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Splash and Bounce of Droplet on Liquid Layer under Low-Gravity

Suguru SHIRATORI !, Shumpei OZAWA 12 and Taketoshi HIBIYA -3

Abstract

Fluid motions after an impact of a droplet on a thin liquid layer were investigated by experimental observation under low gravity condition
using the parabolic flight of an airplane. Whether the droplet bounces or coalesces on the liquid layer was found to be dependent on the Weber
number and also on the Bond number, which represents the relative importance of gravity. In the plane of the Weber and the Bond numbers,
droplet bouncing occurred for larger Weber numbers when the Bond number was small. The appearance of secondary droplets, which are caused
by a symmetry-breaking of the growing cylindrical liquid sheet, was found to be independent to gravity. Our experimental results do not find
gravity-dependent instability to be a cause of the symmetry-breaking, because it was observed even under microgravity conditions.
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Fig.1 Morphology classification of a droplet impact on a lig-
uid layer.

1. Introduction

The splashing of droplets on a liquid layer or a dry surface
can be observed in daily life and many industrial situation such
as liquid droplet radiators D, ink jet printers?, direct injection
engines?), and so on. Worthington*>) was a pioneer who took

many photographs of splashes using electrical spark illumination.

After his investigation, many experimental and numerical stud-
ies have been carried out on this phenomenon, as systematically

reviewed by Yarin®

. Recently, splashing phenomena even for
metallic melts have been studied numerically by Tagawa” and
experimentally by Li et al.®. The fluid motion after the impact
strongly depends on the velocity of the impact and the size of the
droplet. Besides these parameters, the phenomenon shows vari-
ations depending on the physical properties of the liquid droplet
and also on the type of surface, which may be a dry solid sub-
strate, a deep pool, or a thin liquid layer. Even on a thin liquid
layer, to which we shall confine the discussion in the following,
the droplet impact shows various morphology, such as floating,
bouncing, coalescence and splashing®, as shown in Fig. 1. More
detailed classifications have been provided (e.g. Deegan et al. !9).

These varieties and the occurrence conditions of the fluid
motion have been investigated using nondimensional Weber,

Reynolds, Bond, and Ohnesorge numbers, defined as follows:
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we = PUD. (1a)
O

Re—PYP. (1b)
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2
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O
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where p, 0, and u are the density, the surface tension, and the vis-
cosity of the fluid, respectively. D is the diameter of the droplet,
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Fig. 2  Schematic of experimental apparatus for use under mi-

crogravity and terrestrial conditions.

U denotes the impact velocity, and g is the gravitational acceler-
ation. When the impact energy of the droplet is sufficiently low,
the droplet bounces from the liquid layer. Gopinath & Koch!'D
have suggested an explanation for the mechanism of this bounc-
ing, in terms of an air gap between droplet-layer surfaces. Be-
cause of the restorable surface deformation of both the droplet
and the layer, the air gap inhibits the coalescence of those sur-
faces. When the impact energy of the droplet increases, the air
gap can no more be sustained and the droplet coalesces to the lig-
uid layer. The condition for the appearance of bouncing has been
investigated, in terms of the Weber number We and the Ohne-

sorge number Oh '213).

The upper bound of Weber number for
bouncing was reported as We = 10-50 for the range of Ohnesorge
number Oh < 5 x 102, In their papers, the dependence of the
Bond number on the bouncing threshold, which is one of the is-
sues in this paper, is not mentioned. The bouncing of the droplet
is also investigated for the cases that the surface is restricted by a
cylindrical wall ', or that the surface is vibrated '

In the context of the coalescence of the droplet and the liquid
layer, researchers have been attracted by phenomena appearing
immediately after the coalescence, including the so-called ejecta
sheet 117 the air-entrainment and its rupture '?, and formation
of micro-bubbles'?. Since Zhang et al.'® introduced novel X-
ray visualization, details of the early stage of the ejecta sheet for-
mation have become clarified. After the early stage of the coa-
lescence, a cylindrical liquid sheet forms from the layer, extend-
ing upward and outward with a torus-like rim forming along the
brim of the sheet. The formation of this sheet has been modeled

by Peregrine '®.

The rim then loses its axi-symmetry due to an
instability, which causes an azimuthal variation in the rim thick-

ness. This thickness variation develops and results in a crown-

like shape, which may break into secondary droplets (also called
a coronet). Two different interpretations have been suggested
for the formation mechanism of these secondary droplets; by
Rayleigh-Taylor instability ' and by Rayleigh-Plateau instabil-
ity 20,

droplet impacts and classified their qualitative features into four

Deegan et al.!? and Zhang et al.2" carefully observed

categories in the plane of the Weber number We and the Reynolds
number Re. Their classification is based on whether the Pere-
grine’s sheet is disordered or not. For larger Reynolds num-
bers, Peregrine’s sheet is prone to be disturbed, which makes
splashes more complicated. Zhang et al.?!) considered the in-
stability mechanism from the aspect of a wavelength selection of
the crown splashes, and concluded that the Rayleigh-Plateau in-
stability is essential.

The effects of gravity on the droplet impact, which is the focus
of this paper, have not been regarded as important in almost all
the previous discussions®. Generally in fluid physics, the effect
of gravity is often characterized by the Bond number Bo, which
is interpreted as the ratio of the square of the characteristic length

of the system, which corresponds to D here, to the square of the
capillary length;

Le=.]2. )

On the ground, where gravitational acceleration is constant, it is
impossible to change the Bond number independently of other
parameters listed in Eq. (1), because the droplet diameter D is
the sole component by which to change the Bond number for the
same liquid. This would be the reason why attention has not been
paid to the effect of gravity.

A microgravity environment is a direct way to change the Bond
number of the system. On board the International Space Station,
where the gravitational acceleration is as small as 10~* G, the
NASA astronaut Pettit observed the bouncing and coalescence of
a water droplet on the inner surface of a hollow water shell?2,
In his experiment, the water droplet seems to bounce easily even
for fast impact cases, although detailed parameters have not been
provided. From his experiment, we are motivated to investigate
the gravity-dependence of droplet bouncing. This paper aims to
clarify the effects of gravity on droplet impact phenomena, in par-
ticular on bouncing/splashing outcome and secondary droplet for-
mation. Experiments were carried out both on earth and under
microgravity obtained through the parabolic flight of an airplane.

After the experimental setup is described in Sec. 2, the results
are summarized in Sec. 3. The discussion is provided in Sec. 4,
which precedes our conclusion in Sec. 5.

2. Experimental setup

Figure 2 shows a schematic of the experimental apparatus for

use in experiments under microgravity and terrestrial conditions.
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Table 1  Physical properties of the liquids employed at 25°C.
Symbol Meaning Unit Silicone 0il %3 Water
p Density kg-m~3 925 1000
\Y Kinematic viscosity | 10~0m?2.s~! 6 1
u Dynamic viscosity 10~3Pa-s 5.55 1
c Surface tension 1073N-m~! 19.8 70.0

Table 2 Nomenclature of experimental parameters and their ranges of value realized in the present work.

Symbol Meaning Unit Range of value
D Droplet diameter 1073m 1.1 ~44
U Impact velocity m-s~! 0.5~23
H Thickness of liquid layer 103m 1~2
g Gravitational acceleration m-s2 2x1072G, 0.2G, and 1G
G g on earth m-s 2 9.81
Bo =pgD?*/c Bond number — 1.6x1073 ~ 4.1
We =pU?D/c Weber number — 18 ~ 1018
Re =pUD/u Reynolds number — 213 ~ 1799
Oh | =u/(poD)~'/2 | Ohnesorge number — 1.6x1072 ~2.9x1072
droplet. In contrast, under low-gravity condition, the droplet must
(:5 g; - g:(l)g \ ! ! [ be given a sufficient initial velocity to make a collision. The ini-
< G, —| 000 Q‘ tial velocity is given by an air-cylinder-driven catapult, and the
g :g-(l)ﬁ —eperiment . values achieved in our experiments were within the range of 0.5
g L 50 55 60 65 70 to 2.3 m-s~!. The fluid motion around the moment of the droplet
é 2.0 N\ ey impact was recorded by the HSV at a frame rate of 500 fps.
B 15 \ ( \ During a parabolic flight, the gravitational acceleration g was
g L0 A N\\ varied from 2 x 102 to 0.2 G, by controlling the pitch angle
E 05 \ I of the airplane Gulfstream-II operated by Diamond Air Service
g 00 -&_ J Inc. (Aichi, Japan). A typical time-line of the gravity is shown
2 rzwgﬁ" in Fig. 3. The directions x and z are oriented to the traveling
03 0 éo 20 60 80 100 120 and the height-wise direction, respectively. In this case, the ex-
Time t[s] perimental observations were carried out within the time range
Fig.3  Typical time evolution of the gravity acceleration nor- from 48.0 to 67.5s. In this case the averages of the gravity during

malized by its terrestrial value. The experimental ob-
servations are carried out within the time range from
48.0 to 67.5s. The directions x and z are oriented to
the traveling and the height-wise direction, respectively.
In this case the averages of the gravity during the ex-
periment are gy = —5.4 x 1074G, gy = —6.5 x 103G,
and g7 = 8.8 x 1073G, respectively, whereas the stan-
dard deviations are sy = 2.5 x 103G, 5, =3.5x 103G,
and s, = 1.0 x 107 %G, respectively.

The apparatus consists of a catapult for droplet formation driven
by an air cylinder, a tray for sustaining a liquid film, a high-speed
video (HSV) camera (Redlake Motion Scope PCI), a halogen
lamp illumination, a laptop PC, and a data logger (Keyence NR-
1000). Silicone oil and water were used as liquids for droplets
and layers. Their physical properties are listed in Table 1.

On the ground, the impact velocity of the droplet on the layer
can be easily controlled by adjusting the initial height of the

the experiment are gy = —5.4 x 10*4G, 9y = —6.5 % 10*3G, and
7z = 8.8 x 103G, respectively, whereas the standard deviations
are sy = 2.5 x 1073G, s, =3.5x 1073G, and s, = 1.0 x 102G,
respectively.

The liquid layer was formed by supplying the liquid in a square
tray of 150x 150 mm size. Under the low-gravity condition, the
liquid layer may rise up the wall of the tray by a wettability. In
order to prevent this rising-up, the oil-repellent coating was par-
tially applied on the inside wall of the tray, remaining a desired
height for the layer. The height of the liquid layer can roughly
be estimated by counting the dispensed liquid volume, although,
in practice, the height cannot be kept constant due to the lateral
acceleration. In the beginning of the each sequence of parabolic
flight, the gravity in the traveling direction g, increases due to the
posture of the plane. In the case shown in Fig. 3, g, increases
up to 0.1G before the height-wise gravity g, steeply decreases.
Such a lateral gravity affects as similar to the inclining of the tray,
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Selected snapshots indicating the bouncing of silicone oil droplets under 2 x 10~2 G condition. The elapsed time counting from

the first (upper-left) picture is shown at the top of each picture. The impact velocity U and the diameter D are calculated as U
=036ms ' and D =64 x103 mand U = 0.31 m-s~! and D = 4.1 x10~3 m for the former droplet and the latter droplet,
respectively. The nondimensional parameters are calculated as: We = 39.2, Re = 385, and Bo = 3.71x10~! for the former
droplet, and We = 18.6, Re = 214, and Bo = 1.57x10~! for the latter droplet. (Movie) an embedded movie can be played with
an external player by clicking the icon shown near the figure. The movie is recorded at a frame rate of 500 fps, whereas the

playing speed in the movie file is slowed down to 30 fps.

and it causes the thickness undulation of the liquid layer. In the
context of the lubrication theory, the time constant for the gravity
leveling can be estimated as T = vA?/(gH>), where A denotes
the lateral length scale of the deformation. In the present experi-
ment 7 is estimated as 140 s, which is much longer than the time
period where gy has significant value (Fig. 3). Furthermore, in
our experiment, the droplet impacts were observed in the center
of the tray as possible. Based on the above mentioned consider-
ation, the layer height realized in our experiments is estimated in
the range of 1-2mm.

The experiment was also carried out under the normal grav-
ity condition on earth. The ranges of the realized parameters of
the droplet diameter D, the impact velocity U, and the thickness
of the layer H throughout all the experiments are summarized in
Table 2.

3. Results

Figures 4 and 5 show some selected snapshots of typical mo-
tions of silicone oil droplets observed under a gravitational level
of 2x 1072 G and 0.2 G, respectively. Fig. 6 shows the case for
a water droplet under g = 2 x 10-2 G condition. In these figures,
both the bouncing and the splashing of the droplet can be rec-
ognized, with some help from the reflection image of the flying
droplet.

In Fig. 4, two droplets are ejected from the upper side, ap-
proach the liquid layer, and then bounce on the surface. Bouncing
was recognized at 72 ms (Fig. 4d) and 178 ms (Fig. 4h). In Fig. 5,
the motion of two adjacent small droplets can be observed. The
first droplet splashes at 20 ms, whereas the latter droplet shows

repetitive bouncing (Fig. Se-k). Finally the latter droplet stayed
on the surface for a time period of 90 ms (Fig. 5k) and then coa-
lesced with the pool of silicone oil (Fig. 51). For the water droplet,
bouncing was also observed under the 2 x 102G condition, as
shown in Fig. 6.

Whether the droplet bounces or splashes depends on condi-
tions such as the impact velocity and the droplet size. The smaller
the diameter and the velocity, the more easily bouncing was ob-
served. Furthermore, the mode selection was also affected by the
gravitational acceleration. Under our experimental conditions,
bouncing took place more than splashing under the gravitational
condition of 2 x 102 G, whereas under the normal gravity con-
dition on earth bouncing was not observed. Fig. 7 summarizes
all the experiments in the plane of the Weber and Bond num-
bers, with respect to whether splashing or bouncing is observed.
The droplet appears to bounce under condition of a lower Weber
number or lower Bond number. This would be the first inves-
tigation which suggests the bouncing/splashing boundary to be
along such a wide range of Bond number. For the case of the
water droplet, our experiment was performed only under the con-
dition of g =2 x 1072 G, and all the observed impacts resulted
in bouncing. The calculated We and Bo for the case of water are
significantly smaller than those for silicone oil, since realized im-
pact velocities U are small, and the surface tension ¢ of water is
relatively large (see Table 1).

The results are also summarized from the viewpoint of the axi-
symmetry of splashing. When the splashing took place, a growing
liquid column loses its axi-symmetry followed by the breakup to

secondary droplets, as shown in Fig. 8. The occurrence of the
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Fig. 5  Selected snapshots indicating the bouncing and splashing% silicone oil droplets under 0.2 G condition. The elapsed time
counting from the first (upper-left) picture is shown at the top of each picture. The impact velocity U and the diameter D are
calculated as U = 0.61 m-s~! and D = 4.4 x10~3 m, and; U = 0.59 m-s—! and D = 3.8 x 1073 m for the former (bouncing)
droplet and the latter droplet, respectively. The nondimensional parameters are calculated as: We = 74.4, Re = 439, and Bo =
1.73 for the former droplet, and We = 61.3, Re = 373, and Bo = 1.33 for the latter droplet. (Movie) an embedded movie can be
played with an external player by clicking the icon shown near the figure. The movie is recorded at a frame rate of 500 fps,
whereas the playing speed in the movie file is slowed down to 30 fps.
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Fig. 6  Selected snapshots indicating the bouncing of water droplets under 2 x 10~2 G condition. The elapsed time counting from the
first (left) picture is shown at the top of each picture. The impact velocity U and the diameter D are calculated as U = 0.16 m-s~!
and D =2.3 x1073 m, and U = 0.20 m-s—! and D = 5.1 x10~3 m for the former droplet and the latter droplet, respectively.
The nondimensional parameters are calculated as: We = 0.88, Re = 377, and Bo = 1.49x 10! for the former droplet, and We =
2.89, Re = 1008, and Bo = 7.11x10~! for the latter droplet. (Movie) an embedded movie can be played with an external player
by clicking the icon shown near the figure. The movie is recorded at a frame rate of 500 fps, whereas the playing speed in the
movie file is slowed down to 30 fps.

symmetry-breaking is distinguished by a wavenumber of the sur-
face shape along the rim of the liquid columns. Figure 9 summa-
rizes the Reynolds number Re and the Weber number We realized
in the present study. In the figure, the filled symbols correspond
to a splash with wavenumber m > 0 and the opened symbols to
m = 0. The appearance of m > 0 splashing takes place under
the condition of when both Re and We are large. In the figure,
the dashed line of We - Re'/2 = 2.6 x 10* is the threshold condi-
tion, which is suggested by Deegan et al.'? for the occurrence
of symmetry-breaking. The line approximately separates our ex-
perimental results, albeit with an indistinct threshold, into two
regions according to whether the wavenumber is m = 0 or m > 0.

4. Discussion

Let us discuss the effect of gravity on droplet impact from two
points of view; whether the droplet bounces or splashes, and the
formation of secondary droplets after the splash. The bounce of
droplets has previously been observed by other researchers and
its mechanism explained in terms of the existence of an air gap
between the droplet and the liquid layer. Gopinath & Koch!'D
considered this droplet-layer collision using a spring-mass model,
assuming that the surrounding air is incompressible. According
to them, a picture of the bouncing process with the droplet-layer
interaction can be understood as follows. The initial momentum
energy of the approaching droplet is mainly spent in a recoverable
surface deformation of both the droplet and the layer, and the
droplet loses its velocity. When the air gap thickness becomes a

certain value, both the surfaces start to deform, making a dimple
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Fig.7 Mode selection map based on the Weber and Bond numbers. Open symbols stand for cases of bouncing, whereas filled symbols
stand for splashing. The symbols o, A, and O stand for the different gravity levels 1 G, 0.2 G, and 2 x 10~2 G, respectively.
The pentagon symbols are the results of Tran et al. '2). The dashed line stands for an eye-guide.

L

Fig. 8 Splashing of the silicone oil droplets under micrograv-
ity (2 x 1072 G). (a) Axisymmetric splashing. U =
1.69 ms~!, D = 3.9 mm, We = 513, Re = 1080, and
Bo = 6.8x1072. (b) Symmetry-broken splashing. U =
2.15m's™!, D=3.74 mm, We =732, Re = 1210, and Bo
=53x1072.

region as shown in Fig. 10. Such a thickness & can be estimated
as the order of § ~ D\/W (1g denotes viscosity of gas).
For the present experiments, the value of & is ranged from 20
to 200um. The deformation of the layer is more pliant, because
it has a smaller curvature than that of the droplet. The air gap
pressure in the dimple region keeps the interfaces from touching.
If the velocity reduction of the droplet is sustained until its sign
changes, the droplet bounces. The time taken for the bouncing,
which is estimated by Gopinath & Koch !, was reasonable for
the experimental results obtained by Jayaratne & Mason2®.
Next, let us consider the effect of gravity on the bouncing. In
our experiments, the droplet diameter D, which ranges from 2.1
to 3.8 mm, is larger than capillary length L., which is estimated as
1.5 mm for silicone oil. Therefore gravity is not negligible in the

surface deformation. This is also understood from Fig. 7, where
the Bond number is larger than unity for 1 G cases. As shown
in Fig. 10, during the approach of the droplet to the layer, defor-
mation of the layer is suppressed by the surface tension (Laplace
pressure) and also by gravity leveling. As described in Sec. 2,
the time constant for the gravity leveling can be estimated as
7 =vA2/(gH?), where A denotes the lateral length scale of the
deformation. Here, A can be roughly regarded as the droplet size
D. Using the average values listed in Table 2, the time constant
can be estimated as T ~ 5 ms, which is comparable to the time
scale for the droplet impact. In contrast, the layer can deform
comparatively more under low-gravity conditions due to an ab-
sence of gravity leveling. This feature may contribute to forming
and maintaining the dimple region, which allows the bouncing of
droplets even for higher impact velocities. Figure 7 shows that
bounces may occur for large Weber numbers when Bond numbers
are small.

Another interest of our experiments is the effect of gravity
on the occurrence of non-axisymmetric splashes. As mentioned
above in Sec. 1, the threshold condition for the occurrence of
symmetry-breaking has been investigated by Deegan et al.'? in
the plane of the Weber and the Reynolds numbers. In their ex-
periments, the droplet impact shows non-axisymmetric splashes
when the condition We - Re'/2 > 2.6 x 10* is satisfied. Their
threshold is shown in Fig. 9 as a dashed line, together with our
experimental results. As described in Sec. 3, two groups of m =0
(open) and m > 0 (filled) can be roughly divided by the line pro-

10)

posed by Deegan et al.'”. It can be noted that the boundary of

regions for m = 0 and m > 0 does not show a significant dif-
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Fig. 10 A model for droplet bouncing.

ference regardless of the gravitational condition. This suggests
that the instability mechanism for the appearance of the symme-
try breaking does not depend on the gravity. Furthermore, the
gravity-independence of this instability is also stated, in light of
the fact that this instability is arising on the rim of the growing lig-
uid sheet, whose length scale is much smaller than the capillary
length. Zhang et al.2!) concluded that the symmetry-breaking is
caused by the Rayleigh-Plateau instability, because the measured
wavelength of the splashes showed a good agreement with those
estimated based on the Rayleigh-Plateau instability mechanism,
whereas those estimated based on the Rayleigh-Taylor type are
much too larger than those of experiments. Our experiments sup-
port their conclusion from another perspective, that is, because

the fact that secondary droplets are also observed under micro-
gravity conditions, any gravity-dependent instability is contra-
dicted by the essence of the symmetry-breaking of splashes.

5. Concluding remarks

Fluid motions after the impact of the droplet on the liquid layer
were observed under various gravitational levels, ranging from
2% 1072 to 1 G for the first time. Whether the droplet bounces or
splashes was found to be dependent not only on the Weber num-
ber but also on the Bond number. The droplet bouncing may oc-
cur with a larger Weber number when the Bond number is small.
We have established that bouncing is likely to occur under low-
gravity, since the liquid surface of the droplet and the liquid film
become easy to deform due to the absence of the gravity-induced
leveling effect. The symmetry-breaking of the growing liquid col-
umn, which may cause a breakup to secondary droplets, was ob-
served with changing gravity. The threshold for the appearance
of the instability is not affected by gravity. Our experiments sug-
gest that the mechanism of this instability may be attributed to a
type of gravity-independence, because it has been observed even

under microgravity conditions.
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