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ABSTRACT 
During the emergency landing of an aircraft on water, the structure may experience critical forces and 
could eventually fail. The appropriate design of the structure should minimize the risk of occupant 
injuries. The recent progress in computation capabilities led to the increased use of numerical 
simulations in the certification process of aircraft. A specific challenge concerns the modelisation of 
suction forces that develop near the aircraft tail, where the first contact with water occurs. This 
phenomenon is due to the high horizontal velocity of the structure at impact and the longitudinal 
curvature of the fuselage. It can affect the overall aircraft kinematics during ditching. In this work, as 
an effort to improve aircraft ditching simulations and to assess the capabilities of numerical models to 
describe suction forces, the simple test case of the wedge water entry and subsequent exit is considered. 
Numerical simulations with the Eulerian formulation for the fluid and the Lagrangian formulation for 
the structure are used. The method used for the fluid–structure interaction is based on an immersed 
contact interface with penalty forces. The present work focuses on impact and suction forces modelling. 
Results show a satisfying capacity of the numerical approach to model negative hydrodynamic force 
(suction).  
Keywords:  finite elements, fluid–structure interaction, Eulerian–Lagrangian coupling, water impact 
and exit, hydrodynamic forces, suction. 

1  INTRODUCTION 
A hydrodynamic impact is a contact between a structure and a fluid in relative motion. The 
study of this phenomenon is motivated by various applications such as hull slamming, 
spacecraft (capsule), aircraft and rotorcraft emergency water landing (ditching). The 
hydrodynamic forces caused by water impacts are critical and considered during the sizing 
and certification of structures exposed to this kind of event. 
     The physical phenomena encountered during hydrodynamic impacts are well known for 
“ideal” impact conditions: vertical impact, simple geometry, rigid structure, fluid initially at 
rest, impact velocity large enough to neglect gravity, etc. Analytical approaches, mainly 
based on von Karman’s [1] or Wagner’s [2] theories, have been developed to analyse the 
loading applied to the structure. Numerous articles can be found in the literature, addressing 
the problem of hydrodynamic impact of simple geometries experimentally (wedges [3]–[5], 
circular cylinders [6], [7], cones [8], flat plates [9], spheres [10]) and numerically [11]–[14]. 
The recent advances in numerical simulation have gradually allowed the study of more 
complex phenomena (considering certain non-linearities related to the fluid–structure 
interaction, complex geometries, etc.), representative of realistic industrial applications. The 
finite element (FE) method, with a Lagrangian framework, is usually used to model the 
structure. The fluid behaviour can be described by various methods: Lagrangian [15], 
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Eulerian [16], [17], arbitrary Lagrangian–Eulerian (ALE) [18], or mesh-free methods such 
as smoothed particle hydrodynamics (SPH) [16]. 
     The physical phenomena encountered during realistic industrial applications are more 
complex. For instance, during high-velocity oblique impacts suction, cavitation, ventilation, 
aeration or flow separation phenomena can appear and incapacitate the existing analytical 
and numerical approaches. Using these approaches in a sizing or certification context is 
therefore difficult at the moment as they require further developments.  
     In the present work, the explicit FE solver Radioss is used. A coupled Eulerian–
Lagrangian (CEL) approach is considered to model ditching or water impact problems. On 
the one hand, the structure is described by a Lagrangian approach. On the other hand, the 
fluid behaviour is described by an Eulerian approach. A strong (two-way) coupling between 
the fluid and structural solutions is used because the interdependence of the fluid and 
structure models is important [19], [20]. 
     The objective of this work is to assess: (i) the ability of this numerical method to model a 
hydrodynamic impact; (ii) the sensibility of the method to the numerical parameters; and (iii) 
the ability of the method to model some hydrodynamic phenomena taking place during a 
realistic industrial application, namely the suction. To do so, a simple test case is considered. 
It consists in the high-velocity and vertical impact of a wedge, based on the experiments 
presented in Richard [5]. Numerical results are compared to experimental results regarding 
hydrodynamic force and pressure measured on the structure. 
     This article is organised as follows. Section 2 provides a brief description of the numerical 
method. In Section 3, the effects of the method numerical parameters on the impact forces 
are discussed and the numerical and experimental results are compared. Section 4 introduces 
the case of the water entry and subsequent exit of a wedge. The capacity of the numerical 
method to model suction is thereby discussed. Finally, conclusions are drawn and 
orientations for future research are discussed in Section 5.  

2  NUMERICAL METHOD  
This section presents the method used to model the vertical impact of a wedge with the 
considered FE explicit solver, based on the experiments presented in Richard [5]. 

2.1  Structure modelling 

The dimensions of the wedge are synthesised in Table 1 and corresponds to the ones 
described in Richard [5]. The wedge is modelled by two surfaces using 4-node shell FEs and 
is defined as a rigid body. 

Table 1:  Wedge dimensions. 

Length L (mm) Width B (mm) Heel angle β (°)
495 320 20

2.2  Fluid modelling 

The geometry of the fluid model is a rectangular parallelepiped that materializes the water 
and air around the structure. The air and water domains are discretised using 3D continuum 
8-node FEs with 1 integration point. An Eulerian formulation is used to solve the fluid 
problem. The size of the fluid elements is smaller near the structure (in the impact zone) to 
increase the computation accuracy. The dimensions of the fluid domain are given in Fig. 1.  
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Figure 1:    Dimensions of the fluid domain (in mm). Outside the impact zone, the size of 
the fluid elements scales with a factor 1.2. The wedge is represented in green.  

2.3  Fluid–structure interaction 

The fluid–structure interaction method uses structural Lagrangian elements (master), 
immersed in the Eulerian fluid grid (slave nodes). The structure and the fluids are meshed 
independently and superposed. The coupling forces are computed using a penalty method, 
depending on the contact height ℎ௖ and the contact stiffness 𝑘௖. The Radioss documentation 
suggests defining these parameters as described in eqns (1) and (2): 

 ℎ௖଴ ൌ 1.5 ൈ 𝑙௙, (1) 

 𝑘௖଴ ൌ
ఘ௎೘ೌೣ

మ ௌ೐೗ 

௛೎
, (2) 

where 𝑙௙ is the size of the fluid elements in contact with the structure, 𝜌 the water density, 
𝑈௠௔௫ the structure maximum velocity and 𝑆௘௟ the mean surface of the structural elements. 

2.4  Initial and boundary conditions  

The initial position of the lowest point of the wedge is ℎ଴ ൌ 10 mm (Fig. 2). An initial 
velocity 𝑈௠௔௫ ൌ  െ10 m/s is applied to the wedge in the 𝑧 direction. Gravity acceleration is 
applied to all the nodes of the model (fluid and structure): �⃗� ൌ  െ9.81.10ିଷ𝑧 g/ms². The 
pressure in water is set at the hydrostatic pressure at the initial time step of the computation. 
 

 

Figure 2:  Initial position of the wedge above the water level. 
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     The displacement of the mock-up is prescribed. The vertical velocity imposed to the 
mock-up is constant and equal to 𝑈௠௔௫ ൌ  െ10 m/s for the simulations presented in Section 
3 and variable for the simulations presented in Section 4. Non-reflecting boundary conditions 
are applied on the fluid domains boundaries, based on the pressure formulation of Bayliss 
and Turkel [21]. 

3  VERTICAL AND HIGH-VELOCITY WEDGE IMPACT 
Vertical wedge impact experiments have been conducted in a water tank with a high-speed 
shock machine as described in El Malki Alaoui et al. [22]. The tank is made of steel and is  
2 m wide, 3 m long and has been filed up to 1.2 m with water during the experiments. The 
method used in the experiments to measure the load (hydrodynamic force, F) was based on 
strain gauges positioned on the piston used to move the mock-up. Pressure probes are used 
to measure the pressure at different locations on the wedge surface. The experimental results 
are presented Fig. 3 as force (slamming) and pressure coefficients (measured from a probe 
located on the wedge surface), obtained respectively by eqns (3) and (4). 
 

 
(a) 

 
(b) 

Figure 3:    Experimental vertical impact of a wedge at 𝑈௠௔௫ ൌ െ10 m/s. (a) Evolution of 
the force coefficient depending on the vertical non-dimensional displacement ௎

௅
, 

with 𝑈 the vertical displacement of the wedge; and (b) Time-history of the 
pressure coefficient [5]. 
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 𝐶௙ ൌ
ଶி

ఘబ௎೘ೌೣ
మ ௌ

, (3) 

 𝐶௣ ൌ
ଶሺ௉ି௉బሻ

ఘబ௎೘ೌೣ
మ , (4) 

where 𝐹 is the hydrodynamic force, 𝑃 the pressure, 𝑃଴ the atmospheric pressure, 𝑈௠௔௫ the 
wedge velocity and 𝑆 ൌ 𝐿 ൈ 𝐵 the wedge surface projected on the xOy plane (𝐿 and 𝐵 are 
respectively the wedge length and width). 

3.1  Investigation of different numerical parameters affecting the numerical results  

In this section, the effect of different numerical parameters influencing the numerical results 
is presented. The following points are discussed: the effect of contact stiffness and the effect 
of the fluid elements size in the impact zone. The conclusions drawn are then applied to the 
numerical model, leading to the results presented in Section 3.2.  
 

 
(a) 

 
(b) 

Figure 4:    Numerical vertical impact of the wedge at 𝑈௠௔௫ ൌ െ10 m/s for different contact 
stiffnesses. (a) Evolution of the force coefficient depending on the vertical non-
dimensional displacement ௎

௅
, with 𝑈 the vertical displacement of the wedge; and 

(b) Time-history of the pressure coefficient. 
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3.1.1  Contact stiffness  
The default contact stiffness for this case is 𝑘௖଴ ൌ 37.46 (see eqn (2)). The numerical results 
obtained for the vertical impact of a wedge for different 𝑘௖ are presented in Fig. 4. The other 
stiffness values considered here are 𝑘௖ ൌ 0,5 ൈ 𝑘௖଴ ൌ 18.73, 𝑘௖ ൌ 1,5 ൈ 𝑘௖଴ ൌ 56.19 and 
𝑘௖ ൌ 5 ൈ 𝑘௖଴ ൌ 187.3. 
     The influence of the contact stiffness is weak considering the variations studied (factor 10 
between the smallest and the largest stiffness). The maximum force coefficient remains 
around 𝐶௙ ௠௔௫ ൎ 5.9 and the trends remain similar for the different contact stiffnesses 
studied. For a lower contact stiffness (black curve), the early response of the model diverges 
from the other results and the hydrodynamic force decreases more slowly after the peak. 
High-frequency oscillations appear in the force response when the contact stiffness increases. 
The amplitude of these oscillations also increases with the value of 𝑘௖ (Fig. 4(a)). The local 
pressure measurements are similar regardless of the contact stiffness. The amplitude of the 
pressure peak lightly increases with 𝑘௖ (Fig. 4(b)). 

3.1.2  Fluid elements size 
A numerical model with two symmetry plans (xOz and yOz) is used to assess the influence 
of the fluid elements size on the numerical results. The different elements sizes 𝑙௙ investigated 
here range from 5 to 2 mm. The characteristics of the different models are synthesised in 
Table 2.  

Table 2:   Vertical impact of the wedge with 𝑈௠௔௫ ൌ 10 m/s. Characteristics of the models 
used to assess the influence of the fluid elements size 𝑙௙ on the numerical results. 

𝑙௙ (mm) Total number of fluid elements Computation time (JJ-hh:mm:ss) 
5 378,736 01:11:02
4 673,171 02:43:07
3 1,399,505 11:38:31

2.5 2,202,052 22:33:42
2 3,941,772 7-09:44:14

 
     A decrease in the elements size in the impact zone leads to a contact height decrease (see 
eqn (1)) and, therefore, results in a slower rise of the force coefficient in the early impact 
stage. With smaller elements, the force coefficient peak is larger and the force drop is slightly 
faster (Fig. 5(a)). The finer the mesh size, the faster is the pressure rise and the higher is the 
amplitude of the pressure peak (Fig. 5(b)). The numerical results globally converge with a 
mesh size equal to 𝑙௙ ൌ 2.5 mm. However, as the model uses an explicit solver, the 
computational cost associated with a finer mesh size is much higher. 

3.2  Comparison with experimental results 

The numerical results are presented for the vertical impact of the wedge. From Section 3.1 
results, the fluid elements size and contact stiffness are respectively defined as 𝑙௙ ൌ 2.5 mm 
and 𝑘௖ ൌ 74.91. The numerical results are compared to the experimental results from 
Richard [5] in terms of force and pressure coefficients in Fig. 6. 
     The numerical model satisfyingly predicts the experimental evolution of the 
hydrodynamic force and pressure. The maximum force coefficient measured numerically is  
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(a) 

 
(b) 

Figure 5:   Numerical vertical impact of the wedge at 𝑈௠௔௫ ൌ െ10 m/s for different fluid 
element sizes: 𝑙௙ ൌ ሾ2; 2.5; 3; 4; 5ሿ mm. (a) Evolution of the force coefficient as 
a function the vertical non-dimensional displacement ௎

௅
, with 𝑈 the vertical 

displacement of the wedge; and (b) Time-history of the pressure coefficient. 

similar to the experimental one (difference inferior to 1%). However, at the first instants of 
the simulation, the numerical model overestimates the hydrodynamic force level. The 
numerical model underestimates the decrease of the force coefficient after the force peak. 
     The pressure rise occurs earlier in the numerical simulation than in the experiments. Also, 
the numerical model underestimates the pressure coefficient peak and general level of 
pressure. 
     Some discrepancies between the numerical and experimental results can be explained by 
the numerical method used in the present work. Indeed, fluid–structure interaction forces 
appear when a fluid node is detected within the contact height of the structure. The results at 
the first instants of the simulation are related to the detection of fluid nodes within the contact 
height of the structure, before the physical contact between the wedge and the water. 
     There are some discrepancies between the numerical and experimental pressure 
evolutions. Numerically the pressure is measured at a normal distance from the wedge surface  
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(a) 

 
(b) 

Figure 6:   Comparison of the experimental [5] and numerical results for the vertical impact 
of the wedge at 𝑈௠௔௫ ൌ െ10 m/s. (a) Evolution of the force coefficient as a 
function of the vertical non-dimensional displacement ௎

௅
, with 𝑈 the vertical 

displacement of the wedge; and (b) Time-history of the pressure coefficient. 

slightly larger than the contact height (𝑑𝑖𝑠𝑡 ൌ
ସ

ଷ
ℎ௖଴), as illustrated in Fig. 8. Experimentally 

the pressure probe is located on the wedge surface. The pressure peak is a spatially and 
temporally localised phenomenon. This explains why the present numerical method 
underestimates the pressure levels. 

4  HIGH-VELOCITY WATER ENTRY AND SUBSEQUENT EXIT OF A WEDGE 
In this section, the present numerical method is applied to the high-velocity water entry and 
subsequent exit of a wedge. The numerical model is similar to the one considered in Section 
3.2, but the velocity prescribed to the wedge is now given by eqn (5), following the method 
used by Breton et al. [23] to experimentally study suction at lower velocities: 

 𝑈 ൌ 𝑈௠௔௫cos ሺ𝜔𝑡 ൅ Φሻ, (5) 

where 𝑈௠௔௫ is the maximum velocity of the wedge, 𝜔 the pulsation, 𝑡 the time and Φ the 
phase defined to ensure a variation of 𝑈 from െ𝑈௠௔௫ to 𝑈௠௔௫ during the simulation. For the 
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present simulation, the following values of the parameters have been adopted: 𝑈௠௔௫ ൌ
10 m/s, 𝜔 ൌ

గ

்
, 𝑇 ൌ 15 ms and Φ ൌ  𝜋. 

     The numerical results in terms of hydrodynamic force and pressure are presented in Fig. 
7(a) and 7(b), respectively. The hydrodynamic force increases until a maximum value is 
reached (positive force peak). Then, the force decreases and becomes negative (suction force) 
as the wedge decelerates. The force reaches a minimum value at the transition between the 
entry and exit stages, i.e. when the penetration depth reaches its maximum and the velocity 
of the wedge is null. After, the force gradually returns to 0. The amplitude of the negative 
force peak is more than 3 times higher than the positive force peak. 
 

 
(a) 

 
(b) 

Figure 7:   Numerical entry and subsequent exit of the wedge with 𝑈௠௔௫ ൌ 10 m/s. (a) 
Time history of the hydrodynamic force; (b) Time-history of the pressure. The 
probe location is illustrated in Fig. 8. The dashed line separates the stages where 
the pressure is positive and negative, relatively to P = 0.1 MPA. 

     A pressure peak is measured at the first instants of the simulation, when the water reaches 
the probe. The probe location is illustrated in Fig. 8. Then, as the penetration depth of the 
wedge increases and its velocity decreases, the pressure decreases. Around 𝑡 ൌ 3.5 ms, the 
pressure becomes lower than the ambient pressure (𝑃଴ ൌ 0.1 MPa), indicating the occurrence 
of suction forces, and stabilises around 𝑃 ൎ 0.008 MPa. From 𝑡 ൌ 10 ms, the pressure 
gradually increases to P = 0.1 MPA (the ambient pressure). The increase of the pressure 
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corresponds to the opening of the cavity formed under the wedge (ventilation) during the 
impact (Fig. 8). 
     The numerical model is able to simulate a negative force and (relative) pressure 
experienced by the structure at the transition between the entry and exit stages. As the 
velocity is high, the wedge also experiences a detachment of the fluid (water) and a cavity is 
formed under the wedge. 
 

 

Figure 8:   Numerical entry and subsequent exit of the wedge with 𝑈௠௔௫ ൌ 10 m/s. The 
figure shows the air volume fraction at 𝑡 ൌ 11 ms. The opening of a cavity under 
the wedge is visible (ventilation).  

5  CONCLUSIONS AND DISCUSSION 
In the present article, the numerical simulation of the water entry and water entry and 
subsequent exit of a wedge have been analysed. The hydrodynamic force and pressure 
evolutions are emphasised. The study has been carried out numerically using an explicit FE 
solver (Radioss) and a CEL approach. 
     The numerical results have been compared with existing experimental results for the water 
entry case. A fairly good agreement has been observed. This study assessed the influence of 
the most influential numerical parameters on the simulation results. First, varying the contact 
stiffness has little influence on the numerical hydrodynamic force and pressure evolutions. 
Second, for the considered element sizes, smaller elements lead to more precise numerical 
results, but to much higher computation times. The element size also influences the contact 
stiffness. Therefore, it is a key parameter when modelling hydrodynamic impacts using the 
present numerical method.  
     The model also showed its capability to model negative (suction) force and relative 
pressure. The higher amplitude of the negative force peak further justifies the interest of 
studying suction phenomena during hydrodynamic impacts representative of realistic 
industrial applications. However, the numerical model requires validation against 
experimental results. Therefore, future work will be dedicated to the simulation of 
experimental cases involving suction forces.  
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