and plateaus in the range of 2.7 < Vi < v (m/s)

4.2 m/s. Tt in Type-III linearly decreases with  Fig 2 Timing of splash formation for different impact
increasing Vi. The reason why 7s changes in  yglocities of sphere and classification of types of
such a manner is yet unclear. It is  gplash.
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encouraging that our categorization is similar to that given by Duez et al. (2007) who reported the
effect of surface coating on splash type boundaries. Our findings for the splash formation start times
may be the key in understanding the physics of splash formation.

3.2 Splash formation of Type-I

A typical splash in Type-I is shown in Fig. 3, where Vi=0.20 m/s. The dimensionless parameters are
FRe=45x103and We =1.1 x 101. To calculate these numbers, we used the diameter of the sphere as
a characteristic length. The process of splash formation once the sphere enters water after touching
the water surface is as follows: 1) a bump appears around the sphere as shown in 7=0.22, 2) a
concave water surface attaches behind the sphere as shown in 7=0.67, 3) the concavity detaches as
shown in 7=0.89, and a thin spire splash develops.

The detachment occurs just before 7= 0.89 in this case, as shown in Fig. 3. The spire-type
splash is formed in reaction to the concavity. As observed in Fig. 3, small droplets part from the tip of
the thin splash. The formation of these droplets arises due to the surface instability of the thin water
column, and this is related to the Weber number for the splash Wes =2.2x102 based on its diameter
and rising velocity. The critical Weber number We. for droplet breakup is given by We, =11.5D;"%%,
where Dy 1s the diameter of droplet,
obtained by Yoshida (1997). We: in our
case was 4.9 x 101.. As Was of the
spire-type  splash  exceeds We,
droplets separate from the tip of this o o =
splash. o y

Another interesting observation
is a small bubble attaching at the rear
stagnation point of the sphere, as
observed in Fig. 3. This bubble is
formed when the concavity detaches
itself from the sphere. Vibration of the
bubble can generate pure sound.

7=0.45 T=0.67

3.3 Splash formation of Type-IT Fig.3. Spire-like Type-l splash at V;=0.20 m/s.

Two typical sequences of Type-II splash formation are shown in Fig. 4, representing the decreasing
and increasing trends in 7% ,as observed in Fig. 2 for Type-II. The photos in Fig. 4(a) are taken in the
case of Vi=1.4 m/s, Re=3.2 x 104, and We=5 x 102, and the ones in Fig. 4(b) represent the case of Vi
=3.1m/s, Re="7.2 x 104, and We=2.7 x 103. The pictures taken at the same 7'for the two cases look
similar except for details that will be discussed later, i.e., general changes in Type-II are categorized
by 7 as follows: 1) film flow with a wavy top edge rises along the sphere at 7'= 0.12, just after
impingement on the water surface, 2) the film flow rises and develops a wavy top edge (called fingers
hereafter), and small droplets detach from finger summits at 7’= 0.25, 3) film flow fingers meet at the
rear of the sphere at 7= 0.72, and 4) a mushroom splash with droplets grows at 7= 1.14, just after
the sphere goes under water. The concavity following the sphere does not appear in Type-II. The
film flow covers the sphere so that air does not entrain.

The detailed difference in phenomena at the same 7'in Figs. 4(a) and (b) are as follows. The
film flow at 7’=0.12 in Fig. 4(b) is higher than that in Fig. 4(a), indicating that the maximum velocity
Vimax at the top of the film flow ascent is faster in Fig. 4(b), i.e., Vimax is faster when V} is faster.
Figure 5 shows Vimax measured at 7'= 0.05 for different Viin Type-II. Vimax is proportional to 8.3 Vj,
implying that the kinetic energy of the sphere at impact transfers to that of the film flow. Thus, the

maximum rising velocity of the film flow is given by Vi, = Vi{/M/m; . If the experiment is carried

out with the difference mass of model, M, and the same impact velocity Vi, the maximum film
velocity, Vimax, might be changed. From this relationship, we can obtain the average mass of the film
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flow, mx, to be 7.0 x 10-5kg and the average thickness of the film flow to be 2.2 x 10~3 m because the
height of the film flow is 1.0 x 103 m at 7'= 0.05.

The initial separation of the film flow from the sphere appears to occur earlier with increasing
Vi, as observed in Fig. 4, with 7'= 0.12. The initial separation angle is measured from the bottom of
the sphere to the point where the film flow separates, as shown for Type-II in Fig. 6 for different V] is
about 80 degrees at Vi = 1.4 m/s and is about 20 degrees for Vi =4.2 m/s. The initial separation angle
becomes smaller with increasing Vi, i.e., the separation occurs earlier when Vi becomes large. This is
a result of the competition between the centrifugal and adhesive forces acting on the film flow. The
centrifugal force increases with increasing Vimax according to mr Vimax? /K. Here, K is the radius of
sphere. As Vi« =Viy/M/m; , as described above, the centrifugal force increases when V increases.

If the centrifugal force exceeds the adhesive force, the top of the film flow separates from the surface.
This suggests that there may be no droplet separation for a body shape without a means to generate
centrifugal force, such as a body with no curvature. The wavy top edge of the film flow with droplets
meet at the rear of the sphere at 77= 0.72 in Fig. 4. The meeting time is earlier with increasing Vi
The small droplets detach from the summits of the fingers. The number of droplets detached
from tips of fingers increases with increasing Vi, as observed in the pictures at 7= 0.72 and 1.14.
This is because the number of fingers also increases when V] is faster, as observed in the comparison
photos at 7= 0.12 and 0.25 for Type-II. The number of fingers is plotted against the Weber number
in Fig. 7. We was based on Vi and the diameter of the film flow, which is equal to the diameter of the
sphere in this experiment. The number of fingers, n, was counted when the top of the film flow
reached half of the sphere. The circular marks show our experimental results, and solid line shows
the analytical result obtained via Rayleigh—-Taylor instability theory (Allen, 1975). The analytical
finding was obtained in the case of a spreading droplet on a solid surface after impact, resulting in

the relation n = We'? Re’* / (4\/§ ) Our experimental result is in good agreement with the analytical

one.

Fig.4. Sequence of Type-II splash formation. (a) Vi= 1.4 m/s, (b) Vi= 3.1 m/s.



344 Splash Formation by a Spherical Body Plunging into Water Surface

Re x10% Re x10*
550 23 46 69 92 12 023 46 69 92
. L ]
0 l""fmax i
25 | o .
R . 60 | B 1
v 20} : —
E ¢ & LY
8 LN ] o
JE 15 + _ °
D - o
10 b ¢ l r °
L [ ]
50 o . 4
0 1 1 1 1 1 0 1 ) 1 1 1 1 1
0 1 2 3 4 5 1 15 2 25 3 35 4 45
V (m/s) vV (m/s)
Fig.5. Velocity (Vimax) of film-flow measured Fig.6. Separation angle of droplets for different V..
at T=0.05 for different V..
Re x10*
7.3 8.9 10
T I. .
® 4
Q
5 o ¢ |
- g 2+ ] 4
Q
g o1s] ¢ 1
T o
10 d
03T : B B gomog mom N
'1'03 A 1'04 00 5 10 15 20
We viz (mis)
Fig.7. Number of fingers observed at /=62mm  Fig.8. Dependence on energy for the
(circumference) vs. Weber number (We). dimensionless maximum height (Hcmax/D)
® : Measured, and the dimensionless width (Wgma/D) of

—: n=we'? Rel/4/(4«/§) Analytical  result water column. @: Hepo/D, B : Werma/D
(Allen, 1975)

A mushroom splash with droplets grows at 7'= 1.14 just after the sphere goes under water, as
observed in Fig. 4. The change in size of the mushroom splash is shown in Fig. 8 for different 1j2. The
dimensionless maximum height of the mushroom splash, Hemax/D, is shown with circular marks, and
the dimensionless width of the head of the mushroom splash, Wemax/D, is shown with square marks in
the figure. The height of the mushroom increased in proportion to V32, as expected for a transfer of
kinetic energy from the impacting sphere to the potential energy of the mushroom. On the other
hand, the diameter of droplet is almost constant and equal to 0.34.D. In this case, We = 7.0 x 102 for
the head of mushroom exceeds We:.= 3.3 x 101. Thus, the inertia of the head of the mushroom splash
is large enough to overcome the surface tension. Wemax/D is considered to be independent of V32
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because We. for the head separation is constant in this case.

3.4 Splash formation of Type-IIT

A typical sequence of splash formation with Vi=4.9 m/s, Re=1.1 x 105, and We=6.4 x 103 is shown in
Fig. 9. The crown-type splash is observed at 7'= 0.55. The height of the crown increases, and a bulky
air column forms behind the sphere at 7= 0.91. The crown increases further in height, droplets fly in
the radial direction, and longitudinal ridges on the surface of the air column is observed at 7'= 1.82.
The formation of an air column between a solid sphere and non-Newtonian fluid was studied by
Akers et al. (2006). They observed no ridges on the surface of the air column, which implies that the
fluid properties affect the air column formation. As the crown starts to close, more droplets are
generated, and ripples appear on the surface of the air column at 7= 3.03. Truscott et al. (2006)
investigated the air cavity in water formed by a spinning spherical body plunging into water.
According to their results, the air column tilts because of spinning. As our spherical body is not
spinning, the air column is straight and perpendicular to the water surface, as observed in Fig. 9.
Figure 10 is the top view of the splash under the same condition as that in Fig. 9 at 7= 0.55 and 0.91.
The initial droplets fly radially and water jets that compose the crown grow at 7'= 0.55. The claw-like
water jets grow together at 77= 0.91. In this case, there are seven water jets, which are much less
than the number of fingers predicted from the result shown in Fig. 7. Thus, we speculate that the
water jets were formed by coalescing fingers. It is interesting that the number of the water jets is the
same as the longitudinal ridges observed on the surface of air column. However, the reason why the
water jets and ridges are formed is yet unclear.

Fig.10 Top view of Type-lll splashes due to impacts at V;=4.9 m/s. (a) T=0.55 and (b) T=0.91.

4. Conclusions

The splash caused by the impacting sphere on the water surface was investigated using a high speed
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CMOS camera. We categorized the types of splash by impact velocities of the sphere. Three types of
splash were found: Type-I is a thin spire-type splash, Type-II is a mushroom-type splash with many
droplets, and Type-III is a crown-type splash with many droplets.

A Type-I thin spire-type splash was found to be generated when a concave water surface
attached behind the sphere detached itself from the top of the sphere. The Type-II mushroom-type
splash with many droplets was generated by a film flow climbing up the top of the sphere. Thus, the
velocity of the film flow was found to be an important parameter for characterizing the splash and
droplets. Droplets separated from the fingers at the top of the film flow and their separation was
found to be related to the impact velocity of the sphere. Other droplets originated from a lower
height of film flow, and the separation angle decreases for increasing impact velocity of the sphere for
Type-II splashes. The number of droplets coincides with the number of fingers of film flow. The
number of fingers can be predicted by Rayleigh-Taylor instability theory and increased with
increasing impact velocity. The maximum height of the mushroom-type splash increased in
proportion to the square of the impact velocity. This indicated that the kinetic energy of the
impacting sphere transferred to the potential energy of the splash. The Type-III crown-type splash
was characterized by water jets with many droplets. A bulky air column in the water was formed
behind the sinking sphere. Longitudinal ridges and ripples were observed on the surface of the air
column. It was found that the number of water jets coincide with that of the ridges.
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