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We study drop impact on a deep pool of the same fluid, with an emphasis on the
air layer trapped under the droplets from its formation to its rupture. The penetration
velocity of the air layer at a very short time scale prior to its rupture is shown,
using an energy argument and experimental verification, to be one-half of the impact
velocity. We then deduce the dependence of the rupture position on the liquid viscosity
and the impact velocity. We show that the volume of the resulting air bubbles can
be related to both those resulting from droplets impacting on solid surfaces and those
resulting from rigid spheres impacting on liquid surfaces.
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1. Introduction

More than a hundred years after Worthington (1908) started to study droplet impact
phenomena, the subject continues to attract researchers of various disciplines, not only
because of many fundamental questions originating from the phenomena involved,
but also because of its importance in a wide range of technological applications, as
reviewed by Prosperetti & Oguz (1993), Weiss & Yarin (1999) and Yarin (2006).
The emphasis has been on bubble entrapment, bouncing, splashing, crown formation
and droplet atomization. In the case of droplets impacting on liquid surfaces, of
particular interest is the entrapment of an air layer, which may rupture and lead to
the entrainment of either a multitude of tiny bubbles (Mesler entrainment; see e.g.
Esmailizadeh & Mesler 1986; Pumphrey & Elmore 1990) or only a few individual
bubbles (see Thoroddsen, Etoh & Takehara 2003; Thoroddsen et al. 2012). Note that
these bubble entrapment processes take place at very small time scales after impact, as
opposed to that due to the collapse of the impact crater, which happens at much longer
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Liquid Viscosity, Density, Surface tension, Re= We=
νl (cSt) ρ (kg m−3) σ (N m−1) RV/νl ρRV2/σ

5 cSt silicone oil 5 916 0.0197 96–177 11–37
10 cSt silicone oil 10 934 0.0201 50–180 12–158
20 cSt silicone oil 20 953 0.0208 24–106 11–217

TABLE 1. Properties of the silicone fluids used in the experiments and the corresponding
ranges of the Reynolds number and the Weber number.

time scales (see Pumphrey, Crum & Bjørnø 1989; Rein 1993). These findings, together
with the one reported by Xu, Zhang & Nagel (2005) that splashing can be completely
suppressed by reducing the ambient pressure, illustrate the complexity of the impact
dynamics at early time scales and highlight the role of the air layer between the drop
and the surface – for some recent investigations of the air layer, see, for example,
Thoroddsen et al. (2005), Mandre, Mani & Brenner (2009), Mani, Mandre & Brenner
(2010), Hicks & Purvis (2010, 2011), Duchemin & Josserand (2011), Bouwhuis et al.
(2012), Hicks et al. (2012), Kolinski et al. (2012), Lee et al. (2012), Mandre &
Brenner (2012), Tran et al. (2012), van der Veen et al. (2012) and Liu, Tan & Xu
(2013).

The goal of this study is to focus on the dynamics of droplets impacting on a
deep liquid pool of the same liquid, in particular the very beginning of the process
when the two liquid surfaces start being deformed due to the pressure build-up. This
deformation entrains an air layer into the pool, which later ruptures to create air
bubbles. We investigate the penetration velocity and thinning of the air film under the
drop. We also study the rupture process, and the resulting entrapped air bubbles, and
relate the volume of the entrapped air to that in the case of liquid droplets impacting
on solid surfaces and in the case of solid spheres impacting on liquid surfaces.

2. Experimental details

In figure 1(a), we show a schematic of our experimental set-up used to study the
impact of droplets on a liquid pool. The thickness of the pool is roughly 10 mm,
which can be considered as the deep pool limit. Droplets of uniform size (radius
R≈ 0.95 mm) are generated by pushing liquid out of a fine needle (24-gauge stainless-
steel needle, Hamilton Co.) at a low rate (≈0.05 ml min−1). A droplet falls under
its own weight onto a pool of the same liquid. The impact velocity V of the drop
is varied between 0.3 and 2.3 m s−1 by adjusting the needle’s height. Both the drop
radius R and velocity V in each experiment are measured before the impact time by
a high-speed camera (Photron 1024 PCI) from the side. The working liquid in our
experiments are silicone oils with viscosity νl = 5, 10 and 20 cSt. We choose silicone
oils as working fluids because it has been shown by Saylor & Bounds (2012) that the
process of formation and subsequent rupture of the air layer is more repeatable for
silicone oils than for water. The exact properties of these fluids are listed in table 1.

We record the impacting process from the side and the bottom by two synchronous
high-speed cameras (Photron SA1.1 and SA2 for the side- and bottom-view recordings,
respectively) with frame rates up to 40 000 frames per second. The side-view camera
(camera S in figure 1a) is slightly tilted upwards (with an angle ≈ 2◦) to look at
the impacting point from underneath the liquid. We use a long working distance
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FIGURE 1. (a) Schematic (not to scale) of the experimental set-up used to observe the impact
of droplets on a deep pool of the same liquid. (b) Schematic (not to scale) of the air film layer
as the drop penetrates into the pool. The distance between the initial surface of the pool and the
bottom of the air film is denoted L. The bottom camera is focused at a distance Dc under the
free surface of the pool. When the air film passes the focusing point of the camera (L = Dc),
the bottom camera records interference fringes caused by light reflected from the two surfaces
of the air film. (c) Series of representative images recorded from the side-view and bottom-view
cameras.

microscope (Navitar 12× UltraZoom) and a 1.5× objective to obtain an optical
resolution 4.2 µm.

In figure 1(c), we show a series of representative images of the impact taken from
the side and from the bottom. We take the reference time (t = 0) as the time at which
the film rupture is first detected from the side-view recording (see figure 1c). The
deformation of the pool surface is due to the air pressure build-up between the pool
and the drop (see figure 1b), and takes the shape of a growing spherical cap, as shown
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in the subsequent images of figure 1(c). The observation of the deformation of the
pool surface is possible because of the presence of a thin air layer trapped between
the pool and the drop. At relatively low impact velocity (i.e. smaller than 0.5, 0.6 and
0.75 m s−1 for 5, 10, 20 cSt droplets, respectively), this air layer inhibits coalescence
of the droplet and the surface, and eventually causes the droplet to bounce off (see
Thoroddsen et al. (2012) for the conditions for bouncing in a larger viscosity range).
Increasing the impact velocity causes rupture of this air layer, either at isolated points
or simultaneously along a horizontal ring. In the side views of figure 1(c), after the
rupture time (t = 0 ms), the ruptured holes expand due to surface tension, leaving
small air bubbles behind the receding edges. The expanding velocity of the ruptured
holes, as well as the formation and the total volume of these small bubbles, have been
discussed in detail by Thoroddsen et al. (2012). After the film rupture, which leads
to the coalescence of the drop and the liquid pool, the liquid in the drop penetrates
even deeper into the pool, creating a crater. The dynamics of this crater (size, growing
velocity, horizontal and vertical expansions) was considered both theoretically and
experimentally by Engel (1967), Bisighini et al. (2010) and Deng, Anilkumar & Wang
(2010).

The bottom-view camera (camera B in figure 1a) is connected to a long working
distance microscope (Navitar 12× UltraZoom) and a 10× objective to observe the
bottom of the air film. The field of view and the optical resolution obtained with
this system are 1 mm and 1.2 µm, respectively. White illumination light from a high-
intensity light source (Olympus ILP-1) is supplied through a coaxial port of the
microscope. The focus point of the objective is at a distance Dc under the surface of
the pool (see figure 1b); Dc can be varied between 0 and 3 mm. As the drop penetrates
into the liquid pool, the air film trapped between the drop and the pool surface moves
down and passes this focusing point. At that moment, the illumination light is reflected
from both surfaces of the air film back to the camera. The resulting images are
rings of rainbow colours shown in the bottom views of figure 1(c). By repeating the
experiment with the same impact velocity while changing the focusing position of the
objective, we obtain the interference fringes at different vertical points of the impact
process. This makes it possible to examine the evolution of the film thickness profile
as the film moves into the pool. The method used to extract the absolute thickness
of the air film is based on colour interferometry and has been reported earlier by
Bouwhuis et al. (2012) and van der Veen et al. (2012).

3. Results and discussion

3.1. Penetration velocity before air film rupture
In figure 2(a), we show the penetration depth L, the distance between the pool’s
initial surface and the bottom of the air film (figure 1b), normalized by the drop
radius R, as a function of time. The penetration depth was measured for impact of
droplets having the same velocity but different viscosities. Each curve starts from the
impact time, defined as the time at which the deformation of the pool surface is first
detected from the side-view recording, and ends at the rupture time. It is evident
that, although increasing viscosity (from 5 to 20 cSt) delays the rupture time, the
penetration depth increases linearly in time with an almost identical rate. However, as
seen from figure 2(b), the penetration velocity Vp, defined as the averaged velocity
of the bottom of the air film before its rupture, does not depend on viscosity. In
figure 2(b), we show the normalized penetration velocity Vp/V for various impact
velocities (0.3 m s−1 < V < 1.2 m s−1) and viscosities (νl = 5, 10, 20 cSt). Indeed,
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FIGURE 2. (a) Penetration depth L normalized by the drop radius R as a function of time of
impact of droplets of the same impact velocity (V = 0.55 m s−1) but different viscosities as
shown in the legend. The rupture time of the air film is taken as the reference time (t = 0).
(b) Normalized penetration velocity Vp/V for various impact velocities and viscosities.

the penetration velocity is found to be weakly dependent on the liquid viscosity (up to
the maximum viscosity used in our experiment) and about Vp ≈ V/2. This penetration
velocity can be understood from an energy argument. First, let us consider a liquid
volume Ω at the bottom of the drop. This volume has the shape of a spherical cap
and velocity V . Thus, the initial kinetic energy of Ω before impact is E0

Ω = ρlΩV2/2.
The same volume of liquid at a small time t after the impact time is then assumed to
have velocity Vp and takes the shape of a hemisphere of radius Rp, i.e. Ω = 2πR3

p/3.
The kinetic energy of Ω at t is Et

Ω ≈ ρlΩV2
p/2. Assuming that the velocity field in the

pool at time t is approximately a radial flow field with a point source at the centre
of the hemisphere, we may estimate the kinetic energy of the liquid in the pool at
time t as Et

P ≈ πρlR3
pV2

p = 3ρlΩV2
p/2. From the conservation of energy, E0

Ω = Et
Ω + Et

P,
we indeed obtain Vp ≈ V/2. Note that this result can alternatively be obtained by
using conservation of momentum and has been known in the context of penetration
mechanics (see e.g. Birkhoff et al. 1948; Yarin, Rubin & Roisman 1995). From this
model, we also infer that it is possible to change the penetration velocity by using
liquids of different densities for the drop and for the pool. This speculation, however,
is beyond the scope of the present study and needs further experimental verification.

3.2. Thinning of air film

If figure 3(a), we show several profiles of the air film thickness of experiments with
the same impact conditions (νl = 20 cSt and V = 0.5 m s−1); each profile is extracted
from an interference fringe obtained at a distinct focusing distance Dc (see figure 1b).
This allows us to reconstruct the change in the air thickness profile as it moves into
the liquid pool. Here we assume that the air thickness profile at a fixed distance under
the pool’s surface does not change for repeated experiments with the same impact
conditions since the impact dynamics are highly reproducible. Indeed, we have verified
the good reproducibility (using side-view recording) of the experiments. In particular,
it takes the same time interval after the impact time for the film to rupture. As a result,
repetition of the experiment with varying Dc provides the evolution of the thickness
profile at the bottom of the air film.
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FIGURE 3. (a) Air film profile measured at different times of impact of 20 cSt droplets. The
impact velocity is V = 0.5 m s−1, t1 = −4.9 ms, t2 = −2.8 ms, t3 = −0.7 ms. (b) Air film
thickness at the bottom of the film (H0 = H(x = 0)) as a function of time t for the impact
of 20 cSt droplets at different impact velocities. The reference time for both panels is the rupture
time.

In figure 3(b), we show the thickness evolution at the bottom of the air film
H0 = H(x = 0) for impact of 20 cSt droplets on a liquid pool at three different
velocities V = 0.5, 0.6 and 0.9 m s−1. The plot shows that the dynamic of the air
film is extremely sensitive to the impact velocity: increasing V from 0.5 to 0.9 m s−1

decreases the rupture time of the air film from 5.2 to 0.15 ms. We also observe that
the air film thickness is much higher at the rupture time (t = 0 ms) for impact at larger
V , as the air trapped at the bottom of the air film does not have time to drain out.

3.3. Rupture of air film
To characterize the rupture dynamics, we measure the arclength S between the bottom
of the air film and the initial rupture position for the different viscosities (5, 10,
20 cSt) and impact velocities (from 0.3 to 1.8 m s−1). In figure 4, we show a plot
of S versus V . The plot consists of three separate datasets corresponding to three
viscosities. It shows that S decreases with either increasing velocity or decreasing
viscosity. Moreover, varying the viscosity only shifts the log10S versus log10V curve,
suggesting that the data can be collapsed onto a master curve.

In order to explain the observed result for the rupture position, we first propose a
mechanism for film rupture. We first note that the air layer thickness decreases radially
outwards, as suggested by the measured thickness profiles at the bottom of the air
film (figure 3a). On the other hand, since the air thickness close to the free surface is
also large, we infer that there is a radial position where the film thickness is smallest
and, as a result, the air film is most likely to collapse here. This radial position can
be determined experimentally by measuring the arclength S to the bottom of the air
film (see figure 4 for definition). Note that, once the film thickness is smaller than a
critical value, which is of the order of 100 nm, the van der Waals force between the
two surfaces of the film will become dominant and rupture the film immediately (see
Couder et al. 2005; Dorbolo et al. 2005; Thoroddsen et al. 2012).

We now seek to derive the dependence of S on the liquid viscosity, the drop
radius R and the impact velocity V . The liquid and gas have densities ρl and ρg, and
kinematic viscosities νl and νg, respectively. The film thickness is denoted by h. The
air flows out of the layer with velocity ug due to the pressure excess 1P. Since the
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FIGURE 4. Log–log plot of the rupture position S as a function of impact velocity for different
viscosities. Inset: log–log plot of Sν−1/2

l as a function of impact velocity. The solid line
represents the exponent −4/3 of the scaling law (3.5).

impact velocity is relatively low, we take the hydrostatic pressure 1P ∼ ρlgR, where
g is the gravitational acceleration. Because S was shown to depend on the liquid
viscosity, we cannot treat the liquid–air interfaces as rigid surfaces. Instead, we assume
continuity of the shear stress across the interface. Hence, the shear stress in the gas
layer, τg ∼ ρgνgug/h, is balanced with the shear stress in the liquid, τl ∼ ρlνlug/δ,
where δ ∼√νlS/ug is the thickness of the boundary layer in the liquid. This gives us
an estimate for the gas velocity:

ug ∼
ρ2

g

ρ2
l

ν2
g S

νlh2
. (3.1)

Typically, S ≈ 1 mm and h ≈ 1 µm in our experiments. From these values, (3.1) gives
us the estimate for the gas velocity ug ≈ 4 cm s−1. This is comparable to the velocity
of gas exiting the gap between an impacting droplet and a solid surface measured in
van der Veen et al. (2012).

Next, for the gas flow in the gap, we assume the lubrication approximation:

1P

S
∼ ρgνg

ug

h2
. (3.2)

To estimate h, we use the initial air gap at the impact time, which is similar to the
initial air gap for impact on a solid surface (Bouwhuis et al. 2012):

h∼ R

(
ρgνg

ρlVR

)2/3

. (3.3)
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From (3.1)–(3.3), we obtain S as a function of V and νl:

S∼
(
ρl

ρgνg

)1/6

g1/2R7/6ν
1/2
l V−4/3. (3.4)

As we only varied the viscosity and the impact velocity in our experiment, the above
expression can be written as

S∼ βν1/2
l V−4/3, (3.5)

where the prefactor β is a dimensional constant. In the inset of figure 4, we show a
log–log plot of Sν−1/2

l versus V . Although the impact velocity in our experiments only
spans a limited range, the data collapse onto a single master curve suggests that the
model reasonably predicts the dependence of S on the liquid viscosity. Nonetheless,
Sν−1/2

l displays a slightly stronger dependence on V than is predicted by the scaling
law (3.5). We attribute this slight deviation to the curvature of the air film, while our
model was derived for a flat air film.

3.4. Bubble entrapment
After the air film ruptures, the entrained air contracts towards the bottom to create
one or several primary bubbles and leaves behind those that are much smaller in
size. This air entrainment process is often referred to as Mesler entrainment (see
Esmailizadeh & Mesler 1986; Pumphrey & Elmore 1990). If the impact velocity is
small, the volume of the small bubbles left behind may be comparable to that of
the primary ones. In our experiment, this happens for V < 0.5 m s−1 for all three
silicone oils. However, for higher impact velocity, the volume of the primary bubbles
Ωb is dominant and can be used to estimate the total volume of the entrapped air.
Here, we focus on the latter case and measure Ωb with varying viscosity and impact
velocity (0.5 m s−1 < V < 2.3 m s−1). We also relate the entrapped air volume here to
other situations where bubble entrapment is observed, namely impact of droplets on
solid surfaces (see e.g. Chandra & Avedisian 1991; Thoroddsen & Sakakibara 1998;
van Dam & Le Clerc 2004; Thoroddsen et al. 2005; van der Veen et al. 2012), and
impact of solid spheres on liquid surfaces (Marston, Vakarelski & Thoroddsen 2011).
In figure 5, we show the entrapped bubble volume obtained in three different cases:
silicone oil droplets impacting oil surfaces (present study), ethanol droplets impacting
solid surfaces (Bouwhuis et al. 2012), and solid spheres impacting liquid surfaces
(Marston et al. 2011). The solid line represents the scaling law that was derived
theoretically (see Hicks & Purvis 2010, 2011; Bouwhuis et al. 2012) and supported
experimentally (Bouwhuis et al. 2012):

Ωb

Ωd
∼ St−4/3, (3.6)

where Ωd = 4πR3/3 and St = ρlRV/ρgνg are the volume and the Stokes number of
the drop, respectively. In the case of solid spheres impacting on liquid surfaces, the
Stokes number is defined as St s = ρsRsVs/ρgνg, where ρs, Rs and Vs are the density,
radius and impact velocity of the solid spheres, respectively. Both datasets for impact
of ethanol droplets on solid surfaces and for impact of solid spheres on liquid surfaces
collapse onto the solid line that represents the scaling law (3.6). On the other hand,
the data for the impact of droplets on liquid surfaces appear to have the same scaling
exponent but are shifted towards higher Stokes number.
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10 cSt silicone oil droplet on 10 cSt oil surface
20 cSt silicone oil droplet on 20 cSt oil surface
15 mm steel sphere on water (Marston et al. 2011)
20 mm steel sphere on 10 cSt oil (Marston et al. 2011)
20 mm steel sphere on 25 cSt oil (Marston et al. 2011)
20 mm steel sphere on 1 cSt SDS (Marston et al. 2011)
Ethanol droplet on solid surface (Bouwhuis et al. 2012)
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Drop on solid
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FIGURE 5. Log–log plot of the normalized bubble volume Ωb/Ωd as a function of Stokes
number in three cases sketched on the right-hand side: impact of droplets on liquid surfaces
(present study); impact of solid spheres on liquid surfaces (Marston et al. 2011) (SDS = sodium
dodecyl sulfate); and impact of droplets on solid surfaces (Bouwhuis et al. 2012). The solid line
represents the −4/3 scaling law presented in (3.6). Inset: collapse of the dataset for impact of
droplets on liquid surfaces on other datasets after using the Stokes number calculated using the
penetration velocity of the air film layer.

To understand this result, let us first consider the impact of droplets on liquid
surfaces. In this case, the two approaching surfaces (of the droplet and the liquid
pool) are both deformable; the air film penetrates into the liquid pool with velocity
Vp ≈ V/2. In contrast, for the impact of solid spheres on liquid surfaces, or the impact
of droplets on solid surfaces, only one of the approaching surfaces is deformable.
In these cases, the air film moves into the liquid bulk with the impact velocity.
This observation prompts us to use Vp instead of V as the relevant velocity to
calculate the Stokes number for the case of two deformable surfaces. In the inset
of figure 5, we show the bubble volume for all cases, with the modified Stokes
number St = ρlRVp/ρgνg for the case of droplets impacting liquid pools. The dataset
for impacts of droplets on liquid surfaces indeed now collapses onto the same line
as the other two sets of data and is consistent with the scaling law (3.6). Note that
the solid surfaces for all of these datasets are hydrophilic. In the case that the solid
surfaces are hydrophobic, it is possible that the normalized bubble volume depends
differently on the Stokes number, as the air entrapment mechanism may be different.
This has not been tested, but is deduced from the related experiments by Duez et al.
(2007) in which the splash occurrence is influenced by the wettability of the surface.

4. Conclusions

We have described the impact dynamics, including the penetration velocity Vp of
the air film entrapped between the drop and the pool surface. We showed that Vp is
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insensitive to the viscosity (from 5 to 20 cSt) and can be approximated as half of
the impact velocity if the densities of the drop liquid and the liquid in the pool are
comparable. This approximation is used to relate the volume of the entrapped bubble
in this case to other cases such as the impact of droplets on solid surfaces and the
impact of solid spheres on liquid surfaces. To this end, we have shown that the volume
of the entrapped bubble is consistent with the scaling Ωb/Ωd ∼ St−4/3.

The dynamics of the air film entrapped under the droplets has also been studied
in detail. We have measured the thickness profiles of the air film at different vertical
locations using colour interferometry. From these measurements, the evolution of the
film thickness at the bottom of the film was obtained for various impact velocities.
The measured thickness evolution confirms that the air film gets thinner and thinner
as a result of the air being drained out from the film. The draining process of the air
eventually leads to the rupture of the film. We showed experimentally that the rupture
position depends on both the liquid viscosity and the impact velocity. We also derived
a scaling law of the rupture position taking into account the air flow in the film. This
scaling law is qualitatively consistent with our experimental results.
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