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Instabilities analysis in a solid propellant engine using a reduced DMD method

The solid propellant engine LP6, which is the 1/15 scale Ariane 5 P230 engine, was considered for CFD calculations to study the influence of the unstructured 3D mesh on the turbulence and on the acoustic response of the engine. In addition, a dynamic mode decomposition code, developed at ONERA, is used to propose another analysis angle to study the coupling between acoustics and hydrodynamic instabilities. The choice was made to reduce all the snapshots of each data set by the mean of the whole sequence. This leads to an analytical solution for the DMD, equivalent to the discrete Fourier transform equations. This paper presents this DMD analysis method applied to the 3D CFD results of the LP6 engine. The results with two meshes are selected, and comparisons related to both meshes are investigated. As a whole mesh is too heavy to be used for a DMD analysis, a cylindrical cloud of points is created in front of the nozzle lips where the instabilities are the most developed. In fine, the DMD analysis deals with 25500 snapshots, with 289261 values per snapshot. Further comparisons are also made with experimental results and with the pure acoustic modes of the chamber.

I. Introduction

OME calculations in the computational domain that fits the combustion chamber of the solid propellant engine LP6, which is the Ariane 5 P230 engine at a scale of 1/15 [START_REF] Prévost | Synthèse de la base de données expérimentales instationnaires sur les essais Ariane 5 P230 et à petite échelle[END_REF], were conducted to study the influence of the unstructured 3D mesh on the turbulence and on the acoustic response of the engine, in the aim to understand the coupling between acoustics and hydrodynamic instabilities [START_REF] Scherrer | Recent CEDRE Applications[END_REF][START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. In the LP6 engine case, the identified mechanism of the hydrodynamic instabilities was the parietal vortex shedding (PVS), which results from a Taylor intrinsic instability of the internal flow when the mass flow comes from the lateral wall [START_REF] Fabignon | Instabilities and pressure oscillations in solid rocket motors[END_REF]. This DMD application focuses S on the hydro-acoustic instabilities, and complements the acoustic studies which were already realized for the LP6 engine [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF][START_REF] Lupoglazoff | Simulations et exploitations complémentaires du MPS LP6[END_REF].

II. Summary of the characteristics of the used DMD method

The equivalence between dynamic mode decomposition and discrete Fourier transform for numerical and experimental data, based on the reduction of all the snapshots by the mean of the whole sequence, was used to propose an analytical and exact solution for the DMD, which is equivalent to the equations for the DFT. The code was developed at ONERA [START_REF] Lévy | Analysis of flows instabilities using a reduced dynamic mode decomposition method, equivalent to a discrete a Fourier transform[END_REF]. The sampling time step is assumed to be constant. The time dependant evolution of the modal shapes is a linear combination of all the reduced snapshots, the weight functions being the results of the analytical solution. This solution sets completely free from the constraint to operate matrix processings, which are expensive in time calculation and in memory size if the snapshots number is high. The eigenvalues of the companion matrix are completely independent of the data. They depend only on the snapshots number, and the spectral resolution is uniform. The Nyquist condition is implicitly respected. The tolerance associated with the spectral resolution is half of the resolution frequency. In order to approach the real value of a modal frequency, the tolerance must decrease. Increasing the snapshots number is a convenient possibility, but not the sampling time step, because some information about the researched physical phenomena can be lost. The notion of amplified or damped modes, as it is common in the original DMD analysis, does not exist here, since all the eigenvalues have a unit magnitude.

The obtained modes are just preponderant or not, keeping in mind that the notion of modal growth rate is valid only in the time window of the data sequence, since the calculation does not know what happens physically before the first snapshot and after the last one. Whatever the original DMD method can reveal about the dynamical information, it is limited in the time of the observed data. Therefore, it is not unreasonable to turn towards a method, although equivalent to DFT, which presents some other significant advantages, as long as the right preponderant modes of any sequence are still detected. This method is valid regardless of the number and the values of the snapshots. The error of this DMD analysis solution comes only from the data themselves : the time step, the snapshots number, and the snapshots values. This simple solution allows to process in a quite short time a great amount of data, the limit of which is the computer RAM size. The great advantage of the DMD is the possibility to make visible the time dependant evolution of the shapes of the selected preponderant modes. Dealing with a great number of snapshots allows, in one hand, to compensate some disadvantages outlined for the DFT, and on the other hand, to bring out better the preponderant modes and to make continuous videos of the selected modes shapes. An academic validation case tested at ONERA, typically unsteady and transient, dealing with 50000 snapshots and 125000 values per snapshot, has shown the DMD analysis with the exact analytical solution, equivalent to DFT, works properly to detect the right preponderant modes, under the tolerance frequency.

III. Application to the 3D CFD results of the LP6 engine

A. Computational domain mesh and DMD analysis mesh

Three levels of non-structured mesh refinement were used to realize the calculations : a rough mesh of about 2.5 10 6 cells, a mean mesh called GM of about 19.6 10 6 cells, and a fine mesh called GF of about 165.3 10 6 cells.

The figure 1 shows the overall shape of the LP6 engine and a longitudinal section of the rough mesh in the plane z = 0. The coloured parts represent the propellant blocks.

Fig. 1 Overall view of the LP6 engine

As the instabilities were the most developed in front of the nozzle lips, a cloud of points was created in this area to store, in the course of the calculations, the pressure and the velocity field intended for some acoustic processing and modal analysis [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. The figure 2 shows the location of this secondary mesh, which is used now for the DMD analysis. The points form a cylindrical ring with a rectangular section, the width of which is equal to about three quarters of the local chamber radius and the length is one and a half times the width. The secondary mesh is structured : 31 points in the axial direction, 31 points in the radial direction, and 301 points in the azimuth direction, making a total of 31  31  301 = 289261 values per snapshot. 

B. Conditions of the calculations

The 3D computations were performed with the finite-volume CFD code CEDRE [START_REF] Refloch | CEDRE Software[END_REF][START_REF] Scherrer | Recent CEDRE Applications[END_REF]. A single-phase approach was used with a Navier-Stokes solver, because the used propellant did not contain aluminium particles. The flow was non-reactive. The Euler fluxes were discretized using a HLLC scheme, with an intermediary state calculated by a Roe mean. The turbulence was simulated using a LES model, with a Smagorinsky subgrid model. Two main calculations were performed [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. The first one was second order accurate in space and in time with the GF mesh. The space interpolation on the natural variables was second order accurate, with no limitation function.

The time integration scheme was implicit one step / one stage, with a coefficient  equal to 0.5, making the method second order accurate. The linear system was solved using the GMRES method. The time step was 0.2 µs. This scheme is twice faster than the RK2 scheme, and it is more robust in the case of very small tetrahedral cells, some of which can be awkward. A second calculation, fourth order accurate in space and in time with the rougher GM mesh, was conducted with a higher order scheme to see whether the description of the instabilities would be improved. The space interpolation on the natural variables was fourth order accurate, with no limitation function. The time integration scheme was a Runge-Kutta four steps, fourth order accurate scheme. The time step was 0.1 µs. These two cases are named GF 2-order and GM 4-order in this paper.

As the LP6 engine propellant response with respect to the pressure instabilities was not significant, the combustion of both propellant blocks was simply modelled by an injection boundary condition at constant flow rate and constant velocity combustion, with the same combustion temperature [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. Inert surfaces were processed as adiabatic walls, and the nozzle exit as a supersonic exit.

Two sets of pressure results, which were stored in both cases at the points of the secondary mesh, are available for a DMD analysis. They are submitted for a DMD analysis in a purpose of comparison. The mean pressure in the chamber was 41 bar. The sound velocity in the chamber, useful for further acoustic comparisons, was 1059.87 m/s.

C. Experimental results useful for the DMD analysis

Before the 3D calculations of the LP6 engine, several shots of this engine were fired in a test bench [START_REF] Prévost | Programme d'oscillations de poussée (POP) -Programme experimental et numérique : logique et situations étudiées[END_REF][START_REF] Prévost | Synthèse de la base de données expérimentales instationnaires sur les essais Ariane 5 P230 et à petite échelle[END_REF][START_REF] Dommée | Programme d'oscillations de poussée (POP), Etude expérimentale paramétrique sur maquette de moteur à propergol solide. Résultats marquants", 3 ème colloque R&T, Ecoulements internes en propulsion solide[END_REF]. Some pressure measurements were collected. The reference values, which defined the calculations conditions, were derived from the measurements of the LP6 shot n° 7 at the instant 6.4 s of combustion. At the time of the tests, the experimental signals were filtered between 200 Hz and 2000 Hz [START_REF] Prévost | Synthèse de la base de données expérimentales instationnaires sur les essais Ariane 5 P230 et à petite échelle[END_REF]. Unfortunately, the presence of any mode beyond this band, which could be detected by the modal analysis or by the DMD analysis, is unknown. The figure 3 shows the pressures at the front face of the chamber, noted FAV, and at the rear face, noted FAR (within the annular space surrounding the nozzle convergent) [START_REF] Prévost | Programme d'oscillations de poussée (POP) -Programme experimental et numérique : logique et situations étudiées[END_REF][START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. A pressure peak appears around 300 Hz, which is likely the frequency of the first longitudinal acoustic mode. The peaks of the harmonic frequencies are very small.

Fig. 3 Experimental FAV and FAR pressures (MPa) D. Modal analysis results

Regarding the modal analysis realized in 2017 and in 2018 through CFD results [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF][START_REF] Lupoglazoff | Simulations et exploitations complémentaires du MPS LP6[END_REF], average values, RMS and DSP for the pressure and the velocity in the axial, radial and azimuth directions were calculated. For comparison purposes with the DMD analysis, since the acoustic study area is just in front of the nozzle, only the FAR pressures stored by sensors are considered. The figure 4 shows the time dependant evolutions of the FAR pressure for the GF 2-order calculation, and for the GM 4-order calculation. In both cases, the resolution frequency was 6 Hz. Besides the main peak around 300 Hz and its harmonic frequencies, a second predominant peak appears around 2820 Hz for the GF 2-order calculation, and around 2850 Hz for the GM 4-order calculation. The table 1 gathers the frequencies of the first longitudinal mode, and the associated resolutions frequencies [START_REF] Lupoglazoff | HPCEDRE : exploitation acoustique du LP6[END_REF]. 

E. Preponderant modes detected by the DMD analysis

For the GF 2-order calculation, 24300 snapshots were provided, with a sampling time step of 4 µs. Therefore the maximum detectable frequency is 125 kHz and the minimum resolution frequency is 10.288 Hz if all the snapshots are used. For the GM 4-order calculation, 25500 snapshots were provided, with a sampling time step of 4 µs.

Therefore the maximum detectable frequency is still 125 kHz and the minimum resolution frequency is 9.804 Hz if all the snapshots are used. It would be tempting to use only 25000 snapshots of the GM 4-order case, which leads to the simple value of 10 Hz for the resolution frequency. Since the experimental pressure peak of the LP6 shot n° 7 is at 303 Hz, it is better to find a resolution frequency such as the peak frequency is the closest to a multiple of it. It is a way to check whether the first mode of the CFD flows, detected by DMD, matches the experimental one. If only 19802 snapshots are used, the resolution frequency is equal to 12.625 Hz with a relative error of 10 -6 , and the experimental peak frequency is 24 times the resolution frequency. In addition, this number of snapshots is common to both cases, making more consistent a comparison between their DMD results. For the purpose of the study, the maximum observed frequency is limited to 5000 Hz. To select the preponderant modes, the DMD program calculate the modal amplitudes at t = 0. The amplitude of the mode p at the instant j (t j = j t) is the Euclidean norm of the vector which represents the time dependant evolution of the shape of the mode p. 

n v = values number per snapshot.
The selection of the preponderant modes is made only by visual observation : the amplitude of a preponderant mode is higher than the amplitude of its neighbouring modes. The figure 5 shows the modal amplitudes of the pressure fluctuations at t = 0 in the GF 2-order and GM 4-order cases. The main peaks are present in both cases at 303 Hz, its three following harmonics, and between 2800 Hz and 2900 Hz.

If the modal frequencies are identical or very close for the first four preponderant modes, they are clearly distinct for the mode between 2800 Hz and 2900 Hz, and only the GM 4-order case shows another peak around 4800 Hz.

The first peak is the highest in the GF 2-order case (24.22 bar against 16.76 bar in the GM 4-order case). The five following peaks are higher in the GM 4-order case, at least at t = 0. The selected frequencies in both cases are gathered in the table 2. For a matter of convenience, the values are rounded to the nearest unit.

Once a mode is selected, it is interesting to calculate the evolution of its amplitude over its whole period, in order to separate several modes next to each other, the amplitude of which is about the same at t = 0, but with a different evolution in the time, and in order to bring out the phase shifts between the modes as well. The highest mean value of the amplitudes among nearby modes over their own period decides which mode is the preponderant mode. The figure 6 shows the time dependant evolution of the pressure fluctuations amplitudes of several modes over their own periods in the GF 2-order and GM 4-order cases. The curves are not sinusoidal. They bring out the modal amplitude and phase shift discrepancies due to the mesh and integration order differences. The graph (a) concerns the first mode at 303 Hz, and shows clearly the GF 2-order case fits to describe the shape evolution, since the mode amplitude is higher. The graph (b) concerns the modes around 600 Hz, and between 2800 Hz and 2900 Hz. In a pure acoustic configuration, the first harmonic of the mode at 303 Hz is normally at 606 Hz. The GF 2-order case brings it out. In the GM 4-order case, it is covered by two other modes at lower frequencies, and the most preponderant mode in that case is clearly at 593 Hz. The phase shifts of the modes, the frequencies of which are nearby, vary in the end a lot according to the case and the frequency. The preponderant mode between 2800 Hz and 2900 Hz is tangential (see figure 11). The GF 2-order case gives a frequency at 2828 Hz while the GM 4-order case gives a frequency at 2866 Hz with a higher amplitude. The graph (c) concerns the modes around 900 Hz. The curves in the GF 2-order case are an example where the mode at 884 Hz seems to be preponderant at t = 0 compared to the mode at 922 Hz. Over their own period, the mode at 922 Hz has a higher mean value than the mode at 884 Hz. That mode is even more preponderant in the GM 4-order case. In the end, the graph (d) concerns the modes around 1250 Hz. Because of several ambiguities at t = 0, several curves are plotted.

The highest mean value of the modes amplitudes over their own period is at 1250 Hz in the GF 2-order case. The curves of the modes around 4800 Hz in the GM 4-order case are not plotted. The mean value of the mode at 4798 Hz is the highest.

F. Comments

Plotting the modal amplitudes in the time helps to determine which modes are preponderant according to the case (GF 2-order or GM 4-order). But once the preponderant modes are found, there is no way to say what case is better than the other to explain the physics. Only some experimental measurements can help to decide. As it can be imagined, the influence of the mesh and integration scheme on the DMD results is eventually quite important.

G. Time dependant evolution of the modal shapes

A great advantage of the DMD is the possibility to show the time dependant evolution of the shapes of the selected preponderant modes. The modal shapes are the fluctuations shapes calculated with respect to the rigid mode. For each mode, some slides at various moments are extracted from a video which runs over one period of the mode. Only the modes which present the highest peaks are considered in this paragraph. To give an idea of what happens within the numerical domain intended to the modal analysis, a quarter of the cylindrical secondary mesh is removed, revealing a vertical plan, a horizontal plan, and the inner cylindrical surface of the mesh. The plan which sticks to the nozzle nose is in front. Since the modal shapes are here the pressure fluctuations shapes, this explains why the term P in the legend is used, and why the amplitude of P is positive or negative. The extreme values of P are significantly reduced compared to the real extreme values of a modal shape, in order to highlight better the visible phenomena. The figure 7 shows the shapes of the mode at 303 Hz in the GF 2-order case (P extreme =  10 4 Pa). Nine moments are selected (beginning and every next 8 th period) to show properly the evolution. The mode is affected by an important radial influence. The pressure variations come from the outside to the inside of the domain, and close to the nozzle. The annular cavity around the nozzle convergent has therefore an important influence on this mode. The figure 8 shows the shapes of the mode at 593 Hz in the GM 4-order case (P extreme =  1200 Pa). Three moments are selected : both maxima of amplitude, separated by the first minimum of amplitude. The shape evolution of this mode is more classical for a longitudinal mode, with still a significant influence of the nozzle edge. Both modes at 922 Hz (case GM 4-order, figure 9, P extreme =  600 Pa) and at 1250 Hz The next mode at 2866 Hz in the GM 4-order case, second preponderant mode after the one at 303 Hz, is the first pure tangential mode. Looking from the front face of the chamber, the shape of this mode rotates clockwise at the frequency of the mode, while it oscillates between its two extrema. The nine selected moments (figure 11, P extreme =  2500 Pa), show the shape evolution of this mode, starting from t = 0, then every next 8 th period to highlight the rotation. The last mode at 4798 Hz, in the GM 4-order case, is also interesting since it seems to be the second pure tangential mode. The mode shape rotates clockwise, looking from the front face of the chamber. The eight selected moments (figure 12, P extreme =  800 Pa), show the shape evolution of this mode, starting from the first maximum at 8 µs, then every next 8 th period to highlight the rotation. The first preponderant mode detected by the DMD analysis derives in principle from a coupling between the chamber acoustics and the PVS instability. To know exactly the acoustic modes of the LP6 engine, and thus to estimate the influence of the coupling, the AVSP software, made by CERFACS, was used in the whole domain of the chamber. As this software requires a small fluid velocity, the nozzle convergent was truncated at a position between the nose and the throat, which seems to be a good compromise between the respect of the engine geometry until the throat, and the necessity to remove the cells where the fluid velocity is too high and would lead to some wrong results if they were taken into account. The first hundred acoustic modes were computed. Only the modes which are close to the DMD modes are kept. As the parameters (pressure, temperature and molar mass of the gases) asked by AVSP to calculate the sound velocity give a value (1088.13 m/s) slightly different from the real value (1059.87 m/s) provided by the CFD calculation, a last correction was made on the AVSP frequencies values (through the sound velocity values ratio) to be consistent with the thermodynamic state of the LP6 engine.

The table 3 gathers the AVSP and DMD modal frequencies. The adjusted AVSP frequencies are slightly smaller below 1000 Hz than the retained DMD frequencies, and slightly higher above 2000 Hz. Here, the values are rounded to the second decimal, to let appear some frequencies which are in pairs very close to each other, according to AVSP, for both pure tangential modes. This is the way used by the software to detect the tangential rotation of these modes. The figures 13 and 14 show the AVSP modes shapes, in order to determine the type of each mode.

As a reduced absolute pressure is plotted, both maxima and minima in red and blue colours become maxima plotted in red. Therefore the blue colour represents the pressure knots. coupling between acoustics and another phenomenon, which is unknown, might be important. A peak about the same frequency appears in the FAR pressure graphs of the 3D calculations (figure 4). Unfortunately, whether the peak would appear in the experimental measurements remains unknown, since the signals frequencies were cut above 2000 Hz [START_REF] Prévost | Synthèse de la base de données expérimentales instationnaires sur les essais Ariane 5 P230 et à petite échelle[END_REF]. However, it is possible that this mode is caused by a pure numerical effect. In a CFD calculation, the walls are perfectly impermeable and reflective. In addition, the LP6 calculations were conducted without any thermal transfer along the walls. Therefore a small numerical instability generated close to the 1T mode frequency is likely to be amplified. In the real LP6 engine, the propellant is porous, and absorbs partially the acoustic energy.

The parietal heat losses behave the same way. Therefore a small instability generated close to the 1T mode frequency is more likely to be damped in the working real chamber.

IV. Conclusion

The results of some 3D CFD calculations in the the solid propellant engine LP6, which is the Ariane 5 P230 engine at a scale of 1/15, realized initially to study the influence of the unstructured 3D mesh on the turbulence and on the acoustic response of the engine, were used to make some DMD analysis with a code developed at ONERA, in the aim to understand better the coupling between acoustics and hydrodynamic instabilities (parietal vortex shedding). The choice was made to reduce all the snapshots of each data set by the mean of the whole sequence. The subsequent solution for the DMD is then analytic and equivalent to a discrete Fourier transform. Among the three levels of non-structured mesh refinement used to realize the CFD calculations, the results with the mean mesh and the fine mesh were selected to make the DMD analysis. To circumscribe the analysis domain in a mesh which is adapted to the DMD, a cylindrical cloud of points was created in front of the nozzle lips where the instabilities were the most developed. This secondary mesh contained 289261 points. The CFD calculation with the fine mesh was second order accurate in space and in time. The CFD calculation with the mean mesh was fourth order accurate in space and in time. They were named GF 2-order and GM 4-order in this paper. Some experimental measurements during one of the LP6 shots had shown a pressure peak at 303 Hz, which is likely the frequency of the first longitudinal acoustic mode. No information above 2000 Hz was available. The modal analysis already made for the CFD results had shown a first predominant pressure peak and a second predominant pressure peak respectively at 307 Hz and around 2820 Hz for the GF 2-order calculation, and at 306 Hz and around 2850 Hz for the GM4-order calculation. The DMD analysis has used 19802 snapshots in both cases, with a sampling time step of 4 µs. This has allowed to obtain, in both cases, the frequency of the main experimental pressure peak as a multiple of the resolution frequency with a relative error of 10 -6 . The three following harmonics of this mode were detected at 606 Hz, 922 Hz and 1250 Hz. The GF 2-order case revealed a second preponderant mode at 2828 Hz, whereas the GM 4-order case revealed this mode at 2866 Hz and another one at 4798 Hz. For the purpose of the study, the maximum observed frequency was limited to 5000 Hz. The time dependant evolution of the pressure shapes of the first preponderant mode shows this mode is affected by an important radial influence. The pressure variations come from the outside to the inside of the domain, and close to the nozzle. The annular cavity around the nozzle convergent has therefore an important influence on this mode. The shape evolution of the first following harmonics is more classical for a longitudinal mode, with still a significant influence of the nozzle edge. The shape evolution of the two other harmonics shows a quite important influence of the nozzle edge and the annular cavity around the nozzle convergent, without any significant longitudinal pressure variation. The second preponderant mode, at 2828 Hz in the GF 2-order case and at 2866 Hz in the GM 4-order case, is the first pure tangential mode, the shape of which rotates at the frequency of the mode, while it oscillates between its two extrema. The last mode at 4798 Hz, in the GM 4-order case, seems to be the second pure tangential rotating mode. Once the preponderant modes are found, there is no way to say what case is better than the other to explain the physics. Only some experimental measurements can help to decide. The influence of the mesh and integration scheme on the DMD results is eventually quite important. To estimate the influence of the coupling between the chamber acoustics and the hydrodynamic instability, the selected DMD modes were compared with the pure acoustic modes. Since the peak at 303 Hz is very high, it suggests the coupling between the chamber acoustic and the PVS instability is strong. The PVS mode in question might be also unstable, in such a way that the chamber acoustic and the PVS instability amplify each other. On the other hand, the second preponderant mode, which is a tangential rotating mode in the cavity around the nozzle, might be caused by a pure numerical effect, due to some perfectly impermeable and reflective walls in a CFD calculation, without any thermal transfer for the LP6 calculations. In the real LP6 engine, the propellant is porous, and absorbs partially the acoustic energy. Therefore a small instability generated close to the 1T mode frequency is more likely to be damped in the working real chamber.
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 2 Fig. 2 Zoom in the plane z = 0 of the rotational field with the mesh for the acoustic processing
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 4 Fig. 4 FAR pressure (Pa) of the 3D GF 2-order calculation (a) and of the 3D GM 4-order calculation (b)

Fig. 5

 5 Fig. 5 Modal amplitudes in the GF 2-order and GM 4-order cases at t = 0
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 6 Fig. 6 Time dependant evolution of the amplitude of the modes at 303 Hz (a), around 600 Hz, and between 2800 Hz and 2900 Hz (b), around 900 Hz (c), and around 1250 Hz (d), over their own period
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 278910 Fig. 7 Shapes of the mode at 303 Hz in the GF 2-order case, at t = 0 (a), t = 168 µs (b), t = 580 µs (c), t = 992 µs (d), t = 1404 µs (e), t = 1816 µs (f), t = 2228 µs (g), t = 2640 µs (h), t = 3052 µs (i)
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 11 Fig. 11 Shapes of the mode at 2865.875 Hz in the GM 4-order case, at t = 0 (a), t = 40 µs (b), t = 84 µs (c), t = 124 µs (d), t = 168 µs (e), t = 212 µs (f), t = 256 µs (g), t = 300 µs (h), t = 344 µs (i)
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 12 Fig. 12 Shapes of the mode at 4798 Hz in the GM 4-order case, at t = 8 µs (a), t = 36 µs (b), t = 60 µs (c), t = 84 µs (d), t = 112 µs (e), t = 140 µs (f), t = 164 µs (g), t = 188 µs (h)
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 13 Fig. 13 AVSP modes, 1L (a), 2L (b), 3L (c), 4L (d)

Table 1 Acoustic modes in the LP6 chamber

 1 

		LP6 shot n°7 3D GF 2-order 3D GM 4-order
	1L frequency (Hz)	303	307	306
	resolution frequency (Hz)	8	6	6

  The computer processor contains 24 cores Broadwell Intel® Xeon® CPU E5-2650 v4 @ 2.20GHz, a RAM of 128 GB and a total crest power of 844 GFlops. While running the DMD program, a size of 42.69 GB in the RAM and a CPU time of 1h 07mn 55s were required to compute the amplitudes of 396 modes below 5000 Hz at t = 0 in the GF 2-order case. A CPU time a little bit smaller (1h 03mn 48s) was required to compute the amplitudes of the same number of modes in the GM 4-order case. A specific time can be defined, with a view to estimate the CPU time of other modal amplitudes calculations, including files reading and writing. It is here calculated for the GF 2-order case :

	t	spec		CPU  n m n	time  n v s		396		289261 s  4075 19802		797 . 1	10		9	s	(1)
	n m = number of considered modes ;												
	n s = snapshots number ;															

Table 3 AVSP and DMD modal frequencies

 3 

			f AVSP (Hz)	f DMD (Hz)	f DMD (Hz)
	f AVSP (Hz)	type	adjusted	GF 2-order	GM 4-order
	306.74	1L	298.77	303	303
	604.15	2L	588.46	606	593.375
	937.53	3L	913.18	921.625	921.625
	1283.47	4L	1250.14	1249.875	1262.5
	2948.86	1T	2872.27	2828	2865.875
	2948.87	1T	2872.28	2828	2865.875
	4936.63	2T	4808.42	-	4797.5
	4936.76	2T	4808.55	-	4797.5
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