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Introduction

For the aviation industry, reduction of fuel consumption, gas emissions and noise remains an important challenge [START_REF] Brunet | The Clean Sky programme: environmmental benefits at aircraft level[END_REF]. The emerging Counter-Rotating Open Rotor (CROR) engine technology might bring substantial benefits in this respect and several test campaigns in wind tunnel installations are being conducted, often accompanied by numerical simulations.

A lot of work has been done during the initial development of CROR propulsion systems [START_REF] Stuermer | Validation of Aerodynamic and Aeroacoustic Simulations of Contra-Rotating Open Rotors at Low-Speed Flight Conditions[END_REF][START_REF] Vlastuin | Open Rotor Design Strategy: From Wind Tunnel Tests to Full Scale Multi-Disciplinary Design[END_REF][START_REF] Brandvik | Angle-of-Attack Effects on Counter-Rotating Propellers at Take-Off[END_REF][START_REF] Vion | Counter-Rotating Open Rotor (CROR): flow physics and simulation. 20éme Congrés de Mécanique[END_REF][START_REF] Sturmer | Multidisciplinary analysis of CROR propulsion systems: DLR activities in the JTI SFWA project[END_REF]. However, generally, the CFD codes used for aerodynamic analysis can only deal with a rigid-body representation of the structures involved. Recently, ONERA is studying the CROR propeller designed by AIRBUS [START_REF] Negulescu | Airbus AI-PX7 CROR design features and Aerodynamics[END_REF] both experimentally and by numerical simulations, which require multidisciplinary tools and approaches.

In view of the future certification of a CROR-engine powered aircraft, manufacturers should address and assume the event of engine burst, including the release/loss of a fragment of an open rotor blade. To minimize the extent of shielding on the aircraft fuselage, the areas of possible impacts have to be precisely identified [START_REF] Remacha | Large Damage Residual Strength Analysis: Simulations and Tests[END_REF][START_REF] Seng | Dynamic Open-Rotor Composite Shield Impact Test Report[END_REF][START_REF] Carney | Weight Assessment for Fuselage Shielding on Aircraft with Open-Rotor Engines and composite blade loss[END_REF]. The simulation of the fragment trajectory requires accurate capturing of the aerodynamic forces.

The main contribution of the present study is to set up and validate a simulation methodology to predict debris trajectory and possible impact areas, by taking into account the deformability of the structural components and the aerodynamic effects induced by the surrounding fluid environment.

To this end, a detailed Finite Element/Finite Volume (FE/FV) model with Fluid-Structure Interaction (FSI) is developed in the EUROPLEXUS code (EPX) [START_REF]EUROPLEXUS User's Manual[END_REF], an explicit computer program jointly developed by the French Commissariat à l'Energie Nucléaire et aux Energies Alternatives (CEA) and by the Joint Research Centre (JRC) of the European Commission.

The paper is organized as follows. Section 2 presents some key and innovative numerical techniques used in the present study: i) a FSI algorithm to couple the FV fluid model with an embedded (immersed) FE structural model; ii) a fully dynamic mesh adaptivity algorithm to automatically refine the fluid mesh only in the vicinity of the embedded structure, enhancing the accuracy of the FSI algorithm at a reasonable computational cost; and iii) a methodology to drastically reduce the extent of the fluid domain included in the numerical model, so as to further reduce the cost of the simulation without sacrificing the overall accuracy.

Section 3 shows preliminary aerodynamic CFD simulations including only the fluid. The structure (blade) is assumed to be rigid and fixed in space, and is simply represented by a rigid boundary (a solid wall in CFD terms). The scope is to validate EPX's fluid model and aerodynamic force computation against the dedicated purely CFD code elsA developed at ONERA. Finally, Section 4 presents an example of fully coupled FSI simulation where all the above mentioned numerical models are employed to accurately predict the blade trajectory and to identify the zones of impact against the fuselage. Since all structural components are treated as deformable (damageable) bodies in this study, such a type of simulations might also include the detailed study of the mechanical effects of the impact on the fuselage.

Numerical models

EPX is a general computer code for fast transient dynamic analysis of Fluid-Structure systems. The explicit central difference time integration scheme is used to advance the solution in time. This facilitates treatment of geometric non-linearities such as large motions and large strains, and of material nonlinearities such as plasticity and damage.

The structural sub-domain is discretized by FE such as continuum, shells, bars etc. and the governing equation is the conservation of momentum (equilibrium). In the fluid sub-domain, the Euler inviscid compressible equations expressing conservation of mass, momentum and energy are discretized by either FE or, like in the present work, by a cell-centred Finite Volume (CCFV) method.

Fluid-Structure Interaction

The EPX code offers a wide panoply of FSI algorithms, see [START_REF] Casadei | Strong and weak forms of a fully non-conforming FSI algorithm in fast transient dynamics for blast loading of structures[END_REF] for an overview. The optimal algorithm for each application depends upon the chosen fluid formulation (FE or FV) and on the amount of expected nonlinearity in the structure, namely the possibility of large rotations, failure, fragmentation.

Figs. 1(a) and 1(b) compare the FE and the CCFV classical approaches in the simplest possible FSI case, namely for conforming F-S meshes. In the FE formulation the discrete variables are defined at the fluid nodes, which therefore must be kept separated from the structure nodes as shown in Fig. 1(a). In the FV formulation, instead, the variables are discretized at the volume (or cell) centroids, so that fluid and structure nodes may be merged together, see Fig. 1

(b).

If a FE description of the fluid domain is adopted, FSI conditions are typically imposed by enforcing equal fluid and structure velocities at the nodes along the F-S interface, projected along the normal to the interface (while tangential velocity components are left free). In EPX this is typically obtained by a strong formulation, based on Lagrange multipliers.

However, in general the FV method is more accurate than FE for the fluid domain, and results in better pressure values for a given fluid mesh size. Therefore, CFD computer codes for purely fluid applications, such as e.g. the elsA code developed at ONERA, generally use the FV method. In the CCFV formulation used in this work, FSI is achieved by updating the fluid pressure at the cell centroid at each time step and then by applying it directly to the adjacent structure (if present) through equivalent nodal forces. By blocking the numerical fluxes of mass and energy between neighboring fluid cells separated by a solid shell wall and by using the relative (fluid minus structure) velocity in the transport terms of the ALE equations, one ensures a (weak) feedback mechanism by which the fluid "sees" the presence of the structure.

The classical FSI algorithms based on conforming F-S meshes are quite accurate but they are limited to cases of structures which undergo neither failure (with fragmentation) nor large deformations, and in particular also no large rotations which, however, are of primary interest here. The difficulties typically arise from fluid mesh rezoning algorithms being unable to avoid mesh entanglement.

For such extreme conditions a different class of FSI algorithms has been recently implemented in EPX, based upon the concept of immersed (or embedded) structure. The structure and fluid meshes are completely independent at the topological level. The structure is arbitrarily discretized using a Lagrangian description and then it is embedded (superposed) into a (background) fluid mesh. The fluid grid is typically regular (structured) and uses a Eulerian description, thus avoiding by construction the fluid mesh rezoning difficulties typical of ALE formulations.

FSI coupling is realized by searching the fluid entities (fluid nodes in FE, or fluid cell interfaces in CCFV) which are located sufficiently close to the structure, and then writing suitable coupling conditions, in a similar manner to the case of conforming meshes described previously. The candidates for coupling are the fluid entities located within a thin fluid layer (influence domain) around the structure, as shown in Fig. 2. In the case of CCFV fluid formulation used in the simulations of the present work, the embedded coupling algorithm is denoted as FLSW model in EPX, and is further detailed in [START_REF] Casadei | FLSW: A weak, embedded-type Fluid-Structure interaction model with CCFV in EUROPLEXUS[END_REF][START_REF] Beccantini | Improvement of the FLSW model for Cell-Centered Finite Volumes in EUROPLEXUS[END_REF].

Fluid mesh adaptivity

When using an embedded FSI algorithm such as FLSW, the precision of F-S coupling depends very much on the use of a sufficiently fine fluid mesh, typically much finer than the structure mesh if this is discretized by shells. Since uniform refinement of the entire fluid mesh is out if question due to computational cost, the fluid mesh should be refined at least in the vicinity of the (moving and deforming) structure. This is precisely the scope of adaptivity: to refine the fluid mesh only where it is needed, in this case close to the structure (FSI-driven adaptivity). The general strategy adopted in EPX to adaptively refine and un-refine the computational mesh is described in [START_REF] Casadei | An algorithm for mesh refinement and un-refinement in fast transient dynamics[END_REF]. FSI-driven adaptivity is best used in conjunction with an embedded FSI algorithm such as FLSW, see [START_REF] Casadei | Combination of mesh adativity with Fluid-Structure Interaction in EUROPLEXUS[END_REF]. The interacting fluid and structure are discretized in a completely independent way at the topological level. Typically, the fluid is represented by a uniform and regular (even structured) mesh fixed in space (Eulerian description) used as a "background" mesh. The structure is meshed independently and then it is "embedded" or "immersed" in the fluid mesh. The two meshes are therefore simply superposed, see Fig. 2.

Adaptivity in the fluid is activated by adding the ADAP keyword in the FSI directive (FLSW) of the EPX input file. The FLSW directive with adaptivity has been used in the last blade trajectory simulation using CCFV and FSI presented in Section 4. The ADAP sub-directive introduces adaptivity-related data for the concerned FSI model. The only mandatory parameter is L max , the desired maximum fluid mesh refinement level near the structure.

Choosing the influence domain thickness

In the FLSW model for FSI, the structure is coupled with the fluid cell interfaces which are found to be currently located within the structural influence domain. This domain is formed by circles and quadrilaterals in 2D, by spheres, prisms and hexahedra in 3D. The circles or spheres are centred on the structural nodes while the other geometric shapes are built by connecting the circles or spheres, see Fig. 2.

Thus, the thickness of the influence domain at a structural node is the diameter of the associated circle or sphere. The domain thickness at a point of the structure not coinciding with a node is interpolated from the nodal values around it. The user can either specify the thickness by imposing a uniform sphere radius R via the keyword R, or let the code automatically determine R based on the local size of the fluid mesh. In any case, a sphere radius is finally associated with each structural node, so that the local thickness of the influence domain is D = 2R.

In order to ensure tightness, i.e. to avoid spurious fluid passage across a solid structure, the local thickness of the structure influence domain (i.e. the sphere diameter D = 2R) must be greater than the diagonal of the local fluid mesh cell, see Fig. 3. If the fluid mesh is formed by squares in 2D or cubes in 3D, of size h, then in order to ensure tightness it must be:

D > √ dh ( 1 
)
where d is the space dimension (2 or 3). This condition ensures that a continuous layer of fluid entities is coupled with the structure, even in the worst possible case that the structure is located exactly in the middle between two fluid entities, and has an oblique direction (not aligned with the global axes). Using a value of D much larger than the one given by eq. ( 1) is not advisable, because too much fluid would be "attached" to the structure. In each practical situation, the minimum value ensuring tightness is the best one.

When mesh adaptivity is adopted in the fluid domain, the size of the fluid mesh varies according to the level of refinement. A binary rule is adopted, whereby the size of each level is half that of the previous level. By convention, the base (ancestor or unrefined) fluid elements are placed at level 1.

Let us therefore denote h 1 the size of the base fluid mesh. At any other level of refinement L > 1, the size of the fluid mesh will be:

h L = h 1 /2 L-1 (2) 
i.e., 1/2, 1/4, 1/8 etc. of the base size. The practical convention is adopted that the user always specifies the FLSW data referred to the base fluid mesh, also in the case of an adaptive calculation. Then, if adaptive FSI is desired, the ADAP keyword is added to FLSW and the LMAX keyword is used to introduce the desired maximum refinement level (L max ) of the fluid mesh near the structure. In this way, various levels of refinement can be tried out by changing only the L max value.

Adapting the fluid mesh

To obtain a progressively refined fluid mesh near the (moving) structure, from level 1 (base mesh) to level L max (the chosen maximum), we proceed as illustrated in Fig. 4 where just one structural element is considered for simplicity. Each used fluid element (base or descendent element, in adaptivity) is uniquely identified by the position of its centroid, i.e. the average position of its nodes. Then, a hierarchy of L max structural influence domains, similar to the one used to detect FSI, are built in order to adapt the mesh. Each influence domain is similar to, but has half the thickness as, the previous one in the hierarchy. The first (coarsest) influence domain (for L = 1) coincides exactly with the influence domain that would be used by FLSW in the absence of adaptivity i.e. it has the thickness D 1 declared in the input data set. For example, if a uniform sphere radius R 1 has been specified via the R keyword, then

D 1 = 2R 1 .
The last (finest) influence domain (for L = L max ) has thickness D Lmax = D 1 /2 Lmax-1 . This last domain is the one automatically used to detect FSI.

Therefore, when ADAP LMAX lmax [START_REF]EUROPLEXUS User's Manual[END_REF] is specified the radius actually used for FSI is not R

1 , but R Lmax = R 1 /2 Lmax-1 .
In the simple illustrative example of Fig. 4 we consider refinement up to level 3, i.e. ADAP LMAX 3. We assume that the user has declared in the input file an influence domain radius R = √ 2h/2 (or slightly larger), with h the size, assumed here uniform for simplicity, of the base fluid mesh. We indicate with D 1 = 2R = √ 2h the diameter (thickness) of the base influence domain. This is used to find the base fluid elements that need to be refined, as shown in a). These are all the fluid elements whose centroid falls within the influence domain, and are indicated by a cross. In b) we can see the fluid mesh refined to level 2. Then a scaled-down structure influence domain of thickness D 2 = D 1 /2 is used to identify the fluid elements which need to be further refined. In c) we can see the refined fluid mesh at level 3, which is the final one in this case. Finally, the code uses the finest influence domain D 3 = D 1 /4 to locate the fluid entities which have to be coupled with the structure, as shown in d). In the example of Fig. 4 these entities are the fluid nodes (as is typical with the FE algorithm). In case of FLSW used in the present simulations, the fluid entities considered are rather the cell interfaces.

The complete refinement and un-refinement procedure is as follows. Two loops are performed at the beginning of each time step to adapt the fluid mesh. In the first loop, "coarse" fluid elements which now find themselves "near" the structure are (progressively) refined, while in the second loop "fine" fluid elements which now find themselves "far" from the structure are (progressively) unrefined. Each loop proceeds by examining one level at a time. The refinement loop does this in increasing level order (from level 1 to level L max -1), while the unrefinement loop does this in decreasing level order, from level L max -1 to level 1). Note that elements in level L max are never examined directly. In fact, they need no refinement since they are already at the maximum refinement level.

The ALE GLOB methodology

The simulation of CROR debris trajectory and impact typically involves a huge fluid domain, from the engine to the impact point on the fuselage and possibly beyond. Discretizing this entire domain, even with the help of fluid mesh adaptivity described previously, might be computationally impractical and extremely CPU expensive.

Therefore, during the Clean Sky SFWA project [START_REF] Ortiz | CROR WP1 Blade structure and certification[END_REF][START_REF] Ortiz | 2.2.2.8. PBR-Propeller Blade Kinematics AI-PX4 Blade Trajectory[END_REF][START_REF] Ortiz | Task 2.2.2.8, PBR Propeller Blade Kinematics, AI-PX6 Blade trajectory with ALE GLOB approach[END_REF], ONERA developed into EPX a new methodology (ALE GLOB command) to reduce the air volume actually discretized in the numerical model. Only a relatively small region (a box) of fluid around the moving blade debris is discretized. Thanks to ALE formulation used in EPX, the fluid mesh can be moved arbitrarily. So, the fluid box is set to translate in space by constantly following the center of gravity (CG) of the blade, which thus remains constantly embedded in it. Appropriate inlet and outlet boundary conditions are set on the walls of the fluid box. Of course, in order to improve the accuracy of aerodynamic forces computed on the structure (which in turn controls the accuracy of the trajectory) it is advisable to activate FSI-driven mesh adaptivity (FLSW ADAP) in the fluid box. This is feasible in practice, thanks to the small extent of the meshed fluid domain. An example of application of this methodology to the CROR problematic is given in Section 4.

Wind tunnel tests and numerical simulations

The objective of the wind tunnel test campaign was to build up a static, subsonic aerodynamic database over a large range of angles of attack α and side slip angles β. This database should then be used to validate the numerical simulations. The L2 wind tunnel (ONERA facility) was used, following successful recent testing on light aircrafts [START_REF] Mouton | Combined wind tunnel tests and flow simulations for light aircrafts performance prediction[END_REF]. A 1:1.2 scale model of a blade was built and mounted on a support strut fixed on a six-component balance measuring the forces. Pressure was also measured on the scaled model, equipped with 40 pressure transducers. The repeatability analysis concerning lift and drag coefficients was considered satisfactory.

Configuration and flow conditions

This section sets the definitions and notations concerning the static aerodynamic forces exerted on CROR blade fragments. The geometry of the rear and front blades is shown in Fig. 6. Only the front blade is used for the present study. Some tests in wind tunnel are performed and then numerically simulated. Due to confidential aspects only the numerical results (aerodynamic simulations) are presented. We shall consider the frame shown in Fig. 7(a). The angle of attack and the side-slip will be defined regarding the blade frame # 1, with the standard definitions for an aircraft. All dimensions in this part of the paper are given at the scale 1. Naturally, for the tests in the wind tunnel, the surfaces and the chosen reference lengths are scaled like the model (1/1.2).

In the present paper, only the PORBR 100 (no-root blade, Fig. 6) is studied to compare numerical methods. The reference surfaces and lengths are defined as follows (see Fig. With the definitions of Fig. 8, the normalized vector coordinates which give the direction of the wind are, in the blade referential B 1 : (cos α cos β, sin β, sin α cos β) (see also [START_REF] Mouton | CFD simulations of the flow over open rotor blade fragments[END_REF]). The wind referential A (O B1 ,X A ,Y A ,Z A ) is defined Table 1 Forces and moments notation.

Referential -→ F -→ M Wind referential A F XA , F Y A , F ZA -M XA , +M Y A , -M ZA Blade referential B 1 F XB1 , F Y B1 , F ZB1 -M XB1 , +M Y B1 , M ZB1
from the blade referential B 1 with a rotation of α (angle of attack) around the Y axis, and a rotation of β (side slip angle) around the Z axis, so that the direction X A gives the direction of the wind. The incident flow, whose far-field velocity and density are V ∞ and ρ ∞ , produces a force -→ F and a moment -→ M around the point O B1 on the blade fragment. The components of -→ F and -→ M are noted as indicated in Table 1.

Table 2 Force coefficients notation. The minus signs on the rolling and yawing moments allow to retrieve the standard aircraft conventions: the rolling moment is positive when the right wing goes down, the pitching moment is positive when the nose goes up, and the yawing moment is positive when the nose goes to the right. The force coefficients are defined in Table 2.

Referential

-→ C F --→ C M Wind referential A C XA , C Y A , C ZA C LA , C M A , C N A Blade referential B 1 C XB1 , C Y B1 , C ZB1 C LB1 , C M B1 , C N B1
C XA = 2F XA ρ ∞ V 2 ∞ S ref C Y A = 2F Y A ρ ∞ V 2 ∞ S ref C ZA = 2F ZA ρ ∞ V 2 ∞ S ref (3) 
C LA = 2M XA ρ ∞ V 2 ∞ S ref L ref C M A = 2M Y A ρ ∞ V 2 ∞ S ref L ref C N A = 2M ZA ρ ∞ V 2 ∞ S ref L ref (4) 
Similar notations are used also for C XB1 , C Y B1 etc. The variation of force coefficients is due to the non-dimensional numbers which characterize the aerodynamic conditions: -Angle of attack α and side-slip angle β.

-Far-field Mach number M ∞ = V ∞ /a ∞ with V ∞ the incoming fluid speed and a ∞ the incoming sound speed. -Reynolds number Re = ρ ∞ V ∞ L Re /µ ∞ where L Re is a reference length and ρ ∞ , µ ∞ are the incoming fluid density and viscosity, respectively. For this study, the length L Re is the chord value, so L Re = 0.417 m. The quantities S ref and L ref appearing in eqs. ( 3) and ( 4) are a reference surface and length, respectively, previously defined in Section 3.1. Sets of elsA simulations are performed at M ∞ = 0.490 and M ∞ = 0.853, respectively, by varying α and β and are then compared with the experimental results in [START_REF] Mouton | CFD simulations of the flow over open rotor blade fragments[END_REF].

Numerical models for wind tunnel simulations

Fig. 9 shows the computational model used for the wind tunnel simulation. In the elsA CFD simulations, only the fluid was included and therefore the presence of the structure was treated as a rigid boundary. The EPX simulations, instead, included both the fluid and the structure, treated as a deformable body. Brick volumes (FV) are used to represent the air and 4-node shells (FE) for the structure (in EPX). The structure material characteristics are very close to AIRBUS data (mass, position of the center of gravity, modal analysis). Due to confidential aspects these data are not included in this paper. The following conditions are used at fluid boundaries: -At the inlet, flux is defined by imposing the velocity measured in the wind tunnel. Density and energy are imposed as constants, while continuity is imposed for pressure. -At the outlet, continuity is assumed for all variables except pressure, which is imposed. This results in an absorbing boundary condition, which avoids (or greatly reduces) spurious pressure wave reflections at the outlet. A value for sound speed and a typical relaxation length are provided, which must be greater than the largest wave length of interest. -The lateral walls are treated as infinite-volume boundaries. The correctness of flow conditions around the structure (no perturbation at the fluid boundaries) is checked a posteriori against the experimental observations.

A regular uniform fluid mesh of 50 mm cell size is used for the air domain. For the structure used in the EPX model, the element sizes are between 50 mm and 80 mm. Recall in fact that the FLSW model used for FSI in these EPX simulations requires a fluid mesh finer than the structure mesh. No adaptivity is used in the EPX simulations of this experiment. The elsA code was validated in [START_REF] Mouton | Wind tunnel testing of open rotor blade fragments[END_REF][START_REF] Ortiz | Open Rotor Blade Fragment Trajectory Testing and simulation synthesis Report[END_REF], where it was shown that the elsA simulations are accurate in predicting force and pressure within 10 % of the experimental data (Fig. 10), and even better at low and high angles of attack. Overall, good accuracy is obtained from the EPX simulations compared with elsA simulations. We can observe that a refinement of the fluid mesh is necessary to obtain sufficiently accurate results. Unfortunately, in many practical applications it is not realistic to uniformly refine the mesh over the entire fluid domain. Precisely for this reason, adaptivity was introduced into EPX to automatically refine the fluid mesh only where necessary, i.e. near the structure, as detailed in Section 2.2. 

Blade trajectory simulation

Some sample EPX blade trajectory simulations are finally performed by combining all the key models (FSI, fluid mesh adaptivity, ALE GLOB) recently implemented in the code and presented in Section 2. We assume that:

-The blade loss is due to an instantaneous rupture near the blade root.

-The blade loss occurs after a stable thrust of the CROR (in good agreement with AIRBUS data) has been reached. -Only the front PORBR 100 blade is released for the cruise and take off configurations, which are shown in Fig. 14.

For the following discussion of results we consider the reference frame shown in Fig. 14: the positive X axis points from the engine towards the fuselage, the positive Y axis is directed vertically upwards and the positive Z axis is pointing forwards, i.e. in the direction of the flight. The simulations are performed up to 2.5 m of CG X-translational displacement.

Fig. 15 shows the computed longitudinal (Z) displacement of the blade center of gravity (CG) vs. the lateral (X) displacement of the CG as computed for the cruise and take off configurations, without and with fluid mesh adaptivity. One would expect that, immediately after being detached from the root, the blade debris initially tends to move forward (positive Z displacement) with respect to the engine and the more so, the higher is the engine thrust. Only somewhat later would the blade be "overtaken" by the advancing aircraft (negative Z displacement).

We saw in Section 3.3 that the largest inaccuracy in the EPX polar curves for uniform and relatively coarse fluid mesh (Figs. 11 and12) is essentially observed in the first instants of the blade-off event, in particular for the cruise con-dition, due to the initial pitch angle (small angle of attack α). If activated, the automatic fluid mesh refinement provides more accurate aerodynamic forces and it should better describe the initial motion of the blade debris just after release.

In fact, in Fig. 15 we can observe that the predicted Z-motion of the blade debris CG is inaccurate (initially negative dZ/dX derivative), if the aerodynamic forces are not sufficiently precise (too coarse fluid mesh). The pink curve CG FLSW CRUISE is obtained for a coarse uniform fluid mesh of 50 mm. The black curve CG ADAP CRUISE corresponds to a mesh with adaptivity up to a minimum fluid mesh size of about 2 mm near the structure.

The same kind of curves is plotted also for the take-off configuration. One can see that with the important engine thrust typical of take off, an initial forward displacement (along the positive Z-axis) is indeed predicted, in agreement with physical intuition, but this phenomenon is not caught by the coarse mesh. The same effect is observed for the cruise configuration, albeit to a lesser extent due to the lower engine thrust characterizing this configuration. These simulations have been carried out to study possible impacts in the fuselage during take off and cruise. See for example Fig. 16 where, howeverer, no values are shown due to confidentiality of results. This type of calculations opens the possibility of studying shielding solutions, thanks to an accurate knowledge of possible impact locations on the fuselage and to the possibility of modelling mechanical effects (deformation, damage, failure) on the impacted structure with EPX in a fully coupled FSI simulation. 

Conclusions

The paper focused on some key computational aspects to obtain accurate yet computationally efficient numerical simulations of blade debris trajectory after a postulated CROR engine failure, up to impact against the aircraft fuselage. An embedded-type FSI algorithm (FLSW) was used to couple the structure with the surrounding fluid and to compute the resulting aerodynamic forces. Automatic refinement (adaptivity) of the fluid mesh only near the structure (ADAP) was used to increase FSI accuracy. Finally, a technique to limit the extent of the actually discretized fluid domain to a box constantly following the embedded blade debris (ALE GLOB) drastically reduced the CPU cost.

The first results obtained show clearly that these approaches are well suited to the class of problems of interest. The error in computed blade deviation just after blade release in cruise conditions (when the angle of attack is small and the drag force is overestimated) is dramatically reduced. Thus one can expect a better prediction of the blade trajectory, in particular during the first instants after blade loss, as well as of the impact locations with the surrounding structure (the engine itself, the front and rear blades, the fuselage).

Finally, another advantage of the EPX code is to allow performing such FSI simulations with a deformable structure, which is generally not possible with purely CFD codes. Future work will focus on the blade debris trajectory taking into account the initial release conditions due for example to bird strikes. In parallel, new investigations of shielding materials (experimental tests and impact simulations) will be performed taking into account the initial impact conditions obtained in the present work.

Fig. 1

 1 Fig. 1 FE and FV discretizations with a nodally conforming F-S mesh.

Fig. 2 FLSW

 2 Fig.2FLSW : a FSI algorithm for a fully non-conforming mesh (embedded structure).

Fig. 3

 3 Fig. 3 Structural influence domain ensuring tightness.

Fig. 4

 4 Fig. 4 FSI-driven fluid mesh adaptivity.

Fig. 5

 5 Fig.5shows an example of this methodology using a relatively coarse fluid mesh in the moving box. The center of the fluid box constantly tracks the CG of the structure. Thus one is able to simulate large translation and a complete rotation of the blade within the moving fluid box at a relatively low computational cost, much lower than by discretizing the entire fluid domain along the trajectory of the blade.

Fig. 5

 5 Fig. 5 ALE GLOB approach for a blade embedded into a moving fluid volume (with FSI).

Fig. 6

 6 Fig. 6 Rear and front blades.

  7(b)): -The reference surface S ref is the projection of the area of the full blade in the X B1 -Y B1 plane, that is 0.543974 m 2 at full scale. -The reference length L ref is the radius of the front propeller: 2.1336 m. -The moment is calculated at the point O B1 .

Fig. 7 Fig. 8

 78 Fig. 7 Definition of the standard and Airbus frame and of the blade referential B 1 .

Fig. 9

 9 Fig. 9 Numerical model for the wind tunnel simulation.

3. 3

 3 Numerical results and comparison between EPX and elsA For different angles of attack α and a chosen side-slip angle (β = 0), so-called polar curves are obtained. A comparison of force vs. angle of attack at fixed side-slip angle β and Mach number M (polar curves) as computed by the elsA and EPX codes is presented in Figs. 11 to 13. For confidentiality reasons the numerical values of force coefficients are not shown.

Fig. 10

 10 Fig. 10 PORBR 100 (no-root blade) model during wind tunnel tests.

Fig. 11

 11 Fig. 11 Comparison between EPX and elsA for β = 0, M = 0.490.

Fig. 12

 12 Fig. 12 Comparison between EPX and elsA for β = 0, M = 0.853.

Fig. 13

 13 Fig. 13 Influence of EPX fluid mesh refinement on the force coefficients: β = 0, M = 0.853.

Fig. 14

 14 Fig. 14 CROS model: different pitch angles for the cruise and take off configurations.

Fig. 15

 15 Fig. 15 Blade CG longitudinal vs. lateral displacement.

Fig. 16

 16 Fig.[START_REF] Casadei | Combination of mesh adativity with Fluid-Structure Interaction in EUROPLEXUS[END_REF] Envelope trajectory with upper and lower possible impact on fuselage for two different configurations.

Table 3

 3 Flight configurations for comparison between tests, elsA and EPX.

					Static	Dynamic	Sound	
	Mach	Reynolds	Density	Temperature	pressure	viscosity	speed	Velocity
	M∞	Re	ρ∞	T∞	p∞	µ∞	a∞	V∞
			[kg/m 3 ]	[K]	[Pa]	[Pa•s]	[m/s]	[m/s]
	0.490 4.4 × 10 6	1.164	303.2	101 315 18.7 × 10 -6	349	171
	0.853 2.8 × 10 6	0.380	218.8	23 843	14.4 × 10 -6	297	253
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