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Résumé traduit :

Les véhicules spatiaux subissent de fortes contraintes acoustiques au décollage. Dans le but de réduire les charges
transmises au pas de tir et au lanceur, il est nécessaire de comprendre et de caractériser les fortes ondes de pression
émises lors de I'allumage des Moteurs a Propergol Solide (MPS). Il s'agit de l'un des principaux sujets d'étude du pole
AEID (Acoustique et Environnement Induits au Décollage). Créé en 1990 pour comprendre les mécanismes d'émission
de bruit associés aux jets supersoniques afin de concevoir des systéemes de réduction, il rassemble ASTRIUM, CEAT
(Université de Poitiers), CNES, ECL, PPRIME et I'Onera. Une étude numeérique des ondes observées lors du tir d'un
MPS est présentée dans ce papier. Il s'agit d'un modeéle réduit du P230 SRM d'Ariane 5, nommé LP10, tiré dans une
position horizontale. Des capteurs ont enregistré la pression en champ lointain et dans la chambre de combustion
pendant qu'une caméra haute vitesse filmait I'émission infra-rouge (IR bande Ill) du jet prés de la sortie tuyére. Ce
papier présente une SGE de I'Onde De Souffle (ODS) et du développement du jet supersonique réalisée avec le code
de I'Onera CEDRE. Comme les produits de combustion du propergol peuvent réagir avec l'air ambiant, un schéma
cinétique réduit est utilisé. La signature IR du jet en aval de la tuyére est calculée grace au solveur de transfert radiatif
ASTRE présent dans CEDRE. Les résultats sont comparés aux données expérimentales. Un bon accord est observé
avec les signaux en champ lointain ainsi qu'entre les images expérimentales IR et les résultats du post-traitement
radiatif.

NB : Ce Tiré a part fait référence au Document d'’Accompagnement de Publication DSNA1140
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Abstract

Space vehicles undergo harsh acoustic elds during launch. In order ¢iertly reduce the load
transmitted to the pad and the launcher, it is necessary to understand and characterize the strong pressure
waves that are emitted at Solid propellant Rocket Motor (SRM) start-up. This is one of the main concerns
of the research group AEID (Acoustique et Environnement Induits au Décollage). AEID was created in
1990 to understand the noise radiation mechanisms associated with hot supersonic jets and to design noise
reduction systems. It is composed by ASTRIUM, CEAT (University of Poitiers), CNES, ECL, PPRIME
and Onera. Computational study of the waves observed during the ring of a model SRM is presented
in this paper. The experimental set-up is a scale down model for the Ariane 5 P230 SRM, named LP10,
red horizontally. Sensors record pressure in the far eld and in the combustion chamber while high
speed infrared (IR) band Il camera tapes signature of the jet near the nozzle exit. This paper presents
3D LES carried out with Onera CFD codee@e of the IOP and the hot supersonic jet expansion. As
combustion products may react with ambient air, reactive computations are performed using a reduced
chemical kinetic scheme. IR images of the plume downstream the nozzle are computed with radiative heat
transfer solver Atre included in Cedre at camera recording frequency. Results are detailed and compared
with experimental data. A good agreement is found between the far eld pressure signal of the IOP as well
as radiative computations results and measurements.

1. Introduction

Strong pressure waves are emitted at Solid propellant Rocket Motor (SRM) ignition. In aerospace applications, these
waves may turn to be dangerous for the launcher payload as they propagate from the launchpad. A insightful under-
standing of this phenomenon is required to desigeient wave reduction systems.

A study of the waves observed at the ring of a small scale test rocket is presented in this paper, and to that purpose,
Onera @dre (cedar tree in French) CFD code is used. This latter is a parallel multiphysics computational tool for
numerical simulations in the eld of energetics (with particular emphasis on propulsion application) developed and
validated by Onera. Gas phase physics is solved ushayrie[1] and radiative heat transfer is resolved witls-A

tre [2,13,[4]. The discrete geometrical model consists in a general polyhedral conforming mesh.

The study focuses on the start-up phase of a SRM during which is emitted the Ignition Over Pressure (IOP), driven by
the high pressure rise rai€ [5] in the motor chamber. The experimental setup is a scaled down model for Ariane 5 P230
SRM, named LP10. This paper presents 3D LES of the full-scale model ring. Comparisons are made with measured
pressure time signals as well as with infra-red images from a high speed camera.

2. Experimental set up and available measurements

The motor was red horizontally 1 m above the ground into open space, with instrumentation featuring acoustical and
visual records.

Copyright© 2011 by Onera. Published by the EUCASS association with permission.
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2.1 Motor geometry and propellant disposition

The engine front end encloses the igniter. A general view of the propellant arrangement inside the combustion chamber
and the nozzle position is shown in Fig{ile 1. The propellant is composed of 5% aluminium in mass, and is organized
in cylindrical and conical segments. The hot gas produced during the propellant combustion are expulsed from the
cylindrical combustion chamber through a submerged nozzle at rear end. The latter is characterized by the ratio
between its exit area and its throat afgaA = 7:5625. The nozzle is closed with an aluminum seal designed to break
under a given pressure (heré&5 bar).

Figure 1: Model SRM geometry, propellant grain organization and nozzle disposition

2.2 Available measurements

During the test, the following records were made: pressure in the combustion chamber by high-frequency piezo electric
transducers; IOP wave characteristics by far eld microphones; images of the jet plume by visible and IR cameras.
Figure[2 is a schematic top view of the experimental installation. The chamber pressure sepp@ itated near

Motor

Figure 2: Chamber pressure sensor position, far eld transducers location and video setup.

the nozzle, while the far eld transducers are set up in two arcs, in an horizontal plane at nozzle center height. First arc
is 71D; from nozzle throat and second is 182. Both spread from 20to 60 on one side of the jet. Only the rst ve
microphones will be used for comparisd®y (to Cs). Finally, the infrared camera is disposed at 10 m from the plume
centerline. It is equipped with a 25 mm lens that Ims an area extending from nozzle éxitt@4 m downstream

with a heighth =0.77 m, as displayed in Figur¢ 2. An image is composed of l&Dpixels, corresponding to a spatial
resolution of 12 12:83 (mm mm).

The jet plume is recorded every 0.5 ms in IR band Ill domain, which concerns radiative wavelengths from 8o 9.3

and has been selected after examining imagery from other rings. The transmission curve of the optical Iter is shown

in Figure[3.
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Figure 3: IR lter transmission as function of optical wavelength

2.3 Jet properties

Jet properties are governed by the combustion chamber pression. The properties at the nozzle exit plane are easily
computed from isentropic relations, with= 1:236: the exit Mach number i#;=3.17, and the total pressure over
static pressure ratio at nozzle exitHsP; = 60:14.
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Figure 4: Time history of combustion chamber pressureft scale: detail of combustion chamber pressuneght
scale:nozzle exit static pressure over atmospheric pressure ratio

The IOP is a non-stationary phenomenon that occurs at ignition. and only the rst 30 milliseconds after the seal
break-up are of interest for what follows. The chamber pressure history is plotted in [Higure 4.
Morrisette [6] found experimentally that the ow separation criterion for conical nozzle operating at a designed Mach
number of 3.17 is arounBl;=P4,»=0.35 (blue dotted line in Figu@ 4). Thus, no ow separation is expected. Moreover,
as the pressure of the jet ow at nozzle exit is not equal to ambient pressure, the jet is non adapted: a series of expansion
fans and compression shocks is also expected.
The ring can be divided in two parts on the considered time period: the chamber pressure high rate (4.09)ar.ms
rising until 15 ms and then a quasi-steady chamber pressure. By averaging pressure on a portion of this second phase
(ranging over 10 ms and illustrated by the green line in Figlire 4), it is possible to achieve a rst approximation of
underexpanded jet aerodynamics properties. Mean pressBge=i$6:67 MPa. The adapted Mach numb¥g is the
exit Mach number for an adapted jet with the same generating pressure:

2 hp - 1i

MZ= ——
a 1 Patm

(1)

In our case, the adapted exit Mach numbgris 3.22. In the same way, an adapted jet equivalent dianbgtean be
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de ned:

1 2 1, ) +11
D§:D2:M—a (1 M) ()

which yieldsD,=D;=1.03.

The potential core of a jet is the zone downstream the nozzle exit where the ow derives from the pressure potential
at the exit, and hence presents a constant velocity. It is usually assumed that the core region ends when the centerline
velocity drops below 95% of the exhaust velocity. The length of the core region can be estimated through Nagamatsu
& Horvay [7] experimental relation based on the exit Mach number:

Lc=Dj = 5:22MP° + 0:22 = 14:96 ()
Meanwhile, Eldred[8] explicited a relation based on the adapted Mach number and adapted nozzle diameter :
Le=Da = 3:45(1+ 0:38M,)? = 17:06 4)

which leads td_.=D; = 17:64, which is longer. In this zone, a quasi-periodic shock cell pattern is visible. Shock cell
lengthLgpockCan be estimated with Tam & Tanna [9] relation:

q
LshockDa = _1 M§ 1=401 (%)

where ;=2.4 is the rst zero of the zero order Bessel function. Alternativelyo=D; = 4:14.
3. Numerical procedure

3.1 Computational domain

The computational domain is built from a simpli ed geometry of the experimental set-up. It features the combustion
chamber aft end, the nozzle and a part of the motor external structure, as well as the ground. The plume develops in
a semi-spherical propagative area which origin is the nozzle exit and radius extends further the rst arc of transducers
to 114D;. The area is truncated horizontally, to reproduce the re ectiveces of the ground observed during the
experiment, and the total volume is roughly 608 iGlobal view and details of the domain are shown in Fi@lre 5.

Figure 5: Grid view:left: global grid view and radiative user domain imbrication in orange, ground is gight;
details of the radiative user domain and nozzle

Cedreallows computation on multiple user domains in whichetient physics may be solved. In order to avoid
costly radiative computations, a small domain is extracted from the main domain. It is a cuboid of dintenkiorn
(c.f.[2.9) that encloses the portion of plume visible by the IR camera. Navier-Stokes equations are resolved on both
domains, but radiative computations are run on the small domain only with one-way coupling every 0.5 ms.

3.2 Grid
When computing LES, the element size governs the highest bound of the computed turbulent eddies frequency range.

The Smagorinsky sub grid scale model dissipates the eddies which frequency is above this bound. Jet noise has been
thoroughly studied and the sources have been proved to be located in thé jét [7, 10].



Dargaud J.B., Troyes, J. A STUDY OF SRM IOP WAVES

A re ned zone is designed in the grid generation software that encloses the jet. It is a truncated cone beginning at
nozzle exit which initial diameter is 2.93; and nal diameter is 2D;. Its length is 7Dj, and aperture is 6.8vhich
agrees well with experimental measures from [11]. Cell diameter inside the zone is setto 7 mm.
In the propagative area, we focus on the IOP wave phenomenon. The experimental wave front is approximately
T = 1 ms long[[12] and propagates through a volume of uniform pressure and temperature at atmospheric conditions,
yielding a characteristic wavelength of= ¢ T = 0:346 m,c being the speed of sound at those conditions. Bogey
and Bailly [13] showed that for low order space discretization scheme, 20 points per wavelength (PPW) must be
used to ensure low dispersion and asion. Considering, the criterion leads to a maximum cell size of roughly

X = 0:34620 = 17.3 mm. This criterion must be matched by the grid on the wave path between sources and
microphones. The domain further is coarsely grided to provide @&ibrone that will damp the acoutic waves before
they reach the boundary.

Grid is generated with Star-cemsoftware. The cells are polyhedrons, that can be assimilated to spheres of
diameter equal to x. In the considered domain, the resultant number of cells would be too large for the available
computational power. Previous computations [12] carried out wéttir€showed that prior attention should be brought
upon jet discretization before propagative area re nement. Thus the cell size is scaled up in this zone until cell number
is in adequation with the resources, with a nal cell size= 30 mm.

The nal grid is composed of 23.5 millions polyhedral elements which number of faces is represented ifi Figure 6.
The polyedrons are mainly 14-sided, and two of them present 34 faces. The total number of faces is 165 millions.

Figure 6: Computational grid elements ordered by number of faces

3.3 Flow solver

The compressible ow solver karme[14] resolves Navier-Stokes equations for the gas mixture. This latter is a mix

of any number of possibly reacting species, with various thermodynamic state laws (perfect gas with variable heat
capacities, tabulated real gas, compressible liquids...). Space discretization general framework is the cell-centered
nite volume approach([15]. Interpolation follows a MUSCL type methodology, where space derivatives are evaluated
algebraically from the neighbourhood of the cell, yielding to a polynomial reconstruction on each cell. These give two
values at every point of the interface between two cells, which are used as input for the approximate Riemann solvers
after limitation for monotony. These values are the basis for interface gradients and Navier-Stokes ux evaluation.
Time integration proposed methods feature classical explicit Runge-Kutta methods as well as Euler implicit method.
Combustion products are composed of hot reducing species, that react with oxydizing ambient air when exiting the
motor. Tsu and Brodwell [16] and Troyes and Vuillot [17] proved, with theoretical and numerical results respectively,
that this after-burning phenomenon has a strong in uence on IOP amplitude. Thus the computation must take into
account the dominant species exiting the motor and the species from air, as well as intermediate species needed by the
reactive scheme. This latter is a nite-rate chemistry scheme whose model implies seventeen réactions [18] and twelve
species. To these species is added inert alumina, considered in a liquid state in the range of equilibrium temperatures
considered (around 2300 K). All species are reported in Tgble 1. In order to avoid a very costly two phases computation,

Table 1: Species transported

Dominant species () Intermediate species (g) Extra species (g) Alumina (l)
Hz, O;, H,0, HCI, CO, CO;, H, O, OH, CI,Cl, [\ Al,Os

the dispersed phase of alumina is replaced by a gas of unknown thermodynamic properties (pink circle [r] Figure 7).
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The latter are set so that the global thermodynamic properties of the particle-gas mixture<{gedips/in Figuré¢[7)
are identical to the mixture of the global thermodynamic properties of the gaseous compounds plus the unknown gas
mixture (blue in Figur{]?). In the computation, the speci ¢ heat capaci@g} gre given by " order polynomial

Figure 7: Equivalent gas procedure scheme

functions of temperature (except alumina which heat capacity is constant).
3.4 Radiation solver

3.4.1 Presentation of the Atre solver

Astre [2,[19, 20, 21] is a radiative transfer solver based on a Monte Carlo method. This approach consists in following
a nite large number of energy bundles (discrete amounts of energy, which can be thought of as a group of photons
bound together) throughout their transport histories (from emission to absorption). Bundle characteristics (wavenum-
ber, initial direction, emission point) and physical events (scattering, re ectiowalls. .. except absorption) along
bundle trajectories are chosen according to probability distributions by drawing random numbers. Absorption phe-
nomenon is treated with pathlength method [22], also called “energy partionning” [23], which consists in computing
exponential absorption along the path. Therefore, a bundle contributes to every cell it traverses. A bundle is traced until
it either leaves the enclosure or until its energy is depleted below a given levig. As all the bundles are statistically
independent, the parallelization okte is realized by distributing the bundles over the cores.

As well as the conventional Forward Method (FM), dient reciprocal methods, based on the exchange formulation

of radiative transfer, are implemented in thetée solver : ERM, ARM and ORM [3, 4]. In the case of the Emission
Reciprocity Method (ERM), which has been carried out in the present wabrk3(4.3), the radiative powers (resp.
radiative uxes) are calculated only in the cells (resp. surface elements) which are source of optical paths.

3.4.2 Adaptation of the Astre solver

The Astre solver has been initially developed in order to obtain radiative uxes and powers integrated over the whole
spectrum and all the directions. For the present application, st Aolver has been adapted to reproduce experi-
mental IR images in the spectral rangeri — 9.3 m.

Experimental images have been numerically rebuilt by calculating radiative intensity from optical trajectories perpen-
dicular to the camera surface. To obtain this result, bundles have been emitted only from surface elements constituting
the boundary condition “Camera”. Initial direction of all the bundles has been systematically chosen perpendicular to
the camera and theirs wavelengths have been chosen in the spectral range®3 m. Then, the ERM has been
applied along bundle trajectories to compute radiative intensity from jet ow. Note that in this case, all the trajectories
contribute to the intensity received by the camera. It would not be the case with the FM or the other reciprocal methods.
Indeed, due to the scattering by alumina particles, all the bundles emitted by the medium in the direction perpendicular
to the receiving surface would not reach it and would not contribute to the radiative intensity computation.

3.4.3 Radiative property modelling

In the experimental spectral range, it has been assumed that only alumina patt@esnd H,O gaseous species
contribute to the radiation received by the camera.

A Correlated-K model (CK) is used to compute absorption ctients ofCO, andH,O gaseous species in the experi-
mental spectral range 8n — 9.3 m. The CK model parameters used have been generated by Sou ani and Taine [24]
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for radiation in the infrared spectral range (h — 67 m) and for atmospheric applications in the 300 K — 2500 K
temperature range.

For alumina droplets, Mie theory is assumed to calculate radiative properties (absorption and scatteraigntee
and phase function). The complex refraction indeaf alumina is modelled as a function of wavelength in accordance
with the expression given by Joumani [25] such as:

m= 1.7+ ik( ) (6)

As the dispersed phase is replaced by an equivalent gas in the turbulent reactive ow calculation, the volume fraction
of alumina patrticles is deduced from alumina mass fraction and the ratio between equivalent gas and alumina densities.
Particles are considered at thermal equilibrium with the gases and a mean particle diameter is arbitrarfy 4x@j (
However, a Gaussian function with a standard deviation equal to 10 % is considered to describe diameter particle
distribution around this mean diameter.

3.5 Initial conditions

The whole domain is set to atmospheric temperature and pressure with air, modeling a seal at the combustion chamber
aft-end.

3.6 Boundary conditions

Figure 8 is a schematic view of the computational domain boundaries.

Figure 8: Boundaries schematic view

3.6.1 Gas solver

Limits “Ground”, “Motor” and “Nozzle” are no-slip adiabatic walls. The open-space limit “Rear” is a non-re ective
updated boundary at atmospheric conditions, and “Sphere” is non-re ective non-updated outlet boundary at atmo-
spheric conditions. “Inlet” boundary is treated by imposing total pressure, total temperature and uniform axial mass
fraction injection of the considered chemical species. The total pressure ts the unsteady curve giygnexpéti-

mental sensor from the seal break-up tig&o to+30 ms €.f. 4), while composition of the combustion products and

ow total temperature are computed from experimental combustion chamber pressure and propellant composition, us-
ing the in-house Onera thermodynamics equilibrium code Copelia.

Finally, the limits between the two user domains (“5-faces” and “Camera”) are treated as interface.

3.6.2 Radiation solver

Astre solver has speci ¢ boundary conditions. The “Camera” boundary is treated as an isothermal emitting black wall,
whereas the “5-faces” boundary is assumed to be a non emitting black wall.

3.7 Computation conditions

The spatial discretization is provided by a second order scheme and numerical Euler uxes are always upwind (ODF).
Time discretization is rst order implicit and performed with a global time step. Implicit linear system resolution is
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done by a GMRES method with block diagonal preconditioning. Time step is set@®’ . The cell size in the
propagative zone associated with this time step ensures a low CFL nu@berxK 1).

Computations are carried out withe@rerelease 4.2. The uid computation required 390 hours elapsed on 1024
Harpertown cores at CINES, and the IR post processing required 5 hours elapsed on 32 Nehalem cores at Onera.

4. Results

4.1 Instantaneous ow elds

(a) =0.5ms (b) =1.5ms (c) =3.5ms

(d) =5.5ms (e) =7.5ms (f) t=9.5ms

(g) t=11.5ms (h) t=13.5ms (i) t=15.5ms
() t=17.5ms

Figure 9: Temperature maps at plaredxfrom 300 K to 2380 K, 5 iso-contours of pressure from 101000 to 101600
Pa and iso-surface of pressure at 101825 Pa

In Figure 9, we can follow the interaction between the jet and the IOP, and between the IOP and the ground. At
t=3.5 ms, the IOP reaches the ground, and re exion begins. As the wave progresses, the jet extends, and nally the
re ected wave has to cross the jet. A carefull observation shows that the jet splits the re ected wave in two. At rst
glance, the computed wave seems to be spherical. But & &8 ms, the jet seems to be pushing through the wave,
and gives it a conical form.

Figure 10 is a time series of density maps on th® yplane. The IOP surpressure is visible in black, downstream
the jet. The ground is at the bottom of the image. The IOP reaches the gro®i%ms and re ection begins. The
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(a) =0.5ms (b) =1.5ms (c) =3.5ms

(d) t=5.5ms (e) =7.5ms (f) t=9.5ms

(g) =11.5ms (h) =13.5ms (i) t=15.5ms
() t=17.5ms

Figure 10: Density [kg.n?] map at x0 plane

re ected wave is well visible later on. It reaches the jet arots®8.5 ms, and no trace of the re ected wave is visible
above the jet later on. This con rms that the re ected IOP wave is absorbed by the jet in this plane: the jet splits the
spherical wave in two. Moreover, the penetration of the low density jet inside the higher density I0OP is well visible
from start-up untit=5.5 ms. Att=7.5 ms, the jet has already fallen behind the wave.

4.2 Jet aerodynamics

A sampling of the jet centerline properties has been carried out every 0.5 ms. During the time period de ned in 2.3, the
extracted values of alumina mass fraction and axial velocity are averaged. In this time period, the core region proved
to be steady.

The ratio of axial velocity along jet centerline axis over nozzle exit axial velocity is plotted in Figure 11. Determining
the potential core length from this gure is dcult because of the successive shock cells. Therefore, as alumina is inert
and only present in the jet, its mass fraction depends only on the jet mixing. Its mass fraction should be constant in the
potential core, and drop at then end of it. Figure 11 displays as well the mean alumina mass fraction at jet centerline
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over alumina mass fraction inside the combustion chamber. We consider the length of the potential core to be located at
the downstream position where alumina mass fraction is below 95% of its value at nozzle exit, yieltlfhg§20D;. It
is between the values given by eq. (3) and (4). From the velocity curve, the rst shock cell length can be determined and

Figure 11: Mean jet axial velocity and mean alumina mass fraction at jet centerline

yields LshoeieDj=3.61, which is smaller than the length predicted in eq. (5). These results con rm that the computed

jet respects the main expected characteristics, and that the modelisation is adequate for IOP computation, which occurs
at big scale. However, with the aim of jet noise computation, which mechanisms concern small scale eddies, the jet is
clearly too stable. It is thought to be due to unsient mixing of the jet, probably because of a grid too coarse at the
nozzle lips.

43 IR

We consider the droplets at thermal equilibrium with the surrounding gas, which is a strong hypothesis for big dropplets.
Then, various computations were carried out withedtent droplet size ranging from 2.5 to 16, which are a common
size for solid propellant rocket, with no major ect on the solution. The alumina droplet size is arbitrarly xed to 5

m. Results at two key moments are displayed in Figure 12=31 ms, a “ re ball” is observed on the visible and the

Figure 12: Comparison between recorded and computed IR ukgs. recordedpottom: computedjeft: t=3.5 ms;
right: t=15ms

IR images. This hot spot convected downstream the jet is well reproduced by the computation. The length of the zones
are comparable, even though the computed ball is narrower. Upstream of it, cell shocks are visible in the computation,
as well as on the experimental image. Latent=t5 ms, the shock cell structure of the jet is clearly visible. Both

10
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images display 6 diamond-pattern shock cells, and the computation reproduces the location of cell number 1, 2, 3 and
6. Computed shock cells 4 and 5 are slightly downstream of the experiment.

4.4 Acoustical results

Pressure histories recorded in the far- eld on sensors C1 to C5 are plotted respectively in Figures (13.a) to (13.e).
The beginning of the IOP wave is not clearly visible, as a rst wave, issued from nozzle seal break-up, runs before
it. However, this wave is well detached on the side sensors and is easily identi ed. The computed IOP is not well

(a) C1 sensor pressure history (b) C2 sensor pressure history (c) C3 sensor pressure history

(d) C4 sensor pressure history (e) C5 sensor pressure history

Figure 13: Far- eld sensors pressure histories

synchronized with the experiment on the forward sensors. We think that it is due to the impact of the computed jet on
the IOP that accelerates the wave at the jet centerline. However, levels are well reproduced as well as directivity, as it
can be seen in Figure 14. A maximum drence of 3 dB is found on microphone C5.

Figure 14: Directivity of the IOP waves

11
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5. Conclusions

A Large Eddy Simulation has been carried out to identify the IOP phenomenon observed at a SRM ignition. This
simulation took into account the various major species and the recombustion of the gas with ambient air. IR emission
of the jet has been computed to compare with recorded IR images. Numerical results proved to compare well with
measured data: good agreement is found between the numerical and experimental levels of the IOP at the microphones,
even though the computed wave is more directive. Moreover, time synchronization is quite good with microphones
located at high angles, while forward angles sensors measure an IOP ahead of the experimental wave. This time shift is
thought to be due to the impact of the jet on the wave during the rst milliseconds. Finally, computed infrared emission
compares well with experimental data. The “re ball” phenomenon at start-up is well reproduced, and con rms the
importance of recombustion. Jet aerodynamics at later time are validated by the good agreement between empirical
caracterical values (potential core and shock cell length), and between IR plume signature (shock cell localisation).
However, an exploration of the radiative solver boundary conditions in uence must be performed to validate further
the computation, as well as a more complete study of the alumina droplets size in uence and of the complex refraction
index of alumina.

The grid re nement of the acoustic sources in the ow has a strong in uence on the description of the IOP. The grid
methodology for the IOP phenomena study is adequate, but is likely to need improveengrgsiq elements size at

nozzle lips) for considering the small scale eddies responsible for jet noise.

Final understanding of IOP mechanisms is not achieved, and some concern points remain: separation of IOP and seal
break-up generated wave is not visible in the computation, and may be reproduced for it participates in forward to
the IOP amplitude (while being well separated at high angles). Finally, ne analysis of IOP wave front propagation
structure may be done to characterize more precisely jet in uence on IOP propagation.
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