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Abstract: The collision of droplets with a water surface is being actively devel-
oped in the interests of many applied problems—transfer of matter through the
ocean-atmosphere boundary, underwater acoustic noise of the marine environ-
ment, measurement of precipitation intensity, various technologies, and much
more. One of the research priorities is acoustic radiation, in particular, shock
sound arising at the moment a drop contacts the surface. The impact of the drop
is preceded by processes that affect the shape of the drop, because of which it
noticeably deviates from the spherical one. As a result, the final (contact) velocity
changes–one of the most important parameters of collision. The study of the listed
factors is carried out in this work by means of broadband acoustic measurements
and high-speed video recording.

Keywords: Droplet; impact; acoustic emission; shape; final velocity; cross-
correlation

1 Introduction

Collision of a droplet with a free surface of a liquid is accompanied by acoustic emission, the radiation
mechanisms of which differ significantly from the processes that occur when a droplet hits a solid surface. In
a liquid, in contrast to a solid, at a late stage of collision—several tens of milliseconds after contact—resonant
sound packets emitted by air bubbles emerging from the underwater cavity appear [1,2]. Bubble formation
occurs due to the air drawn in by the drop at the moment of collision [3]. This type of radiation is detected
confidently, but its key parameters (frequency, amplitude, duration) do not repeat from experiment to
experiment [4]. The initial shock impulse is much more stable under constant experimental conditions
[5], however, fluctuations are also observed in it, mainly due to deformations of the bottom of the droplet
and the water surface immediately before the collision [6]. The collision scenario is largely determined by
the final shape of the drop, which the drop takes due to oscillations. The number of oscillations and the
final phase depend on the method of formation, separation, and height of incidence. A significant
contribution is made by the internal flows of the droplet, the intensity and geometry of which can change
in the presence of an external electric field [7], or due to rapid change in the droplet temperature during
the fall [8]. One may try to take into account the effects of deformation by replacing spherical droplets
with regular spheroids [9], but in reality, as fine experiments [10] show, deformation is extremely local
and is concentrated in the very small bottom segment of the drop. The nature of the deformation–the
formation of an air cushion, distorting the shape of the bottom of the drop and the underlying surface
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itself. Under the assumption of vertical symmetry of the deformation and at small Reynolds numbers, a
numerical simulation of the air gap based on the viscous lubrication theory [11] gives results comparable
to the experiment [10,12].

Under conditions of flow symmetry, it would be possible to establish the impact velocity and determine
the effective impact pressure. However, in reality, at the time of the splashdown, the droplet shape
is noticeably different from spherical—most often it is an irregular ovoid with an arbitrarily oriented
main axis [13].

For this reason, a theoretical estimation of the droplet impact pulse is fully possible if the droplet has the
shape of an ideal sphere [14] or a regular spheroid [9].

In references, the main factors determining the interaction of a droplet with a surface include the
collision velocity and droplet diameter. However, both parameters are considered separately without
interconnection with each other. To a certain extent, this is justified for small droplets (<2 mm), whose
shape is close to spherical. Larger droplets oscillate in shape during movement, and by the time of
contact acquire the form of an irregular ovoid. Depending on the type of ovoid–prolate or oblate–the
collision speed can noticeably change.

One may list many effects in which the final shape of the droplet plays a significant role. Among them,
the formation of a splash structure—to reduce the shape influence and even eliminate it, they try to make
droplets as little as possible [15]. The efficiency of transfer of droplet matter into the atmosphere and the
formation of secondary droplets upon impact with a wetted surface [16,17], also depends on the shapes
of the impacting drops.

A large number of works are devoted to the collision of a droplet with a solid surface, when a
droplet shape distortion at the contact is many times greater than the oscillation magnitude of the shape
of the falling droplet [18,19]. The influence of the droplet shape was investigated in connection with the
capture of air and the subsequent formation of underwater resonant cavities [20]. At the same time, the
inverse effect of air on the final droplet shape is not considered significant according to experiments [21]
and numerical calculations [22].

Among the many references, it is hard to find one indicating droplet deformation as a factor of influence
on the impact velocity, which, in turn, determines to some extent the amplitude of the shock acoustic pulse. In
this work, the relationship between the velocity and shape of the droplet is considered in the context of their
influence on the acoustic shock pulse.

We consider a practically important case—the distribution of the shock field of pressure inside the liquid
on a vertical line, which is a continuation of the drop moving line, since with this geometry the theory allows
direct experimental verification by routine measurements [6,23]. Although a single drop is considered here,
the results can be transferred to processes in which multiple drops are involved—rain or technological
processes, for example, shear stresses in cross-jubction devices [24].

2 Theoretical Background

The mechanism of shock radiation, as in the case of a collision with a solid surface, is of kinematic
nature: the radiation comes from a contact contour (Fig. 1) of a radius re that expands at the initial stage
with supersonic speed [25–29]. The supersonic stage ceases at the moment tc ¼ aM=2c from the initial
contact when the radius of the contact spot reaches rc ¼ aM ; M ¼ U=c– Mach number c� sound
velocity in the water.

At the moment t the acoustic field on the axis z (line of incidence of the droplet) at point M located at a
distance Re from the contact contour, determined by the signal emitted at the moment t � Re=cð Þ when
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contour radius is re ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2aUðt � Re=cÞ

p
. Along with R2

e ¼ z2 þ r2e this yields quadratic equation for Re of
which the solution is

Re ¼ aM
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t0 þ z02

p
� 1

� �
¼ rc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t0 þ z02

p
� 1

� �
(1)

where t0 ¼ t=tc, z0 ¼ z=rc.

Next, we take the equation of sound propagation in the form r2φ� c�2@2φ=@t2 ¼ 0 where φ is the
velocity potential. On surface z = 0 the following conditions are satisfied:

φðr; 0; tÞ ¼ 0, φz r; tð Þ ¼ 0 at r > re (the liquid is undisturbed outside the contact contour);

φzðr; 0; tÞ ¼ uðtÞ at r < re (inside the contour, speed is finite);

φzðRe; 0; tÞ ¼ U at r ¼ re (on the contour itself, the speed equals the contact speed)

Initial condition has a simplest form and means that no acoustic field is earlier than impact:

φ r; z; 0ð Þ ¼ 0; φz r; z; 0ð Þ ¼ 0.

Standard solution [30] yields velocity potential at point M of z-axis (Fig. 1):

φ z; tð Þ ¼ � 1

2p

ZZ

S

φzðr; t � R=cÞ
R

rdrdh ¼ �
ZRe

z

uðr; t � R=cÞdR (2)

Accordingly, the sound pressure at depth z at the moment t is

p ¼ �r
@φ
@t

¼ r

ZRe

z

@uðt � R=cÞ
@t

dRþ @Re

@t
U

0
@

1
A (3)

Assuming that the velocity u is constant over the entire contact surface, i.e., @u=@t ¼ 0 we get from (1–3)

p ¼ qUcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t0 þ z02

p (4)

Expression (4) is a simplified notation of [14] at M � 1.

3 Experimental Apparatus

Experiments were carried out at “ESP” – laboratory stand from the “Hydrophysical Complex IPMech
RAS” [31]. Drop of diameter D ¼ 2a fall from the dispenser located at some height H . For video recording

Figure 1: Geometry scheme of the contact between drop and water surface. a� radius of the drop, U – final
(contact) velocity, re – radius of the expanding contact contour
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camera Optronis CR3000x2 [32] was used. The acoustic pressure was measured by hydrophone GI800-13
[33], whose performance data along with testing output signals are given in Fig. 2.

Ideal hydrophone (curves in Figs. 2a–2c) has been synthesized as Chebyshev Type I bandpass filter [34]
fitting the real magnitude response (dot plot in Fig. 2a).

In Fig. 2d hydrophone outputs simulate input (4) for the three diameters of drops falling at the same
velocity. All the curves are similar, they differ only by amplitudes. One may see two character periods
T1 ¼ 1:4 � 10�6 and T2 ¼ 5:6 � 10�6 s which are conditioned by two resonant peaks at low and high
frequencies Fl ¼ 180 and Fh ¼ 700 kHz (Fig. 2a). Also we can see that process of long period T2 is
delayed about 5 μs (see Fig. 2c) while short period signal T1 delayed only for less than 2 μs (see Fig. 2c)
and phase inverted (see Fig. 2b). All this features are associated with the intrinsic properties of the
hydrophone and are not related to the impacts and should be excluded from experimental data.

The hydrophone introduces noticeable distortion into the measurement of an extremely high-frequency
shock pulse. Estimates showed that the introduced attenuation when measuring the amplitudes of fast
pressure pulses, like shock, is characterized by a factor of about 0.15.

4 Experimental Results

4.1 Shock Impulse Attenuation with Depth
At a constant height of incidence, the speed of the drop is maintained approximately constant except for

some fluctuations caused by oscillations of the droplet shape.

Major variability should be expected from the denominator of (4). If we represent (4) in dimensional

form p ¼ rU2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2M2 þ 2aUt þ z2

p then, at natural drops falling velocities M � 1ð Þ, sufficient depth (z � a),

and taking into account the correction coefficient, expression (4) turns to

p ¼ 0:15 � qU2a=z (5)

It follows from (5) that factors leading even to small deviations in the final velocity will cause noticeable
fluctuations in acoustic pressure. Most of all, this may effect at low speed range.

On Fig. 3a, the dots show the experimental dependence into which the curve (5) fits well. Note that the
velocity pulsates relative to the average value, which is noticeably less than the U ¼ ffiffiffiffiffiffiffiffiffi

2gH
p

(Fig. 3b).
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Figure 2: Magnitude (a) and phase (b) response, and delay time (c) of the synthesized hydrophone. Dots in a
– real frequency response characteristic according to certificate [48796-11: GI800 Hydrophones]. d –

responses of the synthesized hydrophone to signal (4) at D = 5, 3, 2 mm (1, 2, 3), U = 5 m/s, z = 3 cm
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Fluctuations in the experimental graph against the curve are associated with oscillations in the impact
velocity (Fig. 3b) caused by instability of the shape of the droplet during the fall.

In this case, the height of the fall remained constant, so the variability of the form is largely due to
secondary factors–flows in the ambient air and instability of the separation scenario. So, the shape of the
splashed drop is unstable that can be characterized by ratio e ¼ A=B� 1 (Fig. 4) which will be referred
to below as e-ratio. Fig. 4 shows how the e-ratio changed in each experiment. The depth of the
hydrophone is plotted along the abscissa—it serves as the number of the experiment. It is seen that, with
an increase in depth to 15 cm, the drop, while remaining slightly oblate, gradually acquired a shape close
to a sphere. In this case, the peak pressure amplitude (dots) followed the theoretical curve (Fig. 3).
However, then (z > 15 cm) the drop shape sharply returns to the oblate form; this is accompanied by a
noticeable deviation of the experimental points from the solid curve in Fig. 3. Below we consider the
functions of cross-correlation of speed and e-ratio, so the question will be clarified.
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Figure 3: a – The amplitude of the shock pulse Pm depending on the depth z of the hydrophone. Dots –
experiment, solid is theoretical approximation (5). b – Impact velocity: 1 – measured from videoframes,
2 – U ¼ ffiffiffiffiffiffiffiffiffi
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Figure 4: The variability of the ratio e ¼ A=B� 1. Insert: sketch of equivalent ovoidal drop
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4.2 Effect of Variability of the Drop Shape
The variability of the height of the fall is the main factor affecting the shape of the impacting drop. In the

process of falling, the drop makes a series of shape oscillations and, by the time of contact, usually has the
form of an irregular ovoid. Even slight variations in height lead to noticeable changes in shape. In Fig. 5
drops falling from the heights of 112 and 120 cm, at the moment of contact sharply differ in shape being
respectively, oblate and prolate. A significant increase in height to 167 cm leads to a sharp change in
shape—it becomes significantly irregular (Fig. 5, photo 3).

Impact pressure data (curves 1 and 2, Fig. 5) are obtained at the hydrophone depth 3 cm, as well as
theoretical plot 4, and at adjacent heights of fall providing final velocity about 4.5 m/s. Curve 3
corresponds to depth more than twice as large (z = 6.5 cm), however, the height of its fall is one and a
half times more (final speed 5.7 m/s). Despite attenuation due to double deepening, the shock pulse # 3
turns out to be 1.5 times more due to the higher speed.

Acoustic pressure plots 1–3 manifests the same features of hydrophone that were previously noted in test
signals (Fig. 2d). With a delay of about 1.5 μs, an inverted double-peak signal (period T1) arises due to
resonance at a frequency of Fh (Fig. 2a), and about 5 μs later low-frequency (period T2) oscillations start

Figure 5: Snap-shots of the drops right before the contact and plots of hydrophone responses. Numberings
of the images and curves are identical. 1, 2, 3: H = 112, 122, 167 cm. 4 – calculation in accordance with (5) at
H = 115 cm. Insert: enlarged fragment around vertex of the shock. Time (ms) is counted from shock
maximum. Tick mark interval in the frames is 2 mm
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due to a resonance at a frequency of Fl (Fig. 2a). Of course, all of the above features are repeated in the
theoretical curve 4 that corresponds to expression (5).

A drop falling from a constant height performs a finite number of shape oscillations before a collision.
When the experiments are repeated many times, among the many splashdown scenarios, there is the most
probable one in which a certain droplet shape occurs most often. With a changing fall height, such a
scenario does not exist. The drop takes the form determined, first of all, by the final phase of the
oscillations, as well as by random factors caused by instability of the environment. The shape of the drop
affects the final velocity and, accordingly, the amplitude of the shock pulse (4). In the gap between an
oblate drop and the surface, the air cushion has a larger surface than one in the case of a prolate drop.
Therefore, the air exchange in oblate drop cushion will take a longer time; it should be expected that
oblate drop will be decelerated in more extent than prolate drop.

The frames of splashed drops obtained in the experiment with a successive increase in the height of
fall with a step of 5 cm are shown in Fig. 6. Among the ten fragments, not one in which the droplet
shapes were similar.

Along with the height of the fall, the impact velocity also increases, the variability of which is shown in
Fig. 7a. Its values (dots) are grouped above and below the smoothing curve 2 and generally lie noticeably
below the canonical level

ffiffiffiffiffiffiffiffiffi
2gH

p
.

Fig. 7b shows a plot of the e-ratio as a function of height. It can be noted that the local extrema of the e-
and U-curves are in antiphase. This becomes apparent if we compare the dependencies U 0 ¼ U � Uh i and
e0 ¼ e� eh i, where the symbol himeans the smoothing operation. Both dependences are plotted on the same
abscissa axis (Fig. 7c); it can be seen that they are in sharp antiphase.

The picture is supplemented by the cross-correlation coefficient of both quantities

Reu ¼ m e� mðeÞð Þ U � mðUÞð Þ½ �
sesU

, where mðÞ is the mathematical expectation, s� the square root of the

variance. The form of the coefficient (Fig. 8) indicates that the sequences e� mðeÞ and U � mðUÞ are in
antiphase, i.e., an increase in e-ratio leads to a decrease in speed. In other words, a prolate drop, under
equal conditions, has a greater final speed than an oblate drop.

Figure 6: Drops right before splash-down. Lower “drops” are reflections. a-j: H = 122–167 through 5 cm.
Tick mark interval – 2 mm
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5 Conclusion

The acoustic impulse arising from the impact of a drop on a water surface is characterized by an
extremely short lifetime. Because of the bounded bandwidth, present-day hydrophones do not quite
satisfy the requirements of adequate reproduction of the initial shock pulse. This mainly affects the
appearance of spurious components in the output signal, which are associated with the intrinsic properties
of hydrophones. Nevertheless, acoustic sensors together with modern video cameras allow us to establish
important features of the collision process and their influence on the amplitude of the shock pulse. In
these experiments, it was revealed:

1. When a drop falls from a constant height, the decay of the shock pulse with depth is characterized by
noticeable deviations from the canonical dependence followed by velocity fluctuations, and accompanied by
variations in the e-ratio.

2. The influence of the shape of the splashed drop on the collision velocity was confirmed in experiments
with a varying drop height. Cross-correlation processing of geometric parameters and velocity of the droplet
revealed a direct relationship between the final velocity and the droplet shape.
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“Hydrodynamics and energetics of drops and droplet jets: formation, motion, break-up, interaction with
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