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A B S T R A C T

The study of the impact between a rigid structure and water has raised the interest of many researchers
in these recent years. This problem is relevant to various engineering applications, and particularly in the
nautical environment (renewable energy, marine applications...). The present paper details an experimental
investigation of rigid circular plates impacts into pure water. The analyses are based on impact pressure
temporal signals, pressure impulses and frequency analysis recorded while the plates were impinging the still
water surface. The measurement campaigns were carried out at the University Le Havre Normandy’s LOMC
laboratory, in a recently developed experimental facility. In the previous experimental and numerical studies,
it was observed that the magnitude of the peak slamming pressure is reduced if compared to the theoretical
model predicted by von Karman (1929). Similar observations were made here and the decrease was partly
attributed to the cushion effect resulting from the presence of an entrapped air layer between the rigid plate
and the water free surface. This work aims to study the influence of the cushion effect on the impact pressure
by using four rigid circular plates with different diameters in order to modify the volume of the air layer.
Initially, the measurements were carried out for an ambient pressure equal to the atmospheric pressure. In a
second part of the study, the same measurements were performed for two lower ambient pressures (about 75%
and 50% of the atmospheric pressure) in order to minimise the cushion effect. And finally, a frequency analysis
is presented with comparisons to theoretical results of Minnaert (1933) in order to correlate the air layer size
to the pressure oscillation characteristics. The obtained results were compared with previous experimental and
theoretical studies for low impact velocities (𝑉 ≤ 1.2 m/s).
1. Introduction

When a fluid strikes a body, very large forces are generated over
a very short period of time. This hydrodynamic situation is observed
in several fields ranging from sea wave loads or direct impact of
hulls with the free surface. The coastal and offshore structures also
face such conditions during breaking waves impingement. Moreover,
the phenomenon has also been widely investigated during sloshing
conditions, i.e., when a partly filled liquid tank undergoes a rolling
situation and causes breaking waves impacts on the tank internal walls.
Another example of a fluid solid impact is observable during an aircraft
emergency ditching or in nautical sports when athletes jump into water
from considerable heights. In order to participate to increasing global
understanding of solid–fluid impacts, this paper will be dedicated to
flat circular plate impinging on a still water surface.

In order to get a detailed understanding of water–structure impacts,
the phenomenon has been investigated using experimental, theoretical
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and numerical approaches for several decades. To clarify the properties
of water slamming, these studies are based on the analysis of pressure
and the impulse during the impact. To the best of the author’s knowl-
edge, this phenomenon was initially observed during a documentation
of wave loading on caisson breakwaters in 1840 by Stevenson (1840)
on site at Dunbar, a UK harbour. The first theory to estimate the
maximum pressure during a fluid impact was developed by von Karman
(1929) while studying the problem of a seaplane ditching commonly
called the water entry problem. In his work, it was found that the peak
pressure during a flat bottom solid impact on a compressible liquid
was equal to the acoustic pressure 𝑃𝑚𝑎𝑥 = 𝜌𝑉 𝑐, where 𝜌 is the fluid
density, 𝑉 is the velocity at the instant of impact and 𝑐 the speed of
sound in the fluid. Even though this was not the main objective of the
numerical study published by Braeunig et al. (2009), some very inter-
esting insights toward the validation of the von Karman theory can be
vailable online 29 August 2022
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found in that study. In fact, Braeunig et al. studied liquid impact using
a two-phase finite volume compressible solver to investigate the loads
exerted on a horizontal plane by a free-falling block. And by decreasing
the air density close to zero, mimicking a water impact in the void,
the obtained impact pressures by Braeunig et al. were approaching
this von Karman’s theory. The work presented in the current paper
aims at assessing if one can validate this von Karman’s theory with an
experimental device, by reproducing the Braeunig et al.’s configuration:
a water impact in the void. From another perspective, also following
the von Karman theory 𝑃𝑚𝑎𝑥 = 𝜌𝑉 𝑐, the dependency of the pressure
maximum to the liquid speed of sound 𝑐 could also explain the great
variability of the pressure magnitude depending on the fluid. In fact, in
the study of Wood (1941), the sound speed was analysed for different
mixtures of air and water and it was observed that for an air volume
fraction of 1%, the speed of sound decreased to ≈ 200 m/s. This
would imply a drastic decrease of the impact pressure (when using
the acoustic pressure theory) in the case of slightly aerated sea water
when compared to a pure liquid situation where the speed of sound is
≈ 1500 m/s. In the present paper and to start with, only pure water
impacts will be presented and discussed.

For real life configurations, the on-site wave loads records on the
breakwater of Dieppe by de Rouville et al. (1938) reported a great
spatial and temporal variability of the pressure signals by apparently
similar waves. This motivated the study of Bagnold (1939) to perform
laboratory controlled breaking waves and investigate the impact pres-
sure fields exerted on a vertical wall. In his work, Bagnold pointed
out the important role of air being entrapped between the overturning
wave and the solid surface during an impact, which produces a non-
negligible cushioning effect. Regarding the water entry problem, this
effect is also likely to occur by entrapping air between the solid and the
free surface. This effect was not taken into account in the theoretical
work of von Karman. However, von Karman’s work was extended
theoretically and experimentally by Verhagen et al. (1967) by assuming
a deformation of the free surface before the impact which consequently
entrapped an air layer. The air entrapment is especially relevant when
the model makes use of a flat bottom solid (see e.g. Chuang et al.,
1966; Verhagen et al., 1967; Lewison et al., 1968) rather than a wedge-
shaped solid (see e.g. Chuang, 1966; Zhu, 1995; Zhao et al., 1997). In
the experiments of Chuang et al. (1966) using a flat plate, the maximum
impact pressure was found to be proportional to the acoustic pressure in
the air (i.e. using the speed of sound in air) due to the aforementioned
air cushioning effect. These experiments were carried out at relatively
low velocities of the solid 𝑉 < 1.92m/s, a velocity range similar to the
one experimented here. Hattori et al. (1994) further investigated the
air cushioning effect by performing experiments of a breaking wave
impact on a vertical wall. This study reported that the impact pressure
magnitude increased when reducing the amount of air being entrapped
between the liquid and the solid; and also related the appearance of
pressure oscillations to the compression and expansion of the air cavity
during the impingement.

Recently, Lugni et al. (2010b,a) employed a sloshing tank experi-
mental setup for recreating breaking waves conditions and measured
the related pressure loads. In this work, the objective was to study the
effect of a depressurisation of the tank on the evolution of the air cavity
entrapped during a wave impact. It was reported that by depressuring
the tank, the ratio 𝐴𝑒𝑥𝑝∕𝐴𝑐𝑜𝑚𝑝 of the air cavity entrapped area at the
instants of maximum expansion 𝐴𝑒𝑥𝑝 and compression 𝐴𝑐𝑜𝑚𝑝 drastically
increased. It was also pointed out the possible occurrence of cavitation
during the cavity compression and expansion pressure fluctuations. As
mentioned above, such a depressurisation was also studied numerically
by Braeunig et al. (2009). In fact, diminishing the air density (to a
very low value) can be considered as depressurising the tested flow
configuration. Therefore, three ambient pressure configurations will be
tested in the present experimental campaign, one close to atmospheric
pressure and two with increasing depressurisation in order to possibly
2

reproduce Braeunig et al.’s configurations.
The numerical work of Ma et al. (2014) investigated the water entry
problem into pure and aerated water. In their work, it was reported
a reduction of the pressure peak and an increase of the rise times
(i.e. the interval since the pressure increases until the maximum peak)
when increasing the liquid aeration. Moreover, it was reported the
presence of shock waves, travelling through the liquid phase, that arises
the liquid compressibility. Other numerical studies explored the fluid
compressibility from different fluid impact perspectives e.g. Guilcher
et al. (2010), Ma et al. (2016), Gatin et al. (2020), Batlle Martin
et al. (2021) among others. The reduction of the pressure peak due
to the presence of entrapped air was initially reported experimentally
by Bullock et al. (2001) and it has been recently confirmed using a flat
plate water entry experiments for velocities of the solid ranging from
1 − 7 m/s by Mai et al. (2019). In the present paper, after analysing
the obtained experimental results, the importance of such an entrapped
air bubble is investigated in order to be further characterised. Even
though the velocity range (𝑉 ≤ 1.2 m/s here) is smaller than the
one of Mai et al., it is still in the range of experimentally observed
one at the laboratory scale. In fact, in the work of Kimmoun et al.
(2009) where solitary waves were impinging a flat wall, some PIV mea-
surements were performed where a velocity of 1.2 m/s was measured
for highly impulsive impacts. These velocity fields were reproduced in
Lu et al. (2021) and Batlle Martin et al. (2021) for instance. And the
objectives of Kimmoun et al.’s work was clear: study, at the laboratory
scale, the maximum impact pressures in Liquefied Natural Gas tankers
representative of real impact configurations.

The aim of the present work is first to assess, via an academic
test configuration, whether the von Karman (1929)’s theory can be
reproduced experimentally. For this, three ambient pressure configu-
rations are tested aiming to reproduce experimentally the numerical
configurations of Braeunig et al. (2009). Of course, different plate di-
ameters and impact velocities will be considered. Therefore, the paper
is divided as follows. Section 2 describes the experimental setup, the
experimental protocol and the measurement techniques validation. This
section summarises details of the method used to determine the peak
slamming pressure and the pressure impulse. Then, Section 3 presents
and analyses the obtained results of the maximum impact pressures
and pressure impulses for ambient atmospheric pressure configurations.
The following Section 4 analyses similar results but for sub-atmospheric
configurations. And the last Section 5 details a frequency analysis
carried out for all the above-mentioned configurations. Finally, some
conclusions are drawn as well as perspectives for future work are
discussed in Section 6.

2. Methodology

2.1. Experimental set-up

Impact pressure of solid plates impinging on a flat water surface has
been studied by means of an experimental set-up recently developed at
the University Le Havre Normandy. The experimental set-up is given
in Fig. 1. Different circular 10 mm-thick steel plates of diameters 𝐷 =
3 cm, 6 cm, 10 cm and 14 cm were used. The tank is 52.5 cm long
y 47.5 cm wide and 55.3 cm deep, made of 12 mm thick PMMA
anels. Considering a sound velocity in water about 1450 m/s, the
ank’s dimensions lead to natural frequencies, i.e frequencies related
o the reflection of the acoustic wave between the tank walls, of
762 Hz, 3053 Hz and 1686 Hz (see Section 5 for more details). Those
requencies are much higher than the observed oscillating frequencies
f the air cushion trapped below the plates. For these experiments,
he tank is filled with demineralised water to a height of ℎ = 43 cm.
he impact pressure was measured using a Kistler piezoelectric PE
ressure sensor of type 601CAA of diameter 5.55 mm. Pressure signals
re recorded using the software provided by Kistler with a DC amplifier
ith an acquisition frequency up to a maximum of 208 333 Hz. The
circular plates are screwed around the sensor, i.e., the impact pressure
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Fig. 1. Experimental set-up.
is measured at the centre of each plate, where the impact pressure
is supposed to be the greatest (Mai et al., 2019). The sensor itself
is screwed on a cylindrical support connected to a carriage moving
vertically at a constant velocity on a motorised linear transverse system
(Zaber X-LRT0750DL-E08C). The carriage can move over a distance of
75 cm, where the motor is controlled via Zaber Console software. Due
to the short distance to be crossed by the carriage as well as to the
power of the motor, the maximum travelling speed (i.e. the maximum
impact velocity) is limited to 1.2 m∕s in this study. For each velocity,
the impact moment corresponds to the instant where the carriage is in
the middle of the linear transverse. The velocity is thus ensured to be
constant at the impact.

For this study, series of measurements were carried out with differ-
ent ambient pressures: 𝑃0 ≈ 0.5 bar, 0.75 bar with an error of ±0.005 bar
and 1.015 bar with an error of ±0.01 bar. To perform this, the whole set
was placed inside a sealed enclosure (see Figs. 1, 2). This enclosure was
made of rigid plywood panels with a thickness of 18 mm, supported by
a structure of 45 mm× 45 mm aluminium sections. In order to promote
optical observations as well as access to the interior, an entrance is kept
that can be locked up by another plexiglass panel with a thickness of
18 mm, surrounded by a rubber gasket to ensure the tightness during
the depression. The distance between the plywood walls and the tank is
at least 10 cm. Thus the outer enclosure and the tank are disconnected
during depressurisation except on the bottom where a plywood plane
ensures the interface between the steel bottom of the structure and
the PMMA tank. In order to achieve the depression, a vacuum pump
(BECKER U 4.70 SA/K) was used characterised by a flow rate between
70 and 84 m3/h. To control the ambient pressure inside the enclosure,
the vacuum pump is equipped with a valve, which is monitored in real
time using a pressure sensor (VEGABAR 38) characterised by a ceramic
measuring cell with an accuracy of 0.3%. This sensor is connected to
the interior and equipped with a text display allowing the reading of
the ambient pressure and temperature values.

2.2. Experimental protocol

In this study, seven impact velocities varying from 0.4 to 1.2 m∕s
were chosen for each of the three ambient pressures. Also, the four
different plate sizes (with 𝐷 ranging from 3 cm to 14 cm) were sys-
tematically studied for each ambient pressure and travelling velocity.
For each impact velocity, five acquisitions were recorded in order
to verify the results reproducibility. The pressure is thus obtained as
the averaged value and the uncertainties correspond to the standard
deviation. In between two acquisitions the waiting time is around ten
minutes, which is sufficient to guarantee the stabilisation of the water
free surface after impacts. The recording always starts before starting
3

Fig. 2. Photo of the experimental set-up, inside the sealed enclosure.

the displacement of the carriage and stops when the carriage reaches
the end position. This measurement campaign was carried out in an
ambient temperature of 𝑇 = 19 ± 2 ◦C.

2.3. Test validation

In order to study the reliability of the results, a convergence study
on the pressure probe acquisition frequency is first performed. The
acquisition frequency is varied from 10 Hz and 208 333 Hz, which are
the minimum and the maximum frequency of the sensor respectively,
for 𝐷 = 6 cm and 𝑉 = 1.0 m∕s. For each acquisition frequency,
the peak pressure, corresponding to the maximum of pressure time
evolution (Fig. 3(b)), is measured. Fig. 3(a) shows that the convergence
is obtained for an acquisition frequency larger than ≈ 100 kHz with a
standard deviation lower than 2%. However, the maximum frequency
of 208 333 Hz has been chosen for the pressure sensor for all the
acquisitions presented in the following.
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Fig. 3. (a) Convergence of 𝑃𝑚𝑎𝑥 measurements as a function of the acquisition frequency, (b) Reproducibility of pressure measurements: five tests of pressure time histories in the
ame conditions 𝑉 = 1 m∕s and 𝐷 = 6 cm.
Fig. 4. Typical time histories of the carriage’s displacement (a) and velocity (b). The instant of impact is indicated with a vertical dashed line on each of the graph.
Then, the reproducibility of maximum pressure value was verified
by reproducing five times the experiments for each given plate’s di-
ameter and slamming velocity. Fig. 3(b) depicts the comparison of
the temporal signals for five acquisitions. This figure shows that the
reproducibility is verified, with a low standard deviation estimated at
2%.

Finally, the impact velocity, i.e. the velocity at which the plate is
travelling when it first impacts the water free surface, is presented
and discussed. Fig. 4 illustrates the temporal evolution of the carriage
position and its velocity for different velocity commands. The impact
instant corresponds to the moment when the carriage position arrives
at 40 cm, close to the middle of the linear transverse. The velocity at the
moment of impact is thus located in the middle of the velocity plateau.
Moreover, the nominal speed value given by the software corresponds
to the value of the average velocity of the plateau with an uncertainty
estimated at around 1%, corresponding to the standard deviation for
the five acquisitions.

2.4. Experimental pressure–impulse determination

In the case of this study, a layer of air remains entrapped between
the rigid plate and the water free surface. This cushion effect there-
fore influences the amplitude and the duration of the peak slamming
pressure. In particular, the maximum pressure does not evolve linearly
with the size of the plate. The duration of the peak must also be taken
into account as it will be presented in Sections 3 and 4. The pressure–
impulse thus appears to be more adapted to quantify the impact. This
4

pressure–impulse is defined as follows:

𝐼 = ∫

𝑡𝑓

𝑡𝑖
𝑃 (𝑡) d𝑡

where 𝑡𝑖 𝑎𝑛𝑑 𝑡𝑓 are the initial and final time of the impact respectively.
For the calculation, a common criterion is defined for all cases of this
study. The initial time 𝑡𝑖 is defined as the instant when 𝑑𝑝(𝑡)∕𝑑𝑡 becomes
larger than 110 Pa s−1. This arbitrary threshold appears to be consistent
with all the measurements. An example is presented in Fig. 5(a). The
final time 𝑡𝑓 is estimated by taking the first intersection of the pressure
time signal with the axis 𝑃 = 0 𝑏𝑎𝑟 after the impact. This method is
shown in Fig. 5(b). Finally, the pressure–impulse corresponds to the
integral of the area shown in colour (see Fig. 5(b)).

3. Results at ambient atmospheric pressure

3.1. Maximum pressure evolution with impact velocity

Fig. 6 shows the maximum pressure against the impact velocity for
the different plate diameters and all tested impact velocities.

Experimental data is compared with theoretical predictions from
von Karman (1929) and the semi-analytical formula from Chuang
(1966). Not surprisingly, maximum measured pressures are much lower
than the acoustic pressure estimated by von Karman. This difference is
most probably due to the air layer entrapped between the plates and the
water-free surface at the moment of the first contact which induces an
air cushion effect. Based on experimental observations of a falling plate
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Fig. 5. (a) Derivative of typical pressure time histories, (b) typical pressure time histories with coloured area representing the pressure impulse (I). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Impact pressure as a function of impact velocity for different plate’s size at ambient pressure 𝑃0 = 1.015 𝑏𝑎𝑟.
and theoretical reasoning, Chuang (1966), Chuang et al. (1966) found
a linear law for impact velocity 𝑉 ≤ 1.92 m/s. However, Chuang’s
law also overestimates the maximum measured pressure. Indeed, in
the present study, the power law evolution of the peak pressure with
impact velocity is close to 2 for all the plates. These results are con-
firmed by the recent study from Mai et al. (2019) for impact velocities
2 m/s ≤ 𝑉 ≤ 7 m∕s. The solid lines in Fig. 6 represent the fitted curves
for each case obtained using the non-linear least-square algorithm in
Matlab. It has been found that the maximum pressure is proportional
to the square of impact velocity: 𝑃 ≈ 𝐴𝑉 2, where 𝐴 is an empirical
coefficient estimated using the curve fitting tool.

Although the peak pressure increases with slamming velocity for all
the plates, it does not necessarily increases with the size of the plate
at a given velocity as it could be expected. As a matter of example, for
𝑉 = 1.2 m∕s, the maximum pressure 𝑃𝑚𝑎𝑥 is 0.820 𝑏𝑎𝑟 for 𝐷 = 6 cm,
0.796 𝑏𝑎𝑟 for 𝐷 = 10 cm and 0.720 𝑏𝑎𝑟 for 𝐷 = 14 cm. Therefore,
based on the presented results, no clear conclusion can be drawn on
5

the behaviour of the plate’s size yet. However, the presence of the air
cushion effect could be evoked from the results presented in Fig. 7,
which compares typical time histories of the pressure for all diameters
for 𝑉 = 1.2 m∕s, 𝑉 = 0.9 m∕s and 0.4 m∕s in the case of an ambient
pressure of 𝑃0 = 1.015 𝑏𝑎𝑟.

The instant 𝑡 = 0 s is chosen as the time of the peak slamming
pressure; i.e., the maximum pressure. In general, the evolution of the
pressure signals consists of three stages: the peak slamming pressure
corresponding to the impact phenomenon between the circular plate
and the water free surface, a rapid decrease in pressure due to the
fluid expansion, and post-impact oscillations. The different steel plates
being 10 mm thick, the plate elasticity was supposed to be negligible
and the rigidity of the whole assembly as nearly infinite, following
the experimental setup description presented in the above section. As
shown in Fig. 7 the impact duration increases with the size of the plate.
For instance, the duration of the shock is less than 0.2 ms, 0.37 ms,
0.5 ms and 1.1 ms for 𝐷 = 3 cm, 𝐷 = 6 cm, 𝐷 = 10 cm and 𝐷 =
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Fig. 7. Typical pressure time histories for different impact velocities 𝑉 and plate diameters 𝐷.
14 cm respectively. Ma et al. (2016) found that the duration of the
shock is around 2 ms by using a plate with larger dimensions. These
results are consistent as the size of the air layer entrapped between the
plate and the water free surface increases with the size of the plate.
Moreover, in the last stage of the pressure signals time, the duration of
the post-impact oscillations becomes longer as the diameter of the plate
is higher, which implies that the quantity of air entrapped becomes
higher too. Thus, the pressure impulse which takes into account the
maximum pressure and the impact duration, could be more relevant to
characterise impact phenomena.

3.2. Pressure impulse evolution with impact velocity

Fig. 8 (left) shows the pressure impulse evolution calculated be-
tween the instant when the pressure signal starts to rise up to the peak
and then falls down to zero. Details on pressure impulse calculation is
presented in Section 2.4. Pressure impulse is found to increase with the
impact velocity as well as the size of the plate. This result is therefore
consistent with the previous discussion. It was shown in Fig. 7 that the
duration of the shock is longer as the diameter of the plate is higher
even if the peak is less intense. The second figure (on the right-hand
side) shows the dimensionless pressure impulse 𝐼∕(𝑃0.𝐷.𝑉 −1). As it is
clearly visible, the curves are superimposed except in the case of the
smallest plate (𝐷 = 3 cm). This could be explained by the weaker
cushioning effect in this case compared to other cases (higher 𝐷).

To wrap up the findings from this section, several partial conclu-
ions could be drawn. First, even though the very high acquisition
requency enables the observation of the very first instants of impact,
he von Karman theory presenting an impact scaling with 𝜌𝑉 𝑐 could not

be evidenced experimentally. However, in most cases, the maximum
impact pressures decrease with increasing the flat plate size and the
impact duration increases. Assessing the pressure impulses shows that
6

the obtained results are coherent. An explanation of these results could
come from the presence of entrapped air between the flat plate and
the still water surface, creating the so-called air cushion effect. This
conclusion could also be supported by the pressure oscillations in the
signal whose evolution is coherent with the presence of such an air
layer. In order to study the effect of the quantity of air entrapped
between the plate and the water-free surface on the peak slamming
pressure, campaigns of measurements were made with an ambient
depressurisation. Hopefully, if the cushion effect could be totally erased
by diminishing enough the presence of air, maybe the results could tend
to the von Karman theory as numerically obtained by Braeunig et al.
(2009). This will be discussed in the following section.

4. Results at sub-atmospheric pressure

4.1. Maximum pressure evolution with impact velocity

The evolution of impact pressure as a function of the impact ve-
locity and plate diameter is studied here for different ambient sub-
atmospheric pressures 𝑃0.

From Fig. 9 and as in the previous section, the impact pressure
always increases with impact velocity whatever the ambient pressure
is. Then, for each diameter taken individually (each of the four plots),
the impact pressure increases by decreasing the ambient pressure.
This result seems consistent as reducing the ambient pressure means
reducing the surrounding air quantities, hence inducing a reduction
of cushioning effect as the air entrapped layer between the plate and
the water free surface is smaller. Looking closer to the results, one
can see only a small increase for the results obtained at 𝑃0 = 0.75 𝑏𝑎𝑟
when compared to those of the previous section at 𝑃0 = 1.015 𝑏𝑎𝑟.
On the contrary, a large increase is obtained for the impact pressure
recorded at 𝑃0 = 0.5 𝑏𝑎𝑟 with respect to the two other series obtained
at higher ambient pressure, except for 𝐷 = 3 cm. As expected, such a

depressurisation seems to have had an important effect on the obtained
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Fig. 8. Pressure impulse as a function of V for 𝑃0 = 1.015 𝑏𝑎𝑟.
Fig. 9. Maximum pressure evolution as a function of impact velocity for different plate diameters and different atmospheric pressures. Mean and standard deviation values are
btained for the five repeated acquisitions performed for each configuration.
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mpact pressures. These results are in accordance with the numerical
esults obtained by Braeunig et al. (2009) by varying the ratio of
ensity between air and water. A similar tendency is obtained and the
aximum impact pressures have largely increased. Three observations

an be made:

• According to the presented graphs, the maximum pressure is
obtained for the two intermediate plate diameters (𝐷 = 6 cm
and 10 cm), the highest value being for the latter. However, for
𝐷 = 14 cm the maximum impact pressure values are always lower
than for 𝐷 = 6 cm and 10 cm at 𝑃0 = 0.5 𝑏𝑎𝑟. It is as if the
depressurisation was not strong enough and, this plate being the
larger, a cushioning effect is still well efficient even at this lower
ambient pressure value. There should be a relation like: the larger
the plate size, the stronger the depressurisation needs to be to
diminish the cushioning effect.

• On the contrary, for 𝐷 = 3 cm, the impact pressures at 𝑃0 =
0.5 𝑏𝑎𝑟 only show a very small increase with respect to two other
series at 𝑃0 = 0.75 𝑏𝑎𝑟 and 𝑃0 = 1.015 𝑏𝑎𝑟. For this plate size,
it is as if the cushioning effect was not really acting or, its
influence being less important when compared to higher plate
diameters, this cushioning effect was not really altered by the
current values of depressurisation. This was somehow already
7

r

observable on pressure–impulse results presented in Fig. 8 from
previous section.

• Even for the highest depressurisation experienced here (𝑃0 =
0.5 𝑏𝑎𝑟), the results do not scale with the theoretical acoustic
pressure predicted by von Karman (1929) with 𝑃 𝑡ℎ𝑒𝑜

𝑚𝑎𝑥 ∼ 𝜌𝑉 𝑐.
Unfortunately, 𝑃0 = 0.5 𝑏𝑎𝑟 ambient pressure reached here is
the minimum achievable with the current installation. Additional
modifications will be required to the experimental device to go
beyond this value. In the future, the authors plan to carry out
new measurements for smaller ambient pressures by keeping the
same impact conditions.

However, additional post treatments are already possible on the
urrent results and presented in the following. Fig. 10(a) depicts the
aximum pressure evolution as a function of the Euler number, defined

s 𝐸𝑢 = 𝑃0∕(1∕2𝜌𝑉 2). From this graph, one can see a remarkable
caling of the maximum pressure impact as a function of 1∕𝐸𝑢 with an
egression coefficient of 𝑅2 = 0.96. Following these results, it is clear
hat the theoretical scaling of von Karman (1929) with 𝑃 𝑡ℎ𝑒𝑜

𝑚𝑎𝑥 ∼ 𝜌𝑉 𝑐
s not achieved. And for all the studied cases, the maximum impact
ressure still scales with 𝜌𝑉 2 modified by the ambient pressure 𝑃0. This
epresentation of the results is in accordance with the aforementioned
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analysis. And if von Karman (1929)’s scaling is expected, a much
stronger depressurisation may be needed to achieve so.

However, even if the scaling with 1∕𝐸𝑢 is quite accurate, most of the
values obtained at 𝑃0 = 0.5 𝑏𝑎𝑟 are slightly out of the scaling. Fig. 10(b)
attempts to give further insights for explaining this behaviour. In fact,
Fig. 10(b) depicts the normalised pressure values 𝑃𝑚𝑎𝑥∕(1∕2𝜌𝑉 2) with
respect to the Froude number, defined here as 𝐹𝑟 = 𝑉 ∕

√

𝑔𝐷. From this
graph, one can see that 𝑃𝑚𝑎𝑥 ∼ 1∕2𝜌𝑉 2 for nearly all cases recorded
at atmospheric pressure (crosses of all colours in Fig. 10(b)). The
observed constant is close to 100 and there is barely no variation with
respect to the Froude number. For the case with 𝐷 = 3 cm at the
two depressurised values, a similar trend is observed: no variation with
the Froude but with a higher constant value. However, for the lowest
depressurisation configurations (𝑃0 = 0.5 𝑏𝑎𝑟) for 𝐷 = 6 cm, 10 cm
nd 14 cm, another scaling is found showing an important modification
n the physical phenomenon. In fact, 𝑃𝑚𝑎𝑥∕(1∕2𝜌𝑉 2) seems to linearly
ncrease with increasing Froude number. This tends to prove that
he water surface time evolution is probably experiencing a different
ehaviour, but it was not monitored here. Also and unfortunately, the
onsidered velocity range studied here prevented us to go further, with
igher Froude numbers. But an important modification seems to have
appened. For the configurations with 𝐷 = 6 cm, 10 cm and 14 cm

at 𝑃0 = 0.75 𝑏𝑎𝑟, no clear trend can be extracted from the presented
results. Higher velocities and depressurisation ranges enabling a better
characterisation of the encountered phenomena will be studied in the
near future to ascertain this observation.

4.2. Pressure impulse evolution with impact velocity

This section addresses the pressure impulse in order to verify the
rend of the curves by comparing different plate diameters and the three
mbient pressures.

Fig. 11 depicts the variation of the pressure impulse against the
mpact velocity for the four diameters in the case of the three ambient
ressures. Symbols and colours are the same as the previous sub-
ection. Looking at the pressure impulse here is also interesting because
t encompasses both the maximum pressure value but also the impact
uration in a single variable. From Fig. 11, one can observe that
he normalised pressure impulse 𝐼∕𝑃0.𝐷.𝑉 −1 value increases with the
mpact velocity for all the ambient pressures. For 𝑃0 ≈ 1.015 𝑏𝑎𝑟, the
oints are nearly all superimposed except for 𝐷 = 3 cm showing slightly
8

igher values. This behaviour, already shown in Fig. 8, was attributed
o the fact that, for this smaller plate size, less air could be entrapped
uring the impact, mechanically reducing the cushioning effect. The
btained impacts are then sharper, with less damping for the air layer,
hus increasing the pressure impulse.

For 𝑃0 ≈ 0.75 𝑏𝑎𝑟, slightly higher values can also be identified from
he points with 𝐷 = 3 cm and, to a smaller extent, 𝐷 = 6 cm. But
enerally speaking, the respective impulse values are all higher than
hose obtained for 𝑃0 ≈ 1.015 𝑏𝑎𝑟. And finally, for 𝑃0 ≈ 0.5 𝑏𝑎𝑟, all
he points seem to follow the same trend. But again, the respective
mpulse values are all higher than those obtained for 𝑃0 ≈ 1.015 𝑏𝑎𝑟
nd 𝑃0 ≈ 0.75 𝑏𝑎𝑟. Such a behaviour was expected from the previous
esults and an analysis of the temporal pressure signals will give more
nsight into it.

Fig. 12 depicts these signals showing the peak pressure and the
ressure oscillations post impact. This figure compares time signals of
he pressure for 𝑉 = 1.2 m∕s as a function of the ambient pressures

for the four diameters. Generally, for 𝐷 = 6 cm, 10 cm and 14 cm,
the peak slamming pressure becomes more acute for 𝑃0 = 0.5𝑏𝑎𝑟. This
an be explained by a decrease in the amount of the entrapped air
ompared to 𝑃0 = 0.75𝑏𝑎𝑟 and 𝑃0 = 1.015 𝑏𝑎𝑟. However, the duration of
he pressure impulse is decreasing as the ambient pressure decreases;
.e, the quantity of the entrapped air decreases. This behaviour was also
bserved numerically by Braeunig et al. (2009). The variation of the
ushion effect is clearly visible in the case of 𝐷 = 14 cm. The amplitude
f the peak slamming pressure is increasing as the ambient pressure
ecreases, and the duration of the impact pressure is decreasing. On
he other hand, for 𝐷 = 3 cm, the amplitude as well as the duration
f the pressure impulse do not vary much according to the ambient
ressure.

The cushion effect is also clearly visible on post impact pressure
scillations. Indeed, as the ambient pressure decreases, the oscillations
re shifted and the oscillations’ periods increase. Hence, the ambient air
ressure strongly influences the air cushion effect during impact. In the
ext section, the last stage of these signals will be evaluated in more
etails in order to understand the origin of the post impact pressure
scillations.

. Spectral analysis of the pressure signal

The following section will present and discuss pressure oscillations
easured just after impact and their related spectra as depicted in

ig. 13. The presented measurements are obtained for an impact ve-
ocity of 𝑉 = 1.2 m∕s. The top plots are pressure records for 𝑃 =
0
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.015 𝑏𝑎𝑟 (Fig. 13,a), 0.75 𝑏𝑎𝑟 (Fig. 13,b) and 0.5 𝑏𝑎𝑟 (Fig. 13,c) and the
ifferent colours represent the different plate diameters. The bottom
lots (Fig. 13d, e, f) are the corresponding Power Spectral Density
PSD). From the temporal pressure signal, one can already observe that
he oscillating periods increase with the plate size. On the contrary, the
nfluence of ambient pressure 𝑃0 on the oscillating period is not straight
9

orward and deeper analysis is required. i
Fig. 14 shows an example of a two-dimensional representation of
he pressure spectra for different impact velocities 𝑉 ranging from 0.4
o 1.2 m∕s and for an ambient pressure of 𝑃0 = 0.5𝑏𝑎𝑟. Each plot of
ig. 14 corresponds to a given plate diameter 𝐷. This 2D representation
s interesting in the sense that it highlights possible variation of peak
requency as a function of impact velocity 𝑉 . And from the depicted
lots of Fig. 14, one can clearly observe that the peak frequency

s nearly constant over the whole velocity range for a given plate
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Fig. 13. Pressure oscillations versus time (top plots) and the corresponding spectra (bottom plots) impact velocity of 𝑉 = 1.2 m∕s. The reader is reminded here that the ordinate
scale for the pressure value 𝑃 vary with the ambient pressure 𝑃0.
Fig. 14. A two-dimensional representation of the pressure spectra for different impact velocities 𝑉 (0.4 ≤ 𝑉 ≤ 1.2 m∕s). Each plot corresponds to a given plate diameter 𝐷. Those
results are obtained for an ambient pressure of 𝑃0 = 0.5𝑏𝑎𝑟.
diameter 𝐷. However, the amplitude of oscillations, i.e. amplitude of
the spectrum peak, increases with the impact velocity. As a matter of
partial conclusion, the peak frequency does not depend on the impact
velocity (for the tested velocity range of 0.4 ≤ 𝑉 ≤ 1.2 m∕s) but may
vary with respect to the plate diameter 𝐷 and ambient pressure 𝑃0.

In order to better understand the physical interpretation of obtained
peak frequencies, two mechanisms can be invoked:

• an acoustic pressure wave initiated by the plate’s impact and that
travels in any direction in the water media and rebound on the
tank walls (see the 3D scheme of Fig. 15 and Fig. 15,a),

• pressure oscillations of the entrapped air between the impinged
water surface and the impacted plate (see Fig. 15,b).

For the first mechanism, the pressure wave propagation frequencies
can be calculated by taking into account the tank length 𝐿, the width
10
𝑙 and also the still water-level height ℎ. The corresponding frequencies
can basically be deduced from the following expression:

𝑓 = 𝑐∕𝑆, (1)

where 𝑆 either corresponds to the 𝑙, 𝐿 or 2ℎ and 𝑐 ≈ 1450 m∕s the speed
of sound in water. To the authors’ belief, the sound celerity in the water
𝑐 should not differ with respect to the different ambient pressure 𝑃0.
Based on the aforementioned equation, the calculated frequencies are
𝑓 = 3053 Hz, 2762 Hz and 1686 Hz for 𝑆 = 𝑙, 𝐿 and 2ℎ respectively.

The second mechanism considers repeated compression and expan-
sion phases of the entrapped air between the impinged water surface
and the impacted plate. Such a mechanism was already evoked and
presented in previous studies such as in Verhagen et al. (1967), Lewison
et al. (1968) and more recently by Mai et al. (2019). For this last
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Fig. 15. Illustration of the two possible mechanisms for interpreting pressure oscillation after impact: (a) acoustic pressure wave travelling in the water media and rebounding on
the tank’s wall or (b) pressure oscillation of the entrapped air between the impinged water surface and the impacted plate.
Fig. 16. Frequencies against 𝑉 for different 𝑃0 and 𝐷.
phenomenon, an estimation of the oscillation frequency is more com-
plicated to extract and the obtained peak frequencies should depend on
the plate size 𝐷 and possibly the ambient pressure 𝑃0 as the quantity
of entrapped air may vary depending on 𝑃0, hence having an influence
on the bubble size and shape.

In the following, the peak frequencies obtained with the Fast Fourier
Transforms will be gathered and checked to verify which of these two
mechanisms is dominant. Fig. 16 compares the obtained frequencies
corresponding to the largest peak, as a function of the impact veloc-
ity 𝑉 , plate diameter 𝐷 and ambient pressure 𝑃0. For some isolated
velocities, the peak frequency is quite different from the others for
a given plate diameter and ambient pressure. However, as it can be
seen on Fig. 13 several peaks are often visible and the more common
frequency corresponds to the second peak in amplitude. For instance,
for 𝐷 = 6 cm at 𝑃0 = 1.015 𝑏𝑎𝑟 and 𝑉 = 1.2 m∕s, the highest peak
is at 1469 Hz. However, the second peak is at ≈ 890 Hz which is
the frequency of the first peak for all the other velocities. For clarity
reasons only the frequencies of the highest peak are represented. The
symbols and colours are the same as in the previous sections. The black
dashed line represents the frequency based on the first mechanism
(acoustic pressure wave in the water) calculated by taking into account
pressure wave reflection at the bottom of the tank. The two other
frequencies (for both vertical walls) being much higher, they were
not represented here. From all the presented configurations, one can
see that peak frequency generally does not vary much depending on
the impact velocity 𝑉 . However, and as previously indicated, peak
frequency decreases by increasing the plate size. Moreover, for a given
11
diameter, the obtained frequencies become lower by decreasing the
ambient pressure.

These last two observations are consistent with the oscillatory be-
haviour of an air bubble immersed in the water. This configuration
was studied by Minnaert and presented in its 1933’s paper (Minnaert,
1933). In this document, Minnaert indicates that the natural frequency
of an air bubble immersed in the water 𝑓𝑏 could be evaluated by:

𝑓𝑏 =
1

2𝜋𝑅𝑏

√

3𝛾𝑔𝑃0∕𝜌, (2)

where 𝑅𝑏 is the bubble radius, 𝛾𝑔 is the polytropic constant of the gas in
the bubble (𝛾𝑔 = 1.4 for a diatomic gas), 𝑃0 is the ambient pressure and
𝜌 is the water density. From Eq. (2), one can observe that the predicted
frequency should slightly increase with ambient pressure 𝑃0 and should
decrease with increasing 𝑅𝑏. As the plate size increases, the quantity of
entrapped air will also increase, leading to a larger air bubble between
the impacted plate and the water surface. This is confirmed by Fig. 17
representing the peak frequencies for all cases as a function of

√

𝑃0∕𝐷.
The frequencies seem to be aligned on a straight line which is consistent
with the physical interpretation given by the Minnaert’s equation (2).

6. Conclusions

This paper investigated the maximum impact pressures and pressure
impulses for different size plates impinging a still water surface at
different surroundings ambient pressures. Each experimental test was
repeated 5 times to ascertain the repeatability of the obtained results.
The objective of the paper was, following the work of Braeunig et al.
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Fig. 17. Main peaks frequencies, identified on pressure signals power density spectrum, as a function of
√

𝑃0∕𝐷 as it appears in Minnaert (1933) formula for a bubble resonance.
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(2009), to see whether an experimental validation of the von Karman’s
theory for maximum impact pressure at the very first instants of impact
was possible.

A first series of measurements was made at ambient pressure, close
to the atmospheric pressure. Unsurprisingly, the recorded impact pres-
sure did not scale with the von Karman’s theory and the cushioning
effect of air was identified as a possible source of explanation. For all
the tested configurations, the obtained maximum impact pressures and
pressure impulses are consistent with the latest results in the literature.
And maximum impact pressure was scaling with the square of the
velocity for the studied dataset and given the range of impact velocities.

Two additional series of measurements were made at different
sub-atmospheric ambient pressure, the lower being at 𝑃0 = 0.5 𝑏𝑎𝑟.

he aim was to reduce, or even to possibly suppress, the cushioning
ffect by reducing the air quantity entrapped between the plate and
he water surface. The obtained results always showed an increase
n maximum impact pressures and pressure impulses when reducing
he ambient pressure; a moderate ambient increase at 𝑃0 = 0.75 𝑏𝑎𝑟
nd a much larger increase at 𝑃0 = 0.5 𝑏𝑎𝑟. This was observed except
or the smaller plate with 𝐷 = 3 cm where no significant differences
ere recorded. Deeper analysis showed that the maximum impact
ressures were still scaling with the square of the impact velocity and
linear regression were established with respect to the Euler number.
owever, at the lower ambient pressure, an other physical phenomenon
ecomes important for plate sizes larger than 𝐷 = 3 cm, which leads
o dimensionless impact pressure evolving linearly with the Froude
umber. However, the velocity range tested here or the maximum
epressurisation achievable with the current experimental device pre-
ented deeper support of the obtained findings. Also, an experimental
alidation of the von Karman’s theory for maximum impact pressure
as not achieved here and this may require higher depressurisation,

lose to vacuum. Concerning the two tested sub-atmospheric ambient
ressure configurations, a cushion effect was still observable.

The last section of this paper is dedicated to the frequency analysis
f the recorded pressure signal in order to better characterise the
ntrapped air layer. For each tested configuration, a clear frequency
as observable independent from the impact velocity but varying with

he plate size, which could be related to the entrapped air volume or
ize. Finally, the obtained peak frequency was shown to have a similar
volution as the one identified by Minnaert (1933) for the natural
requency of an air bubble in fluid. The equation proposed by Minnaert
12

id not fit with our results, most probably due to the fact that the
experimental configurations are different. However, the evolution given
by Minnaert’s equation fits well with the present results and accurately
predicts the variation for different plate size and ambient surrounding
pressures.

For the perspectives, the authors plan to install another displace-
ment system in order to reach higher impact velocities. Another chal-
lenge would be to develop an experimental device in order to reach
lower ambient pressures. Or and more easily feasible, the possibility to
carry out tests with fluids of different compressibility (e.g. methanol
and hydraulic fluid) in order to highlight possible different behaviours
could be more rapidly envisaged. Also, the plates being made of 10 mm
thick of plain steel and the assembly rigidly mounted on the frame,
the authors feel that the plate elasticity or assembly rigidity may not
play a role. However, even more attention may be paid on that topic
in the forthcoming work in order to avoid Fluid–Structure Interaction,
as studied for instance by Truong et al. (2021) recently. And finally,
a numerical study is under progress in order to complete and validate
the obtained experimental findings. With such a numerical approach,
larger plates together with a larger sampling of the plate sizes could
be tested more easily prior to testing/validating the obtained results
experimentally.
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