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SUMMARY
The present paper deals with the water entry of a flat plate with a high horizontal speed. The activity is motivated by
the need of achieving a better comprehension and more reliable simulation tools for the aircraft ditching phase. This
first part of the study is focused to the ditching of a flat, rigid, plate. The problem is analyzed both numerically and
experimentally. Numerically, the problem is studied in two dimensions and the self-similar solution is derived within the
potential flow approximation of an ideal fluid. The problem is also addressed experimentally with the aim of building
a dataset to be used for validation of computational tools. Due to the difficulties in scaling all the relevant physical
parameters, experiments are performed at (almost) full scale velocity, with vertical component of 1.5 m/s and horizontal
velocity in the range 30 to 50 m/s. The experimental campaign is starting soon and results will be shown at the Workshop.
Here the experimental setup and the instrumentation adopted are presented. Numerical results are reported in terms of
pressure distributions and free surface shape. The dependence of the pressure peak on the horizontal/vertical velocity
components and on the plate inclination over the free surface is briefly discussed.

1. INTRODUCTION

In order to assess the ditching capabilities of an aircraft,
the industry needs simulation tools which can model, with
reduced computational effort, the fluid structure interac-
tion taking into account the elastic/plastic structural behav-
ior, including failure. However, simulation tools commonly
adopted in the modelling of the aircraft ditching phase dis-
play strong limits in the accurate description of the complex
phenomena such as highly localized pressure distributions,
air cushioning, hydroelastic coupling, cavitation and venti-
lation (Climent et al., 2006).

For the development and validation of those simulation
tools a reliable dataset is needed. Due to the difficulty in
achieving a correct scaling of all the physical parameters
involved, a full scale experiment is needed. Experiments of
such kind are going to be performed at CNR-INSEAN under
the SMAES-FP7 project. To this aim, a large high speed
ditching facility has been built and installed at the end of
towing tank # 1 of CNR-INSEAN. Tests will be carried
out on aluminum plates 0.50 m wide, 1.00 m long. Similar
experiments were already done in the early fifties (Smiley,
1951). Differently from past experiments, this experimen-
tal campaign is planned for higher horizontal components
(from 30 to 50 m/s), and more detailed measurements, in-
volving pressure, accelerations, strain and loads. The aim
is to study the role played by the horizontal/vertical veloc-
ity ratio, plate incidence, shape, material and thickness on
pressure distributions, acceleration and fluid structure in-
teraction. The experimental campaign is starting soon and
preliminary results for a rigid flat plate are expected by the
beginning of the Workshop. In the following a description of
the facility and of the experimental setup is provided only.

The design of the facility required estimates of the so-
lution in terms of free surface shape and loads generated
during the impact. As a water entry problem, a jet develops
beneath the plate together with a pressure peak occurring at
the root. The jet propagates along the plate until reaching
the leading edge when the flow separates and the pressure
and loads drops suddenly. Beside providing the loads to be
used for the structural design of the guide, additional infor-
mation on the time and space needed for the ditching phase

to be completed can be also derived.
Due to some uncertainties in the more complex three-

dimensional simulation tools, it was decided to derive those
information also from a two-dimensional potential flow so-
lution. Assuming a constant velocity and neglecting the
finite length of the plate, the solution is self-similar and can
be derived by using the same numerical procedure adopted
in Iafrati & Korobkin, 2005. Note that the water entry
problem of a wedge with a horizontal velocity component
was already investigated in Faltinsen and Semenov (2008)
and in Judge et al. (2004). However, in those cases the
horizontal/vertical velocity ratio was much lower than that
characteristic of aircraft at ditching. The incidence of the
plate is also lower than that adopted in those papers.

In the following the numerical procedure is briefly re-
called and results are presented in terms of free surface
shape and pressure distribution. Comparisons between nu-
merical solution and experimental results will be established
as soon as the experimental results become available. Of
course it is expected that load and pressures are overesti-
mated by the two-dimensional solution as important three-
dimensional effects related to the outflow at the sides are
missing.

Figure 1: View of the CNR-INSEAN guided ditching
facility. The guide is supported by bridges which can
be varied in height in order to get the correct U/V
velocity ratio. The main trolley can be also seen on
the right.



2. FACILITY AND EXPERIMENTAL SETUP

In order to perform guided ditching tests, a new facility
has been designed and installed at CNR-INSEAN, at the
opposite end of the towing tank # 1, which is 470 m long,
13.5 m wide and 6.5 m deep.

The guide, which has a total length of about 64 m, is
supported by five bridges which can be positioned at dif-
ferent heights, thus allowing the variation of the horizontal
velocity keeping constant the vertical component, the latter
being 1.5 m/s according to aircraft regulation. The model is
supported by a main trolley which keeps it always attached
to the guide. The main trolley is accelerated by a catapult
which is designed to reach a final speed in a range 30 to 50
m/s (Fig. 1). The total mass to be accelerated is about 900
kg, whereas the mass which undergoes the impact is about
750 kg. The acceleration system is composed by a total of
six elastic cords which can be elongated up to 250%.

Figure 2: Picture of the main trolley which brings the
model and specimens.

The trolley run on the inner side of the beam wings (Fig. 2).
In order to get a measure of the forces acting beneath the
plate, the model with the specimens to be tested is con-
nected to the trolley by four Kistler 9343 for the z compo-
nents and two 9363 load cells for the x component. As the
cells can only undergo forces along their axes, the installa-
tion is done in such a way that transversal components and
moments do not act on the cell. Attention is also posed in
avoiding possible coupling in the measurements of loads in
x and z directions. The load in the y direction is not mea-
sured but it is transferred from the model to the trolley by
two articulated rods (Fig. 3).

Figure 3: Picture of the trolley with model at the touch
of the free surface. Note that the specimens is not
installed yet.

For the first part of the test campaign, which is the one con-
sidered in this paper, a 15 mm thick, aluminum flat plate
is considered. The plate is clamped to the frame which is
75 mm wide, thus leaving a free space of 350 mm by 850
mm (Fig. 4). In order to measure strains, six biaxial strain
gauges are stick to the internal side of the plate. Pressures
at 18 points are also measured through Kulite XTL123B
pressure transducers. The position of the transducers is cho-
sen in order to get information about the longitudinal and

transversal pressure distributions, as well as about the sym-
metry in the impact. Velocity and displacement of the trol-
ley are measured by a non-contact optical sensor, Correvit
LFII. The acceleration components in the three directions
at different positions are measured, for a total of 6 accelera-
tion channels. Accelerations are measured by piezo-resistive
Kistler M101A and M301A accelerometers.

All the data are acquired on-board by four Sirius Dewe-
soft modules and one Dewe 43, for a total of 40 channels.
In order to correctly capture the pressure variations, data
are acquired at 200 kS/s. The five acquisition systems are
connected to a Sbox Dewesoft PC which communicate in
wireless mode to an external PC. All the electronics is in-
stalled in a waterproof box which is positioned inside the
model. Also the latter is sealed against water penetration.

Tests will be done at three different values of the hori-
zontal component 30, 40 and 50 m/s, with the vertical com-
ponent always equal to 1.5 m/s. The plate incidence with
respect to the free surface will be varied from 4 to 10 de-
grees.

Figure 4: Instrumented aluminum plate. The strain
gauges and the holes for the pressure probes can be
seen. The two rows of bolts can be also recognized,
which clamps the plate to the frame.

3. NUMERICAL MODEL AND RESULTS

The flow generated by the water entry of a plate with hori-
zontal velocity component can be studied within the poten-
tial flow approximation. The fluid is assumed to be ideal
and incompressible, and the action of gravity is neglected.
In this conditions the problem is self-similar and the solution
can be derived by using a pseudo-time stepping approach,
similar to that used in Iafrati & Korobkin (2005). The prob-
lem is formulated in terms of the self-similar variables
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so that the initial boundary value problem in the physical
variables can be transformed into the following boundary



value problem for the self-similar velocity potential:
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ϕ→ 0 as ξ2 + η2 →∞

where Ω is fluid domain, h(ξ, η) = 0 is the equation of the
free surface and ν is the unit normal to the boundary, which
is oriented inward the fluid domain.

As discussed in Iafrati and Korobkin (2004), the free
surface conditions are strongly simplified by introducing a
modified velocity potential defined as

S = ϕ− 1

2
ρ2 ρ =

√
ξ2 + η2

in terms of which the kinematic and dynamic boundary con-
ditions become

Sn = 0 Stau = ±
√
−2S , (2)

respectively. In the above equation, τ denote the arclength
along the free surface, which grows moving toward the pos-
itive ξ-axis. It can be shown that the sign in front of the
dynamic boundary condition is always negative on the part
of the free surface which is ahead of the leading edge whereas
it change from negative to positive when moving along the
free surface from ξ = −∞ up to the trailing edge.

Additional conditions are enforced at the trailing edge
of the plate, according to which the free surface is always
attached at the edge of the plate and leaves the plate tan-
gentially. These conditions are similar to the ones used for
the plate entry problem (Iafrati and Korobkin, 2004; Iafrati,
2007). The conditions are expressed as:

h(1,−V/U) = 0 hη = −hξ tan γ .

The first condition is enforced by assigning that the vertex
of the first free surface panel one is at the trailing edge of the
plate. The condition that the free surface leaves the plate
tangentially is enforced by varying the point along the free
surface where the sign in the dynamic boundary condition
changes from negative to positive (see Iafrati and Korobkin,
2004).

In order to reduce the computational effort needed for
the description of the solution within the thin jet layer, the
thinnest part of the jet is described by a simplified shallow
water model, similar to that used in Korobkin and Iafrati
(2006).

In Fig. 5 the free surface profiles obtained at the same
plate incidence, γ = 10 deg, and different horizontal veloc-
ity components U = 30, 40 and 50 m/s, are shown. Due to
the different values of the ratio V/U , the plate is positioned
at different heights. In terms of the non-dimensional vari-
ables, the root of the jet moves forward when reducing the
horizontal velocity component. Note that, because of the
difference in U , this does not reflect what occurs in physical
variables. Behind the trailing edge of the plate there is a

wake region and the free surface forms a corner with the
angle between the two sides of the free surface of about 60
degrees.

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

-0.5  0  0.5  1  1.5  2

η

ξ

30 m/s

40 m/s

50 m/s

Figure 5: Free surface shapes obtained for a plate inci-
dence γ = 10 at different horizontal velocities. For the
sake of the clarity, on the right hand side of the plate,
the thinnest part of the jet, described by the shallow
water model, is not depicted.

The solutions for the thinnest part of the jet, described by
the shallow water model, are plotted in Fig. 6. According
to the definition of the self-similar variables, the position of
a point in the self-similar plane gives an indication of the
velocity of that point in the physical plane being u = ξU
and v = ηU . From the results presented it is found that the
position of the tip is ξT = 3.33, 3.11, 2.97 for U = 30, 40 and
50 m/s, respectively. Hence, for the three cases in Fig. 6 the
horizontal velocity of the tip is about 100, 124.4 and 148.5
m/s.
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Figure 6: Free surface shapes of the jet regions ob-
tained for a plate incidence γ = 10 at different hori-
zontal velocities.

The most interesting aspect in terms of applications con-
cerns the pressure distributions. For the three cases dis-
cussed above, the distributions of the self-similar pressure
ψ = p/(%U2), % being the liquid density, are shown in Fig. 7.
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Figure 7: Pressure distributions for a plate incidence
γ = 10 at different horizontal velocities.

It is seen that the non-dimensional pressure diminishes when
increasing the horizontal velocity, with the peak values lo-
cated at ψp = 1.40, 1.22 and 1.11 for U = 30, 40 and 50



m/s. However, the physical value of the pressure grows due
to the quadratic term U2.

In Fig. 8 and 9, the role played by the incidence of the
plate on the free surface configuration and on the pressure
distribution is shown for the case with U = 30 m/s. The
results indicate that, when reducing the incidence of the
plate, there is an increase of the wetted length as well as an
increase in the intensity of the pressure peak.
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Figure 8: Free surface shape for U = 30 m/s, and
different values of the plate incidence.
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Figure 9: Pressure distributions for U = 30 m/s, and
different values of the plate incidence.

The analysis of the solution is still in process and a much
deeper discussion on the dependences will be presented at
the Workshop. Hopefully, comparisons with experimental
results will be established as well.
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