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Abstract 

 
We present a method for simulating ditching events with the following features: the fluid is modelled with 

multimaterial ALE meshes and the structure with an independent lagrangian one. The movement of the fluid grid 
follows the movement of the structure. The interactions between that structure and the fluid is dealt with a coupled 
euler lagrange interface. 
An example of such calculation is compared to experimental results, and gives a good agreement. 
 

Nomenclature 
 

� pressure 

���� Minimum pressure 

�� Initial pressure 
�����	
,� Coefficients for polynomial equation of state 

 density 

� Initial density 

� Element compression �� =  �⁄ − 1� 
����  Internal Energy 

�  Internal Energy per initial volume � = ���� ��⁄  
� Local velocity field 

��  Characteristic length 

� Sound speed 

V Volume of the considered element 
S Surface of the considered element 

wj Material velocity of node j 

vj Grid velocity of node j 

φi Flux through element surface 

 

1. Introduction 
 

Aircraft impacts on water or space vehicle re-entries are important issues for both air and space industries. 
To limit the risks of loss of the vehicle or its payload, a prediction of its structural behavior under various possible 
ditching configurations must be performed. Regarding the involved cost, structural tests must be limited in scale and 
numbers, so numerical simulations are of great help for this purpose. 
The main phenomenon to be predicted are: 

• the trajectory of the vehicle under impact 
• the pressure repartition on the body 

From this, stress and possible damages to the structure can usually be deduced. 
 
Physically, two types of configurations involving different phenomenon can be identified: 
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• Vertical impacts 
• Impacts with high horizontal velocity component, where air entrapment, ventilation and cavitation may 

appear and be the dimensioning factors. 
Several numerical methods are possible, among them: 

• SPH (Smooth Particle Hydrodynamics), which was often treated, for instance in reference [1] 
• ALE (Arbitrary Lagrangian Eulerian) 
• Analytical approaches 

This presentation will give an overview of the ALE method as applied in the explicit finite element code RADIOSS 
for transient analysis.  
The case of vertical impact has already been studied (see ref [5]).  This paper will concentrate on the case of large 
horizontal velocity and its consequences on fluid dynamic, CPU cost and fluid-structure interaction modeling. 
 

An example is presented at the end, outlining the global trajectory of the body. 
For the numerical application, the HyperWorks tools used are Hypermesh for the pre-treatment, RADIOSS for the 
simulation and Hyperview / Hypergraph for the post-treatment, by Altair Engineering. 
 

2. Fluid domain definition 

2.1 Finite element formulation 

Though giving good results during the initial phase of the phenomenon, the finite element lagrangian approach is 
limited by the sensitivity of the mesh to fluid deformations. The Eulerian method is an alternative as fluid elements 
do not deform and physical values are transported to neighboring elements. But the following difficulties must be 
solved: 

• Definition of the free surface 
• Robustness of the simulation 

This will be described in paragraph 3 (“Fluid dynamic calculation”). 

2.2 Domain definition 

In usual Coupled Euler Lagrange (CEL) modeling, the lagrangian mesh of the structure is plunged inside a pure 
Eulerian fluid domain. In case of relative important movement, such as a horizontal plane ditching, the fluid domain 
must be large enough to follow the trajectory of the structure. This results in a high number of elements to keep mesh 
size constant. 

In “standard” ALE modeling with a lagrangian contact between the structure and the fluid, the fluid domain also 
must encompass the structural mesh. The structure trajectory also affects the fluid domain. In case of a relative 
important displacement large element deformation could become critical. Additionally, a proper meshing of the zone 
around the structure may be very difficult. 

 
To get rid of these two limitations, both ALE and CEL methods are used. The fluid domain is modeled with ALE 
method using a grid moving according to the global movement of the structure. Inlet and Outlet formulations are 
used at the boundaries. This enables the grid domain to be considered as a moving window over the zone of interest. 
Note that in this case, grid does not deform. 

 
Figure 1: movement of the grid 



Ditching simulation of Air and Space vehicles using ALE methods   
  

3 
 

 

2.3 Boundaries definition 

The upwind boundary is defined with an inlet, setting the pressures, densities and energies to their initial values.  
The other boundaries are defined with silent ones to enable material outlet and prevent from reflections. The 

following equation is used for the pressure [6]: 
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cl  is the characteristic length and allows to compute cutoff frequency cf  as: 
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The domain is extended downstream by a distance equal to the fuselage length and by 2 times the plane width for the 
side.  

 

3. Fluid dynamic calculations 
 

The purpose of the fluid calculation is to provide an accurate pressure load on the ditched structure. 
With a given trajectory of the structure, a large domain, compared to the size of the structure, must be taken into 
account to capture the right structure/fluid interaction. The mesh must be fine enough to provide an accurate pressure 
load. 
The phenomena to be taken into account are: 

• Fluid reaction force on the impacting structure 
• Fluid movement 
• Ventilation / cavitation 
• Buoyancy forces 

 

3.1 Multi-material law and associated upwind 

To solve the problem of capturing the free surface between air and water, these two phases have to be 
transported through the elements, instead of deforming the elements to follow the free surface. This is performed by 
the use of a single multi-material law.  
The multi-material law in the context of the present work is defined as a material law containing both air and water. 
The phase fractions (air and water) are defined with two variables which, like other variables in ALE ([3] and [4]), 
must be transported thru the mesh. These variables could be subjected to diffusion or ALE instabilities 
ALE material laws use a classical upwind method for momentum advection (controlled by η1 factor) and 
mass/energy advection (controlled by η2 factor).  
For example, with mass transportation, the following equation is obtained from mass conservation: 

(3.1) 

This leads to define the flux on element face: 

�� = � ��� − ���.  � 	"#$%
   (3.2) 

The density is computed at each element centroid.  
Equation (3.1) needs to evaluate transported quantity between intermediate positions. Thus, a linear reconstruction is 
introduced: 

  (3.3) 

Where & and ' are neighbour elements sharing the face (. 
 
The default values () = 1) define a full upwind technique also called donor cell method. This method is known to be 
stable but diffusive.  
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Those advections with RADIOSS multi-material law are controlled through a specific upwind method controlled by a 
unique coefficient η3. This upwind method is derived from the usual method taking into account the wet areas. It is 
also provided by an anti-diffusive scheme depending on wet areas which can be driven by η3 factor. 
The range of η3 is between 1 (full upwind, high diffusion) and -1 (full downwind, potential unstability). 
The following figure displays the effect of η3 on the ditching of a cylinder into water: 
 

 
 

Figure 2: Effect of upwind coefficient for wet area 
 

It can be observed that low value of upwind coefficients leads to instabilities which can be identified here through 
the presence of artefacts  and that high values leads to diffusion,  “loss” of the free surface, and even change in the 
fluid motion (“splash” disappears for η3 = 1) 

3.2 Material properties 

Air and water are described with the multi-material law (law51). Pressures for all materials are defined with 
polynomial equations of states and a minimal pressure pmin can be defined: 
 

( ){ })(;max 54
3

3
2

210min µµµµµ ECCCCCCpp +++++=  (4) 

 
Energy, pressure and density are linked. To solve this equation an adiabatic condition is assumed in this context: 
 

"���� = −�"� (4.1) 
Which gives: 

"� =
*�+,,�

�
-+�.
"� (4.2) 

 
The aim of the solver is also to solve a differential equation provided by the equation of state. 
 

���, �� � �1 / ��0
1,

1+
  (4.3) 

 
This polynomial equation of state can fit the particular case of a perfect gas based on  �2 � �3 � 4 � 1 which gives 

� � �1 / ���4 � 1��    (4.5) 
 
Multi-material law has to handle several equations of state in a single element.  
Pressure equilibrium is assumed between each present material in the element.  
In the case of ditching : 

�5�6��5�6 , �5�6� � �75�86��75�86 , �75�86� (5) 
 
This differential equations system is solved at each computational cycle. 
  
Modelling the air is important to take into account air entrapments and suction effects. 
Water is modelled as an incompressible fluid using a linear EOS with a bulk modulus defined by �
 � �75�86

0  
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µ10 CCp +=               (6) 

 
C0 defines the initial pressure. 

Table 1: Properties of air and water 

 
 
 
 
 
The ventilation effect is simulated using pmin. 
Previous simulations demonstrated that cavitation was small and that the use of pmin was sufficient to take into 
account those effects 
 

4. Contact formulation 
 
The contact is based on a Coupled Euler Lagrange formulation: the structural mesh is inside the fluid mesh, as shown 
in figure 3. 
 

 
Figure 3: CEL interface  

 
The Lagrangian surface is treated as master surface and the Fluid mesh is the slave group of nodes. 
Contact detection is defined through a gap: all slave nodes within gap distance of the master surface are considered 
in contact and a “non-penetration force” is applied. Optimization techniques are introduced to prevent search 
algorithm from running a full search at each cycle. 
For each slave node in the gap area, a non-penetration condition is enforced through a penalty formulation: 

9�::::;< + ∆<� = 9�::::;<� + #<>?�. ��@:::; − ��:::::;�. ∆<    (7) 
Where : 

• #<>?� is the interface stiffness,  
• �@:::; is the velocity of the slave node along the normal axis of the closest master surface segment, 
•  ��:::::;  is the velocity of the closest master segment along its normal axis. 

This formulation does not enforce a strict non penetration condition if the stiffness factor is too low. At the opposite, 
high stiffness factors may reduce time step and/or create high contact forces vibrations as well as modify the global 
behaviour of the fluid. 

 
For incompressible flows as in ditching cases, the value of #<>?� is given by: 
 

#<>?� = 	
B.C..$DE
F5*

   (8) 

Where #8G is the surface of the master (structural) element. 
This approach is very robust because the fluid meshes are not deformed when the structures moves or deforms itself, 
and the penalty contact is more robust than any other contact formulation. 
 

Fluid Density (g/mm3) EOS parameters 
Air 1.22E-06 C4 = C5 = 0.4; E0 = 0.25 MPa 

Water 0.001 C0 = 0.1 MPa, C1 = 2250 MPa 



Adrien Robert, Jean-Baptiste Mouillet, Thierry Schwoertzig 
     

6 
 

5. Application: NACA 2929J simulation at 30 fps 

5.1 Problem description 

The test is a scaled ditching experiment of a body presented in the NACA-TN-2929 report [2]. It was selected as a 
common test problem for SMAES project [7]. Only the fuselage is meshed but the mass and inertia of the complete 
body are taken into account. Aerodynamic forces generated by the wings and the empennage are not considered. . 
The fluids are non-viscous, and therefore no skin friction is applied on the fuselage. Due to a lack of some data in the 
NACA report, several geometry details and initial conditions have been chosen to give the best consistency with 
experimental results. The motion of the plane is free, only initial conditions are set. The initial hydrostatic pressure 
field is defined in the water using C0 EOS parameters (eq (3)). 
 

 
Figure 4 : Overview of the model 

 
The mesh is not regular, it is fine (body element size or less) around the structure for good accuracy and coarser 
(with a bias of 5%) further away to reduce the number of elements. The fluid grid is moving according to the 
horizontal movement of the body center of gravity. This enables the mesh refinement to be focused on interest zones 
and also describe an accurate contact. 

5.2 Results and comments 

The model size is as follows: 
• 600 000 fluid elements 
• 700 structural elements 

 
The calculation was performed using 48 cores (at 2.53 GHz) during 2.4 days for a total time of 1.75 s. 
The times step is nearly constant and equal to 1.17 ms. 
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Figure 5: Fluid density and contact forces on the fuselage between t=0s and t=1000ms (symmetry plane) 

 
Regarding the kinematic results, the speed and the height of the center of gravity are consistent with experimental 
data. The pitch up of the plane due to suction forces applied at the rear (figure 5) is correctly resolved, but with a 
smaller value (about 5.5° ~16% less). Speed does not decrease to zero like in test data, but the lack of skin friction 
can be the main reason. The main difference between the calculation and test data is related to the attitude of the 
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plane. Indeed, a second pitch up which is not a rebound, can be seen in the simulation. The major differences in the 
motion of the plane might be due to aerodynamic forces of the wings and empennage, for both first and second pitch 
up.  

 

 
 

Figure 6: Comparison between computation results and test data, acceleration of the COG 
 

 
The final value of the Z component of contact force equals the plane weight with some oscillations; the final value of 
the X component is zero.  That represents one physical check of the interface behaviour. As it could be presumed, the 
plane is mostly slow down during the two pitch up phases (figure 6). It is important to note that Y component of 
contact forces (thus mainly applied on the side of the fuselage) oscillates between positive and negative (suction) 
values with magnitudes similar to the other components. This oscillating load could be critical for the structure of the 
fuselage. These observations have to be confirmed with upcoming simulations taking aerodynamic forces into 
account. 
 

 
Figure 7: Computed contact forces on the fuselage 

  

(m
m

/m
s²

) 



Ditching simulation of Air and Space vehicles using ALE methods   
  

9 
 

 

6. Conclusion 
 
This presentation proposes a method for modelling ditching events with high horizontal velocity component. 
The choice of the ALE method coupled with CEL interface and multi-material law highlights the following 
advantages: 

• The fluid mesh does not deform, resulting in a good stability of the simulation, 
• The air and associated effects (ventilation, suction) are taken into account, 
• The mesh size is kept within acceptable limits. 
• The fluid meshing process is relatively easy. 

 
The next steps will consist in adding aerodynamic forces and compare local pressures to reliable experimental data, 
as part of SMAES European program. 
From this, improvements on contact definition and fluid formulation will be done. 
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