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ABSTRACT
We report on an experimental study of the impact of a water drop on a liquid surface in the regime of the so-called irregular entrainment. The
hydrodynamics of the phenomenon has been correlated finely to the features of the acoustic signal, both underwater and in the air, thanks
to the synchronization of images and sounds in a home-made setup. If the origin of the acoustic signal is known to be caused by the capture
of a bubble during the hydrodynamic flow following the impact, for the first time, a new mechanism responsible for the formation of the air
bubble is highlighted. The latter is caused by the closing, like a liquid zipper, of the cavity induced by the retraction of the Rayleigh jet, by a
secondary droplet detached from this jet. The comparison of the experimental data with the Minnaert model and plane wave theories reveals:
(i) the time-dependence of the instantaneous oscillation frequency, (ii) a dominant frequency about 30% higher than the Minnaert prediction,
(iii) a higher damping characteristic time, and (iv) a two orders of magnitude higher water–air transmission coefficient. All these results can
be explained by the proximity of the bubble to the air–water interface, and by the too small dimensions of the tank to avoid underwater echoes
in the measured underwater signal.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010464., s

I. INTRODUCTION

Besides producing a fascinating hydrodynamic ballet, a drop
impacting a liquid surface generates a highly distinguishable sound.
It is well known that the sound produced by a falling drop on
a liquid surface strongly depends on the formation or not of an
entrapped bubble.1,2 Indeed, after the impact, an open-air cav-
ity develops inside the liquid until it reaches a maximum size
and then retracts while a liquid jet arises above the liquid sur-
face.3 The latter destabilizes into secondary droplets, which in turn
impact the disturbed liquid surface. At different stages of this pro-
cess and through several mechanisms, a bubble could be entrapped
inside the liquid, producing the characteristic noise of a dripping
faucet.4 Even if this topic has mainly been approached by fun-
damental studies, the potential applications that can result from

understanding this phenomenon are quite varied, such as climatic
measurements,5 analysis of underwater events,6 or sound synthesis.7

All this process, and in particular the entrapment or not
of a bubble, strongly depends on the initial drop diameter d
and its speed v at the impact. A state diagram in d–v coordi-
nates has been proposed by Pumphrey et al.,8,9 suggesting dif-
ferent regimes for bubble formation (BF). Probably the most
well-known one, called regular entrainment, is observed for small
drops and low impact speed. It has been investigated by sev-
eral authors10–13 who all showed that a small bubble is created
through a pinching mechanism just before the retraction of the
cavity.

At higher speed and for bigger drops, another area for bubble
formation appears in the d–v diagram. Already observed by Franz1

and mentioned by Leng,12 it is designed as an irregular entrainment
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regime.8,10 Thus, the bubbles are formed later in the process, in an
irregular way by detaching from a second cavity appearing after
the collapse of the liquid jet, which coincides with the detachment
also of a secondary drop. It is worth mentioning that this area has
attracted less attention from researchers and its mechanisms are not
yet described in the literature.

In the past few years, there has been growing interest in mea-
suring the related acoustic signals to get a deeper insight into fast
hydrodynamical events, such as bubble bursting.14,15 As for the
concern, synchronizing acoustic records and image captures, some
authors1,10,16 confirmed that the bubble apparition is accompanied
by an intense acoustic signal, where the dominant frequency is
linked to the radius of the bubble following Minnaert theory.17 How-
ever, only a few acoustic results have been reported yet in both air
and water.10,18,19 It appears that the microphone signal is similar to
that of the hydrophone, except that its amplitude is unexpectedly
high and some physical events seem to be absent.

In this article, we present a fundamental study of a droplet
falling on a liquid surface. The project aims to suggest a new
analysis of the physics of this phenomenon. The perfect synchro-
nization of acoustic signals in water and air with the associated
hydrodynamic flows has allowed us to finely relate four hydrody-
namic events to their acoustic signature and to understand, in par-
ticular, the differences between the acoustic signals in water and
in air.

More specifically, by setting the conditions at the frontier of the
so-called irregular entrainment regime, we have shown that the phe-
nomenon responsible for the entrapment of the air bubble, at the
origin of the acoustic wave, is completely new and is highly repro-
ducible and regular although the details of the flow may fluctuate
from one experiment to another. The latter, similar to a liquid zip-
per, occurs when a drop detached from the Rayleigh jet closes the
subsidiary cavity. A thorough study of the acoustic signals reveals
the time-dependence of the instantaneous frequency with a dom-
inant frequency higher than Minnaert prediction, a damping and
an amplitude of the acoustic signal that do not match the pre-
dictions of the existing models. We suggest that all these features
can be understood by taking into account the dimensions of the
tank and especially the proximity of the bubble to the air/water
interface.

II. MATERIALS AND METHODS
The water drop is created by a PhD Ultra syringe pump,

equipped with a 60 ml syringe ended by an Interchim Teflon cylin-
drical hose, usually used for chromatography analysis, with an inte-
rior and exterior diameter of 1 mm and 1.5 mm, respectively. The
syringe pump flow rate is set to 10 ml/h, and thus, the diameter of
the created droplet is 3.70 ± 0.05 mm. The tank and the syringe are
filled out with distilled water, unless otherwise specified.

Pressure signals are recorded both underwater, by a Brüel and
Kjær Type 8103 hydrophone, and in the air, by a G.R.A.S. Type 40BP
1/4 in. microphone. The hydrophone is located at 5.3 cm and the
microphone at 6.4 cm from the impact location. The hydrophone
is connected to a conditioning amplifier Brüel and Kjær Type
2692-0S4. The microphone is connected to a G.R.A.S. Type 26AC
1/4 in. preamplifier, linked to a conditioning amplifier Brüel and
Kjær Type 2690. Both signals, recorded by a digital oscilloscope

Picoscope 4262 with a sampling rate of 500 kHz, are treated to
reduce the noise by an algorithm based on spectral subtraction of
the recorded ambient noise from the signal.

A video of the impact is recorded by a high-speed camera
Photron FastCam SAX2 equipped with a Sigma Macro 105 mm lens.
A led-based backlight is used to shine the experiment. The sample
rate of video acquisition is set at 20 000 fps, unless otherwise spec-
ified. A spherical object of known dimensions is used to determine
the magnificence and to check that the image is not distorted.

The different acquisitions are triggered by an XCSource TE174
infrared sensor module, linked to an Arduino Mega card. The
module is situated just underneath the hose to detect the droplet
when it detaches. All the acoustic signals are synchronized to the
video footage. So, both signals are shifted with respect to time to
account for the propagation times of acoustic waves from the impact
point to the microphone and the hydrophone. The origin of time
corresponds to the moment when the droplet touches the water
surface.

The drop falls into a glass tank with external dimensions of
341 × 165 × 218 mm3 and 3.4 mm thick walls. It is filled with dis-
tilled water, up to its maximum height (218 mm). It is supported
by four blocks of solid polymer foam to avoid vibration transmis-
sion between the tank and the metallic structure, which allows us
to keep a fixed position between the different measurement cam-
paigns. The structure is placed in a semi-anechoic room to avoid any
acoustical reflections in the air for frequencies higher than 100 Hz.
The room is located in the underground floor, so the temperature,
even not controlled, is almost constant and is around 19 ○C. The
height of fall of the drop is fixed at 76.5 cm. Thus, the velocity of
the falling drop is about 3.34 ± 0.01 m/s as determined by tracking
its trajectory on the video footage. Each measure is launched after
the water surface is calm. Each measurement is repeated at least 50
times to quantify the repeatability of the acoustic signals and video
movies.

III. RESULTS AND DISCUSSION
A. Hydrodynamic and acoustic investigation
of the events leading to a new mechanism of bubble
entrapment

Typical acoustic signals following the drop impact are pre-
sented in Fig. 1. The top and bottom signals correspond to the
air and underwater pressures, respectively. We identify four main
events. The time t = 0 is arbitrary fixed at the moment when
the drop touches the surface of the liquid. The First Impact (FI)
begins at t = 0 ms and ends around 40 ms with the appearance
of the Rayleigh Jet (RJ), which is the second event. The instabil-
ity of the Rayleigh jet involves the detachment of secondary drops
during its collapse. The third event, called Bubble Formation (BF),
first consists of the creation of a second air cavity from 140 ms
approximately until it is suddenly closed by a secondary drop at
150 ms, creating an air bubble. Subsequently, the sudden closure of
the cavity, which characterizes the beginning of the fourth event,
causes an acoustic signal that gradually subsides over time and
cohabites with the Bubble Dynamic (BD). In the following, the
acoustic and hydrodynamic features of these four events are pre-
cisely detailed.
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FIG. 1. (A) Signal recorded by the
microphone. (B) Signal recorded by the
hydrophone. Time t = 0 s is taken when
a drop impacts the water surface. Dot-
ted lines represent the times at which
the images of Figs. 2–5 and 8 are taken.
From the left to the right, four main
events are identified: the First Impact
(FI), Rayleigh Jet (RJ), Bubble Formation
(BF), and Bubble Dynamic (BD) events.
(C) A zoom at the beginning of the FI
event, given by the purple box on (B),
with markers 1, 2, and 3 correspond-
ing to the images of Figs. 2 and 3. (D)
A comparison between the beginning of
the measured hydrophone signal and a
fluid mechanics simulation (dashed line)
of the hydrodynamic pressure during the
first hundredth of seconds after a drop
impact, given by the green box on (B).

1. First impact (FI)

The first event begins with the initial impact of the water
drop on the water/air interface (event FI in Fig. 1) and lasts about
t = 40 ms. First, an air cavity develops inside the liquid until it
reaches its maximum size, and then retracts while the Rayleigh jet
emerges above the interface. Note that, for lower impact energy,
a bubble may be pinched during the retraction of the cavity, as
described by numerous authors.1,8–12,19 This pinching mechanism
(called “regular entrainment” in Ref. 8) is not observed in the
configuration of this study.

The images related to this event are displayed in Figs. 2 and 3
with the corresponding times (1–6) on the acoustic signals (Fig. 1).
On the hydrophone, the impact induces slow pressure variations but
with a large amplitude. On the microphone, the signal amplitude
is much weaker than the hydrophone one. At the moment of the
impact (image 1), a sharp overpressure is generated in water [see

Fig. 1(C)]. As the drop merges with the liquid (image 2), the pressure
continues to rise until a maximum. Then, a liquid crown develops
above the surface while an air cavity develops underwater (images
2–5). During this stage, a depression is recorded by the hydrophone.
When the crown and the cavity are around their maximum size
(image 5), a minimum in pressure on the hydrophone signal is mea-
sured, then the crown collapses, the cavity retracts (image 6), and
the underwater pressure rises until a maximum. This maximum of
pressure corresponds to the beginning of the development of the
Rayleigh jet.

In parallel, numerical simulations are performed. We use the
open source software OpenFoam with interFoam solver that solves
the Navier–Stokes equation considering incompressible fluids. The
details of the simulations are based on the work reported by Castillo-
Orozco et al.,20 which we had just adapted to our case. Using axisym-
metric conditions, the impact of a water drop on a water surface is
defined, imposing the same drop diameter and impact velocity as
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FIG. 2. Hydrodynamic flow above the
water surface for the First Impact (FI)
event. The marks are the same as
reported in Fig. 1. The images are taken
at (1) t = 0 s, (2) t = 0.84 ms, (3) t
= 2.72 ms, (4) t = 5.41 ms, (5) t = 12.99
ms, and (6) t = 29.72 ms.

FIG. 3. Hydrodynamic flow under the
water surface for the First Impact (FI)
event. The images are taken at (1) t
= 0 s, (2) t = 0.84 ms, (3) t = 2.72 ms,
(4) t = 5.41 ms, (5) t = 12.99 ms, and
(6) t = 29.72 ms.

in the experiments. The volume of fluid (VOF) method is used to
deal with the interface dynamics.21 The hydrodynamic pressure in
water during the impact is calculated at the same location of the
hydrophone in the experiments. It appears that the numerical pre-
dictions are in good agreement with the measurements without any
adjustable parameter [see Fig. 1(D)]. Results can be improved by fur-
ther refining the mesh and taking into account the finite size of the
hydrophone membrane of about 6 cm2.

2. The Rayleigh jet (RJ)

Between 40 ms and 140 ms (Fig. 1), the Rayleigh jet develop-
ment and its collapse, designed as a Rayleigh Jet (RJ) event, hap-
pens. It does not show a noticeable signature on both hydrophone
and microphone acoustic signals. The corresponding images are
given in Fig. 4. At t = 40 ms, the cavity developed after the impact
starts to retract due to surface tension and gravity, while a Rayleigh

FIG. 4. Hydrodynamic flow above the
water surface for the Rayleigh Jet (RJ)
event. The images are taken at (7) t
= 37.37 ms, (8) t = 49.21 ms, (9) t
= 74.38 ms, (10) t = 100.39 ms, (11) t
= 127.58 ms, and (12) t = 140.94 ms.
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FIG. 5. Hydrodynamic flow under the
water surface for the bubble formation
(BF) event. The images are taken at (13)
t = 143.34 ms, (14) t = 146.37 ms, (15) t
= 147.65 ms, (16) t = 152.62 ms, (17) t
= 154.21 ms, and (18) t = 154.65 ms.

jet emerges above the surface (images 7–9). The converging flow
under the cavity creates the jet and corresponds to a decrease in
underwater pressure. When the jet reaches its maximum height,
Rayleigh instabilities take place and lead to the detachment of two
secondary droplets (images 10–12) at variable heights of the jet.
In the following, we call SD1 the first detached droplet and SD2
the second one. The remaining jet continues to collapse. Images
10–12 show how the distances between the jet column and the
detached droplets increase since the surface tension and the grav-
ity act on the column while only the gravity acts on the secondary
droplets.

3. The bubble formation (BF): Liquid zip-like
flow mechanism

The third event leads to a bubble formation (BF), which has
both an acoustic and a hydrodynamic signature. As shown in images
13–16 of Fig. 5, the base of the remaining Rayleigh jet creates an air
cavity by collapsing into water. This cavity is further closed by the
first arriving droplet (SD2) (image 17) thus trapping an air bubble
(image 18). The closing of the cavity by this droplet can be consid-
ered as a liquid zip-like flow, lasting about 0.15 ms, between images
17 and 18. The closing of the interface is undoubtedly faster than

the rising of the bottom of the cavity to drive out the air. As a con-
sequence, a pocket of air remains trapped. We get a more detailed
description with a 40 000 fps movie. Selected images are shown in
Fig. 6. The cavity closing begins when SD2 touches the interface at
one edge of the cavity (dashed red circle in image 17-b) and starts
to merge with the liquid around the cavity. This merging at the top
of the cavity thus propagates like a zip-process along the periphery
of the cavity (images 17-c to 17-e). The detachment of the bubble is
clearly reflected by the gray line crossing the cavity. The free surface
is then rather at rest when the second droplet (SD1) arrives a few
tens of milliseconds after.

The acoustic signal of the hydrophone shows that the pressure
rises during the liquid zip-like flow mechanism until a maximum
when a complete detachment of the bubble happens (see image 17-f
in Fig. 6 and the marks in Fig. 7). On the contrary, the microphone
signal shows first a decrease in the pressure during the liquid zip-like
flow mechanism, followed by an instantaneous high pressure at the
end of the liquid zip-like mechanism. Considering several impacts,
the microphone signal is rather variable and depends on the accu-
rate delay between the secondary droplet SD2 and the remaining
Rayleigh jet retraction. As shown in Fig. 7, a horizontal shift (t0)
of the curves along the time axis is made, reveals that the depres-
sions follow the same exponential curve, and the overpressure levels

FIG. 6. Detailed images of the detach-
ment of the air bubble (BF) and the evo-
lution of the liquid zip-like flow mecha-
nism. The times for each image are pre-
sented in Fig. 7. The dashed red circle
shows the moment when SD2 touches
the interface at one edge of the cav-
ity. The images are taken at (17-a) t
= 152.25 ms, (17-b) t = 152.43 ms, (17-
c) t = 152.59 ms, (17-d) t = 152.73 ms,
(17-e) t = 152.84 ms, and (17-f) t
= 152.89 ms.
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FIG. 7. Top: airborne and underwater acoustic signals during the bubble creation.
Markers on the acoustic signals indicate the time when each video frame of Fig. 6
was taken. Bottom: superposition of microphone patterns by an arbitrary lag time
t0 for different measurements during the liquid zip-like flow mechanism, preceding
of the intense damped sinusoidal signal. The dashed line is an exponential curve
that circumscribes the maxima of the airborne pressure just at the closure of the
cavity.

are circumscribed under an exponential curve too (drawn in dashed
line). In addition, the ratio between these two extrema remains
approximately constant for all the events. The last point concerns the
difference between the time lags between these two extrema, which
remains invariable for all the recorded experiments and lasts around
15 μs. Note that the larger is the relative speed between the bottom
of the cavity and the droplet SD2 at the impact, the higher is the
maximum of the pressure.

4. The bubble dynamic (BD)
The sudden detachment of the bubble corresponds to the

beginning of the fourth event called Bubble Dynamic (BD) event.
The images are given in Fig. 8. In the first moments, the bubble
moves away from the interface while oscillating (images 19 and 20),
and then the cavity caused by the impact of SD2 tends to approach
this bubble (images 21 and 22), before finally moving away from it
(images 23 and 24).

The maximum pressure when the bubble is detached, visible
on the underwater and airborne signals, is followed by damped
sinusoidal oscillations [Figs. 1(A) and 1(B)], which correspond to
the sound which is heard, in fact, around 150 ms after the ini-
tial drop has touched the water surface. The damped underwater
and airborne signals have the same dominant frequency, which
depends on the bubble radius, as predicted by Minnaert.17 Never-
theless, a thorough analysis of these acoustic signals reveals some
rather sophisticated and unexpected features. This is the subject of
Sec. III B.

B. Analysis of the acoustic signal of the oscillating
bubble
1. The frequency of the bubble oscillation

The Minnaert model describes the volume oscillations of a
spherical bubble in an infinite medium.17 The natural frequency fM
of a bubble with a radius R0 is

fM = 1
2πR0

√
3γP0

ρ
, (1)

where γ is the ratio of specific heat of the gas inside the bubble, P0 is
the hydrostatic pressure, and ρ is the density of the fluid. As can be
seen, the natural frequency of the bubble is inversely proportional to
its radius.

a. Time-dependence of the frequency. The time variation of the
frequency of the damped sine of the underwater acoustic signal is
shown in the spectrogram in Fig. 9. The spectrogram is measured
with a sliding window of 2048 points (corresponding to 4.1 ms),
exhibiting an information mainly concentrated around the so-called
instantaneous frequency. The instantaneous frequency appears to

FIG. 8. Images corresponding to the evo-
lution of an air bubble and the water
interface after the formation of the bub-
ble (BD). The images are taken at
(19) t = 156.14 ms, (20) t = 159.11 ms,
(21) t = 163.73 ms, (22) t = 170.26 ms,
(23) t = 174.42 ms, and (24) t = 189.38
ms.
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FIG. 9. Top: graphs of the temporal evolution of the pressure measured by the
microphone (red) and hydrophone (blue). Bottom: time–frequency representation
of the damped oscillations of the underwater pressure produced by a bubble
formed after a drop impact. Red dots represent the computed frequency predicted
when applying the Strasberg corrections.

change during the oscillations of the signal. During the first mil-
liseconds, the frequency decreases rapidly, then remains constant
for several milliseconds, and often finally rises at the end of the
oscillations.

On the basis of video observations, the shape of the bubble and
its distance to the water/air interface change continuously. Accord-
ing to Strasberg,22 the resonance frequency of a bubble actually
depends on its deformation and on its distance to the interface. It
may be corrected as follows:

fs = (ce ⋅ cd)fM , (2)

ce = ( e2/3
√
e2 − 1

arctan
√
e2 − 1)

−1/2
, (3a)

cd = (1 − R0

2d
− (R0

2d
)

4
)
−1/2

, (3b)

where ce and cd, given by Eq. (3), are the correction coefficients
due to the deformation of the bubble and to the proximity to the
interface, respectively. R0 is the bubble radius at rest, d is the dis-
tance between the center of the bubble and the interface, and e is the
ratio of the major axis to the minor axis considering the deformed

bubble as an ellipsoid. It appears that, as the distance between the
bubble and the interface is smaller, the corrective coefficient cd is
higher.

A tracking algorithm has been developed to follow the evolu-
tion of the bubble position and shape during its oscillations. From
these measurements, Strasberg correction coefficients can be calcu-
lated for each frame and applied to the theoretical Minnaert fre-
quency considering a bubble radius measured on the images when
the bubble is at rest.

The instantaneous frequency is then corrected according to this
concept and plotted on the graph. The results show both qualitative
and quantitative agreement, which we will detail in Sec. III B 1 b. In
particular, the occurrence of the frequency at the end of the oscilla-
tions, reported elsewhere,7 is due to a strong decrease in the distance
between the bubble and the interface, caused by the impact of SD2
(see images 20–22 in Fig. 8).

b. Comparison toMinnaert frequency. For each pressure oscil-
lation of the underwater acoustic signal, the dominant frequency
f d is calculated by taking the maximum of the Fourier transform
over the entire oscillating signal (see example in Fig. 9). On the
other hand, the tracking algorithm, as described above, allows us to
determine the average coefficients cd and ce. Then, we use them to
calculate the corrected frequency fc [Eq. (4)],

fc = fd 1
cd ⋅ ce . (4)

Figure 10 compares fM to fc. Error bars correspond to the min-
imum and maximum frequencies calculated, from the maximum
and minimum distances and deformations measured during the
volume oscillation of each bubble. After the correction, the mea-
surements are in very good agreement with Minnaert theory. It is
worth mentioning that, in the conditions of this study, the correction
due to the bubble deformation is small compared to the correc-
tion due to its distance from the air/water interface (see the inset in
Fig. 10).

2. Air–water transmission
For a plane wave traveling from water to air, the pres-

sure transmission coefficient is given by T = 2Zair
Zair+Zwater

, with
Zair ∼ 4 × 102 Pa s m−1 and Zwater∼15 × 105 Pa s m−1, the
impedances, respectively, of air and water, predicting a transmis-
sion around 5 × 10−4. For these measurements, the hydrophone is
situated at 4 cm horizontally from the impact point, and 3.4 cm ver-
tically. The microphone is situated 6 cm horizontally, and 2.1 cm
vertically from the impact point. The water-to-air pressure transmis-
sion is roughly constant and equal to 10−2 (see, for example, acoustic
signals in Figs. 1 and 9). This value is roughly the same as the one
reported by Phillips et al.19 They explained the unexpected trans-
mission value by the oscillation of the water surface. However, we
prove here that this high transmittance value is essentially a conse-
quence of the proximity between the bubble (source of the acoustic
signal) and the interface.

The entrapped bubbles usually produce oscillations at frequen-
cies mainly between 2 kHz and 10 kHz, corresponding to wave-
lengths λ between 15 cm and 75 cm in water, which is much larger
than the bubble–interface distance of about a few millimeters. Thus,
the acoustic signal arriving on the interface cannot be considered as
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FIG. 10. The measured dominant frequencies f d (black squares) as a function
of the bubble radius at rest (R0), and the corrected frequencies f c (red circles)
accounting for the bubble/interface distance and the anisotropy of the bubbles.
The blue solid line is the prediction of the Minnaert model with the radius R0. The
inset represents the Strasberg coefficients, ce (green diamonds) and cd (purple
triangles), calculated from the movies for each case.

a plane wave, and one must consider the geometry features of the
problem, i.e., a spherical source and a planar interface. So, a spher-
ical wave may be described as an infinite sum over frequencies of
monochromatic plane waves, and in this situation, this sum con-
tains evanescent waves.23 Due to the proximity of the source and
the interface, evanescent waves in water can reach the interface and
produce propagative waves in the air (as Zair is much smaller than
Zwater). Theoretical studies have shown that this effect leads to a large
increase in the acoustic energy transmitted to the air.23–25

Numerical simulations based on the finite element method
(using Comsol Software, acoustics module) have been computed
to predict the transmission coefficient in our experimental condi-
tions. Using axisymmetric geometry, a water–air interface is simu-
lated. A monopolar source is defined just below the interface. As the
transmission coefficient should depend on the ratio of the source–
interface distance over the wavelength, it is chosen to fix the fre-
quency at 3 kHz and to vary the source–interface distance. Perfect
matching layers are used to simulate an semi-infinite medium both
in water and in air. The pressure calculations in the air and in
water are performed at the same locations as the microphone and
hydrophone in the experimental setup. The results, shown in Fig. 11,
display an increase in the transmission coefficient when the ratio of
the distance of the interface to the wavelength decreases.

The experimental transmission coefficients are measured. For
each bubble oscillation, the pressure values of the extrema of the
oscillating signal for both microphone and hydrophone are mea-
sured, and the ratio is calculated. Note that this method allows us
to follow the temporal evolution of the transmission coefficient,
which varies with time. This can be explained by the variation of

FIG. 11. Transmission coefficient through the water–air interface as a function of
the ratio of the distance between the acoustic source to the interface and the wave-
length of the acoustic wave in the water. The circles correspond to the experimental
measurements, and the solid line is the theoretical prediction accounting for the
geometry of the acoustic source and the distance to the interface. The dashed line
is the transmission coefficient given by the plane wave theory.

the bubble–interface distance during the oscillations. In order to
compare with the simulation, a mean transmission coefficient is cal-
culated, as well as a mean bubble–interface distance, measured on
the video footage.

The results are plotted in Fig. 11. The error bars display the
maximum and minimum values for both the distance and the trans-
mission coefficient. The measured pressure ratios are of the same
order of magnitude as the simulation, although slightly lower. This
effect may be explained by the tank influence on the acoustic field
in water. Although the simulations are performed for a semi-infinite
medium, the pressure measured by the hydrophone is the sum of
the direct source radiation and the reflected radiation on the tank
walls, and the measured transmission coefficient is then under-
rated. The role of the reflections on the tank walls is clearly attested
in Sec. III B 3.

3. Damping
We now focus on the apparent damping of both underwater

and airborne acoustic signals. The experimental damping time τ of
each signal (τwater and τair measured in water and in air, respectively)
is calculated by measuring the evolution in time of the extrema of
each signal and fitting them by an exponential decrease of character-
istic time τ. For several experiments, bubbles of various sizes and so
various oscillation frequencies are produced, and the damping times
are measured for each case. As shown in Fig. 12, τwater is clearly larger
than τair for any frequency.

For a bubble in an infinite medium (i.e., far from both the free
surface and the tank walls), the dimensionless damping constant δ
defined by δ = 2/ω0τ is due to three origins,26
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FIG. 12. Characteristic damping time τ of the oscillating signals measured in water
(blue closed symbols) and in the air (red open symbols). Measurements performed
both in a tank (square symbols) and in a big swimming pool (circle symbols) are
compared to the theoretical predictions (solid line).

δ = δrad + δth + δvis, (5)

with ωM being the natural bubble pulsation, and δrad, δth, and
δvis describing the radiation damping, thermal damping, and vis-
cous damping, respectively. These three different quantities are
expressed as26

δrad = ωMR0

c
, (6a)

δvis = 4η
R2

0ρωM
, (6b)

δth = P0Im(ϕ)
R2

0ρω2
M

, (6c)

with c being the celerity of longitudinal acoustic waves in the
liquid, η the shear viscosity, ρ the density of the liquid, and ϕ
= 3γ(1 + 3i (γ−1)ld√

2R0
) in the adiabatic limit (ld ≪ R0), with ld being

the thermal diffusion length. As shown in Fig. 12, the values of the
damping time obtained by this model are in satisfactory agreement
with those of the experimental damping time measured in the air but
far from the values measured in water.

To identify a possible role of the tank walls in the signal mea-
sured by the hydrophone, experiments were performed in a real pool
of dimensions 10 × 25 × 2.2 m3. In these conditions, the measured
τwater and τair are similar and consistent with the theoretical val-
ues (see Fig. 12). In the pool, the working area (impact point and
hydrophone) is at 2.2 m of the closest wall, in order to maximize the
time lag between the direct signal and the first reflection on the wall
(the reflection from the interface cannot be avoided). The first echo
is therefore supposed to be measured on the hydrophone after about

3 ms, which is higher than the characteristic damping time of most
bubbles.

This result suggests that the hydrophonic signals obtained in a
tank are made up of the acoustic emission of the bubble and all the
reflections on the walls of the tank. Moreover, the amplification at
a given frequency depends on the frequency resonance of the water
volume. However, the damping time deduced from the microphone
measurements is not influenced by the liquid container. Indeed, the
microphone measures the direct field of the source, without the
reflections on the container walls.

IV. CONCLUSION
This work reports on the hydrodynamics and acoustics, below

and above the water surface, of a drop of water impacting the liquid
surface at the frontier of the so-called irregular entrainment regime.
The synchronization of the images obtained by a fast camera and
the acoustic signals allowed a very fine and novel description of the
phenomenon.

During the first hundredth of seconds, the hydrophone sig-
nal shows a relatively slow variation in pressure associated with the
development of an air cavity following the impact. At about 150 ms
after the impact, an intense acoustic signal is recorded both under
water and in the air. It corresponds to the free oscillations of an air
bubble whose entrapment mechanism is first revealed here. Indeed,
when the Rayleigh jet, induced by the retraction of the primary
cavity, collapses, two secondary droplets are released. The second
droplet falls back and closes the air cavity created by the retraction of
the Rayleigh jet. The closing of this cavity resembles a liquid zipper
and generates a specific pressure signal in the air.

Once the bubble has formed, an acoustic signal is measured
in the air and under water, corresponding to the oscillations of the
bubble volume, as described by Minnaert. However, the measured
frequency values are about 20%–30% higher than those predicted
by the Minnaert model. In addition, we have highlighted the time-
dependence of the instantaneous oscillation frequency. These fea-
tures are related to the proximity of the bubble to the interface and to
its deformation. The corrections applied to the Minnaert theory, as
proposed by Strasberg, show good agreement with the experimental
results.

The transmission coefficient across the water–air interface is
also studied and is more than ten times higher than the predicted
one for plane waves. In contrast, the proximity of the bubble to the
interface and the spherical geometry of the source may explain the
increased transmission across the interface.

Finally, the comparison between measurements in a tank and
in a large swimming pool shows the important role of the tank
dimensions. The results highlight that the duration of the acoustic
signal measured on the hydrophone is greatly increased by acoustic
reflections from the tank walls.
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