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Introduction

Composite materials are widely used by aircraft manufacturers for their high mechanical strength to weight ratio and are a promising technical solution for further improvements of aircrafts in terms of mass, fuel consumption, and environmental impact. However, one of the main differences with classical metallic materials relies in their particular electrical properties. Most composite materials used in the aerospace industry for aircraft structural parts consist in a stack of layers made of conductive carbon fibres oriented in a different direction for each layer, and embedded together in an insulating matrix. The resulting conductivity is much smaller than the one of metallic materials and highly anisotropic [START_REF] Fischer | Lightning protection of aircraft[END_REF]. When a lightning arc strikes such a material, the distribution of the lightning current in the composite may become rather complex [START_REF] Neufeld | Lightning direct effects on anisotropic materials from electro-thermal simulation[END_REF] and it may have a big influence on the arc root dynamics due to several physical processes:

• Destruction of the material [START_REF] Chemartin | Direct Effects of Lightning on Aircraft Structure: Analysis of the Thermal, Electrical and Mechanical Constraints[END_REF] [4]: Joule heating, Laplace forces and the important thermal fluxes may induce destruction mechanisms on the material that may have an influence on the arc root dynamics through plasma conductivity modifications, or plasma interaction with the flow of vaporized materials from the surface.

• Magnetic field asymmetry: An arc column has basically a cylindrical symmetry. If attached to an isotropic material, the symmetry is preserved and the magnetic field B (T) is orthoradial (See Figure 1). If attached to an anisotropic material, the field is increased in the direction of the fibres and decreased in the direction perpendicular to it. As a result, the cylindrical symmetry of the magnetic field and the centripetal Laplace forces is broken.

• The electric field modification due to the presence of the composite material may have an influence on the current distribution in the arc.

As a first step in this study, destruction mechanisms will not be considered. Magnetic asymmetry effects are taken into account but remain moderated for pulsed currents lower than 10 5 A. Then, the dominant process being investigated is the influence of the material on the electric-field and current distributions in the arc. 

Numerical model

The lightning arc dynamics in the presence of an anisotropic composite material is fundamentally 3D. However, it seems reasonable as a first step to assume that the arc root dynamics is barely influence by the upper free lightning arc column, and is mainly influenced by the material. This hypothesis is supported by many experimental and numerical studies that reveal a strong influence of the material on the arc [START_REF] Tholin | Numerical investigation of the interaction of a lightning and an aeronautic skin during the pulsed arc phase[END_REF]. It may be discussed, but it is also useful to get insight into the complex interaction close to the surface, and to separate clearly the contributions of the material and of the free burning arc column on the dynamics of the arc root. Following this idea, the simulation domain considered in this study corresponds to a circular material panel as the one represented on Figure 1 with a radius of 10 cm and extruded in the z direction on three levels as depicted on Figure 2 . The first level is an air domain used to insulate the material from the lower boundary condition. The second layer is the material, representative of a single layer composite material. The third layer is the atmosphere where the arc root is ignited and spreads. Each layer is 200 µm thick with just 1 cell in the z direction. The mesh contains 2.35 10 6 cells that are cubes with 200 µm edges: The arc is invariant in the z direction, and can be considered as a 2D arc root. However, the rotation at 90° of the current as it diffuses from the plasma to the material panel is solved and the 3D interaction taken into account. The fibres are oriented along the x direction, and the arc root is initiated at the centre of the domain thanks to a Gaussian temperature profile with 10 4 K maximum and 2 mm width. The high voltage applied on the top boundary condition is recomputed at each timestep to ensure a "D/4" bi-exponential current waveform of 25 kA maximum at t=3.6 µs [START_REF] Tholin | Numerical investigation of the interaction of a lightning and an aeronautic skin during the pulsed arc phase[END_REF]. Cèdre, the Onera's multiphysics software [START_REF] Chevalier | CEDRE: development and validation of a Multiphysics computational software[END_REF] is used to solve the 2D compressible MHD equations ( 1) -( 4) with electromagnetic source terms (Joule heating and Laplace forces) computed in 3D with Code_Saturne, the EDF's Open source CFD code [7] thanks to the electrostatic current conservation equation [START_REF] Tholin | Numerical investigation of the interaction of a lightning and an aeronautic skin during the pulsed arc phase[END_REF]. In equations ( 1) -( 4), ρ is the air density (kg m -3 ), p the pressure (Pa), T the temperature (K), V the velocity vector (m s -1 ) and V x and V y its components. In the momentum conservation equations ( 2) and ( 3), F Lx and F Ly are the x and y components of the volume Laplace forces vector F L (N m -3 ) that is equal to j × B, with j the current density in the plasma (A m -2 ). In the energy conservation equation ( 4), E is the electric field (V m -1 ), and j • E is the volume Joule heating (J m -3 ). Thermal losses through conduction are also taken into account with a thermal conductivity λ (W m -1 K -1 ) for the plasma. e and h are respectively the total specific internal energy and enthalpy (J kg -1 ), that can be expressed in terms of equation ( 6), where u is the specific internal energy (J kg -1 ) and c v the isochoric specific heat capacity (J Kg -1 K -1 ). In the current conservation equation ( 5), σ is the electric conductivity of the plasma (S m - 1 ), and φ the electric potential (V). Local Thermodynamic Equilibrium (ETL) is assumed and the air plasma properties tabulated as a function of pressure and temperature in the range 0 -100 bars and 300 -60 000 K respectively from the analytical expressions given in [START_REF]Thermodynamic and transport properties in equilibrium air plasmas in wide pressure and temperature range[END_REF]. For radiative transfers, the Rosseland approximation is used: Radiative transfers are treated as a thermal conduction process with a radiative thermal conductivity λ r that is added to the classical electronic thermal conductivity λ e (7). This approximation is valid only in optically thick media close to ETL. The radiative conductivity λ r is given by equation ( 8), where κ ν is the absorption coefficient (m -1 ) of air at frequency ν (s -1 ), κ R the averaged Rosseland absorption coefficient, L ν 0 the black body spectral radiance (W m -2 str -1 s), and σ the Stefan -Boltzmann constant. κ R has been integrated in the wavelength range 0.05 -10 µm, thanks to detailed air spectra computed and tabulated as a function of pressure and temperature by the authors of [START_REF] Chauveau | Radiative transfer in LTE air plasmas for temperatures up to 15,000 K[END_REF] in the range 300 -35 000 K and 0.1 -200 bar.

To be consistent with the optically thick media hypothesis, only the frequencies for which the absorption length is smaller than 1 mm have been considered. In practice, for arc temperatures higher than 10 4 K, the radiative conductivity λ r far exceeds the electronic conductivity λ e and radiative transfers become a very important process for energy redistribution inside the arc that cannot be ignored, able to cancel and even exceed locally the Joule heating term j • E in equation ( 4) [START_REF] Peyrou | Radiative properties and radiative transfer in high pressure thermal air plasmas[END_REF].

Typically the longitudinal conductivity σ L of one layer of a composite material, which means the conductivity of the layer in the direction of the fibers, is between 10 4 and 10 5 S m -1 .

The transverse conductivity σ T , between different layers, and the perpendicular conductivity σ P , between the fibres of a given layer, are usually much smaller by several orders of magnitude. The variability of the electrical properties of composite materials is partly due to the difficulty to measure the very low transverse and perpendicular conductivities, and also because many material parameters may have an influence, some of which are well determined (for example the fibres volume fraction), but some others usually not controlled during fabrication (fibres alignments, density of micro-contacts…). In this study, a single layer is considered hence transverse conductivity σ T is ignored. σ L has been put to 1.6 10 4 S m -1 . Then, three cases have been studied that differ in the anisotropy parameter α = σ P / σ L : An isotropic material case (α = 1), a low anisotropy case with α = 0.1, and a high anisotropy case with α = 0.01.

Results

Figure 3 shows a close-up view the current density in the plasma (a) and in the all panel (b) for the isotropic material case (α = 1) at t = 30 µs, which means the end of the current wave. As expected, the cylindrical symmetry of the plasma channel is preserved, as the arc radius expands from 2mm at t = 0 µs to almost 10 mm at t = 30 µs. Interesting is to note that the current density is not uniform in the channel: the maximum current density is localised at the rim of the plasma column, and no current seems to flow at the centre. In the material, it diffuses radially from the rim of the arc to the grounded boundary condition (see Figure 2). Same outputs are shown on Figure 4 for the anisotropic case with α = 0.1. The current density is also concentrated in the rim of the plasma column as in the isotropic case, but an important amplification in the direction perpendicular to the fibres (y) produces two high current spots (cf. white arrows) that break the cylindrical symmetry. In the material the current diffuses as expected preferentially in the x-directed fibres. However, current is non-uniformly distributed among fibres: The higher current density is flowing in the fibres that are in contact with the high current spots of the arc. The non-intuitive current distribution in the rim of the arc column can be explained by the higher electric field in this place. Figure 5 shows the profile of current density (continuous lines), electrical conductivity (dotted lines) and electric-field (dashed lines) in the plasma along a segment line going from the centre of the arc (r = 0 mm), to the undisturbed air (r = 2 mm) for the isotropic material case. Three different moments are shown, t = 0.1, 0.2 and 0.3 µs, that correspond to the very beginning of the current wave, just after the initialisation. At 0.1 µs current and conductivity have a nearly Gaussian profile with their maximum at the centre of the arc. However, the electric-field is slightly increasing with distance from the centre, while conductivity seems rather constant. A consequence is that current have its maximum shifted off-axis at t = 0.2 and 0.3 µs. The circulation of the current in the rim of the arc is then a consequence of the electric-field amplification due to the presence of the material, and takes place very early in the arc development. This phenomenon is then self-sustained and amplified due to a thermo-electrical instability: as soon as a maximum current off-axis is obtained at t = 0.2 µs, Joule effect becomes higher in this place than in the centre of the arc. As a result, plasma temperature increases off-axis and cool-down on the centre.

Then the electrical conductivity of the plasma follows exactly the same evolution, which enhances even more the concentration of the current on the rim of the arc. In the anisotropic case, the same effect of the electric-field forces the current to flow on the rim of the arc. Moreover, the anisotropy of the material induce a second concentration effect, because the field increases where fibres are tangent to the arc, as shown on Figure 6 (a). This amplification is a pure geometric effect: as shown on Figure 6 (b), the surface of interaction between the arc and the fibres is higher, and then the current flow more important, for the fibres tangent to the arc. The electrical resistance of the fibres being constant, a higher electric-field is required for this excess of current. This effect explains the current reinforcement observed on Figure 4 (white arrows). Going to the high anisotropy case, with α=0.01, makes this concentration effect in the tangent fibres even more important as shown on Figure 7 (a), since current diffusion in the perpendicular direction is considerably reduced. The very high gradients of electric-field and current density in this case induce stiffness that generates numerical instabilities: after 2 µs, the arc root degenerates in four highcurrent-spots instead of two. The physical reality of this "multi-current-spots" arc must be questioned since the electric-field increases in this case to very high values, close to the breakdown field of air (see Figure 7 (b)). 

Conclusion

Lightning arc interaction with anisotropic materials has been numerically investigated. A 2D-3D MHD approach has been used that makes the hypothesis that the arc is invariant in the direction normal to the material; three cases have been investigated: an isotropic material case (α=1), a low anisotropy case with α=0.1 and a high anisotropy case with α=0.01. Four concluding remarks concerning the arc structure and the current distribution were obtained:

• For all cases, current flows in the rim of the plasma, and almost no current flows in the centre of the arc. This effect is due to the electric-field enhancement by the rotation of the current as it flows from the arc to the material.

• In the anisotropic cases, the current is focused in the fibres tangent to the arc root. The reason is geometric: those fibres collect more current from the arc due to the higher surface of interaction. This effect produces two high density current spots in the direction perpendicular to the fibres. • Increasing the anisotropy makes these current concentrations stiffer. Current density, electric-field, and temperature in the spots increase.

• Simulations of high anisotropy materials interaction with arcs are subject to instabilities, and may require taking into account out-of-equilibrium processes such as electrical breakdown of air due to the high fields that may be encountered close to the high current spots.
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 1 Figure 1: Top view of a lightning stroke on a material: Asymmetric current I and magnetic flux density B produced by the anisotropy of the material conductivity.
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 2 Figure 2: Simulation domain.
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 3 Figure 3: Isotropic material (α=1) at 30µs: a) Close-up view of the current density in the plasma (flowing in -z direction); b) Current density in the material (flowing radially as on Figure 1).
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 4 Figure 4: Anisotropic material with α=0.1 at t=30 µs: a) Close-up view of the current density in the plasma (flowing in the -z direction); b) Current density in the composite material (flowing along the x-oriented carbon fibres).
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 5 Figure 5: Evolution of Current density, conductivity and electricfield in the plasma on short timescales along the radius of the arc for the isotropic material case.
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 6 Figure 6: a) Electric-field in the air around the arc at t=30 µs for the anisotropic material case (α=0.1); b) schematics of the current density flow from the arc to the fibres.
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 7 Figure 7: a) Current density in the material and b) electric-field in the air at t = 2 µs for the anisotropic material case with α = 0.01.