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In this paper, we present the new developments of the multiphysics numerical models designed for predicting the time-dependent electromagnetic signature of rocket engine plumes. We first describe the physical and numerical model for aerothermochemical physics and for electromagnetic applications. A mock up rocket engine (MoSER) has been designed and its signature has been measured in UHF and X band. The results were compared to simulation.

I. INTRODUCTION

The plume flow that occurs behind a solid propellant rocket engine undergoes postcombustion leading to the formation of a flame. As the propellant contains alkali impurities (K, Na) with low ionization potentials, electrons are release in the postcombustion flame, leading to an interaction with a given incoming radar wave. Hence, it is of practical interest to predict the radar signature of a rocket engine and this has been studied in literature. More accurate information is given by the frequency spectrum of the reflected radar wave. This spectrum is usually modeled using basic turbulence models, hence relying on rather crude assumptions. In this work, we present an original approach to study the role of the large eddies on the spectral signature of the engine.

The numerical approach results from the coupling of two models: i-An aerothermochemical numerical code called CEDRE [START_REF] Refloch | CEDRE software[END_REF] which simulates the fluid flow and the dynamics of the charged species in the rocket plume using LES(large eddy simulation ) model for the turbulence.

ii-An electromagnetic numerical code called Maxwell3D [START_REF] Levadoux | Recent advances in the pre-conditioning of integral equations of electromagnetism[END_REF] [START_REF] Levadoux | New trends in the preconditioning of integral equations of electromagnetism[END_REF] which uses the electron density and the electronneutral collision frequency calculated by CEDRE.

Earlier work has been conducted using a 2D-axisymetric approach [START_REF] Fromentin-Denoziere | Numerical modelling of the radar signature of rocket exhaust plumes[END_REF][2] using a RANS turbulence model. The new development concern a more precise model of turbulence in order to emphasize the role of the large eddies on the spectral signature of the engine.

A mock up of solid propellant motor, MoSER, has been realized. Its signature has been measured in the UHF band and the frequency spectrum has been compared to the simulated one.

II. MODEL DESCRIPTION

The fluid mixture in the plume is assumed to be weakly ionized; we also assume that for the radar frequencies under consideration the electromagnetic field interacts only with the plume electrons and not with the heavier ions.

A. Simulation of ionized rocket plumes

The method exhibited in this paper for calculating the radar dynamic radar signature relies on the 3D unsteady flowfields of the plume undergoing postcombustion. In this section we briefly present the various models used to simulate the plume flow, the transport of charged species and the chemical reactions acting upon them.

Equilibrium composition in the chamber. Electrons and ions are formed due to high temperatures in the rocket combustion chamber. These charged species result from the thermal ionization of small amounts of alkali metals contained as impurities in the propellant. In order to obtain the density of these species in the chamber we use the chemical equilibrium code EQUIL contained in the CHEMKIN II package.

Aerothermochemical simulations. Simulations are carried out using CEDRE, a numerical tool able to simulate supersonic reactive gas flows coupled to a disperse phase [START_REF] Fromentin-Denoziere | Numerical modelling of the radar signature of rocket exhaust plumes[END_REF][START_REF] Gueyffier | Numerical Simulation of Ionized Rocket Plumes[END_REF][START_REF] Refloch | CEDRE software[END_REF][START_REF] Murrone | Numerical modeling of dispersed twophase flows[END_REF]. This tool has been used to simulate a number of problems involving liquid and solid propulsion systems. The solver performs calculations on unstructured meshes with cells of arbitrary geometry.

Ambipolar diffusion approximation.

The Debye length in the plume is sufficiently small to model the plasma as an ambipolar gaz mixture. Because the flow is highly turbulent, it is not necessary to account for ambipolar diffusion, hence all aspects of ionized gas physics are removed from the model, except ionization reaction which are dealt with as any other chemical reactions.

Ionized chemistry. We have used a set of chemical reactions describing the thermal ionization of alkali metals. These reactions have been obtained from previous investigations of ionization of alkali metals in rocket plume [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF][START_REF] Jensen | Reaction rate coefficients for flame calculations[END_REF]. Coherence of chemical constants and thermodynamic parameters has been thoroughly checked. The ionization mechanism involves the following reactions for the chemistry of potassium : K + + e -+ M ↔ K + M [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF], K + + Cl -↔ K + Cl [START_REF] Refloch | CEDRE software[END_REF], K + + Cl -+ M ↔ KCl + M [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF], Cl + e -+ M ↔ Cl -+ M [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF], HCl + e -↔ Cl -+ H [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF], K + HCl ↔ KCl + H [START_REF] Refloch | CEDRE software[END_REF] These reactions supplement another set of chemical reactions used to simulate afterburning. The latter mechanism contains 17 reactions involving 12 species (N 2 , H 2 , O 2, O, H 2 O, OH, H, CO, CO 2 , HCl, Cl 2 , Cl). We use the Arrhenius law to describe the temperature dependence of chemical reaction rates.

Simulation of turbulence. The flow in the plume is highly turbulent. The purpose of this study is to provide the structure and the dynamics of the large structures of the flow. Of particular interest is the dynamics of ionization, closely related to the flame dynamics. Hence we perform a three-dimensional, unsteady simulation of the rocket exhaust plume. The physics include mixing of exhaust gases with ambient air, postcombustion and ionization of exhaust gases. A MiLES simulation method is exploited. As a first step, a simulation was conducted on a 1 million cells structured mesh.

B. Simulation of time domain electromagnetic response

The wave propagates in a heterogeneous medium whose properties (e.g. temperature, electronic density) fluctuate in time.

We assume that for a given wavelength, the time t (=c/L, c: speed of light and L: plume length) for the wave to travel across the medium is much lower than the characteristic time T of fluctuations of space properties of the medium. In our case the maximum fluctuation frequency f max is around 300 MHz and the time t is then much lower than T(=1/f max ). Moreover the radar wavelength λ i is much larger than the Debye length l D and than the distance between species. With this assumption, we can use a quasi-static approximation. The macroscopic Maxwell equations in harmonic time domain can be used and the influence of time can be taken into account by this decomposition:
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The sample R(t n ) is evaluated by the harmonic solver Maxwell3D with the various dielectric permittivity ) ( n r t ε evaluated starting from the results of Cedre at each step in time Diffusion will be primarily controlled by the behaviour of the free electrons with number density N e and temperature T e .
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with ω the radar pulsation, m e electron mass, ε 0 the dielectric permittivity in free space.

The collision frequency f c reads [START_REF] Smoot | Prediction of microwave attenuation characteristics of Rocket Exhaust[END_REF] ( )
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with k B the Boltzmann constant, N s the number density for species colliding with electrons and Q es electron collision cross section with the species. We formulate Maxwell's equations for 3D geometries [3][4]. Simulation cases consist of perfectly conducting bodies and of dielectric isotropic materials with or without losses (magnetic and/or electric). The problem is solved using an integral equation formulation on the boundary coupled to a differential equation formulation in the bulk. Different solvers and preconditioner can be used. In that application a MGCR_MPI (Message Passing Interface) solver was used with FMM(Fast Multipole Method) matrixvector product accelerator.

The frequency spectrum is obtained by Fourier transform of the time domain response S .

III. VALIDATION : A PROPELLANT MOCK UP MOSER

The combined solvers have been tested on a solid propellant MoSER and the results have been compared to measurement.

The simulation has been realized on an under dense meshing that does not take into account small turbulence.

A. Description of the propellant

Eight reduced scale mockup of solid propellant engine were built and fired in Onera pyrotechnic facilities.

The shot that has been the subject of the present work is a 68 % ammonium perchlorate -18 % aluminum propellant, To emphasize the physics of ionized species, 300ppm of alkali impurities were added to the composition as alkali salts (NaCl, KCl).

B. Measurement facilities

The engines have been ground fired in Onera's pyrotechnics areas. 

C. Numerical results

The combined solvers have been used to simulate the far field time domain response of the mock-up at 720 MHz. The aspect angles correspond to those used in the measurement campaign. Time observation was 6.10 -3 s with time step of 2.10 - 5 s.

1) Calculation of electronic densities in the rocket plume.

Electronic and ion densities in the combustion chamber. The mass fractions of the combustion products, including ionized species, are computed as the equilibrium state obtained after the propellant has burned.

Electronic densities in the plume. We force the charged species mass fraction at nozzle entrance to be equal to those in the combustion chamber. A flux of charged species enters the computational domain trough the nozzle. An instantaneous map of the electrons mass fractions calculated by CEDRE is shown on figure 1. In the axial direction we observe that electronic densities decrease trough the nozzle but increase in the afterburning flame region. In this region the rate of thermal ionization reactions is increased by the high temperatures created by chemical reactions driving the postcombustion process. Number densities of charged species highly correlate with the temperature field. It must be noted that the ionized species create only a small perturbation with respect to the unperturbed combustion problem. In the radial direction we observe that ionization takes place in the mixing layer between the plume and fresh air flowing around the rocket. The spectrum of the electromagnetic response versus angle with 25 dB of dynamic is shown below. The frequency domain is quite large and is generated by the turbulence with more energy in the negative part due to the velocity of the particles The shapes are closed with same frequency domain. High frequencies do not appear in simulation and may be due to the under dense meshing.

D. Future work

We envision the following future work to improve our models:

• Simulation of MoSER mock up using refined meshing to better represent the turbulent eddies, • Simulation and comparison to all measurements of the MoSER campaign, • Sensitivity study to obtain a simplified model.

E. Conclusion

Our multiphysics model developed to simulate the radar response of a rocket plume has been improved to simulate the influence of the fluctuations on the electromagnetic signature dynamics. This tool combining two solvers, CEDRE and Maxwell3D, has been used to calculate the radar signature of the MoSER mock-up. The first results are quite close to the measurement in terms of signal shape. Consolidation of these results is in progress.
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