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Abstract. The present work deals with the numerical simulation of a hot subsonic turbulent
jet using LES. The main difficulty is to obtain a turbulent jet flow right from the exhaust of the
nozzle, as in real jets for Reynolds numbers over Iibfecting disturbances in the boundary
layer inside the nozzle to force the transition from a laminar state to a turbulent one, may in-
troduce spurious noise which can pollute the acoustic field. Experimental measurements on
mean velocity and near and far field pressure were carried out in the Onera CEPRA19 an-
echoic wind tunnel on a nozzle of diameter D= 80 mm, cah@l These measurements con-
stitute a database to validate numerical simulations. The aerodynamic solver is based on the
compressible Navier—Stokes equations expressed in conservative form with a spatial discreti-
zation method based on the cell-centered Finite Volume methodology on structured grid. The
influence of mesh refinement is studied, thanks to a comparison between a fine and very fine
mesh including respectively 30 and 240 millions elements on the same jet configuration. The
noise radiation is performed using the Ffowcs Williams and Hawkings surface formulation,
that computes time pressure histories at any observer location by integration of the flow field
solution on a control surface surrounding the jet and containing all the noise sources. The
near and far fields are compared to experimental measurements. Discrepancies remain close
to the nozzle exit which lead to an overestimation of the pressure levels in both near and far
fields, especially near the 9@ngular sector.

878



1 INTRODUCTION

With the increase of computational capacities in the last decades, it became possible to per-
form unsteady flow simulations to reproduce and investigate noise generation [1]. If direct
numerical simulations (DNS) are still limited to the simulation of low Reynolds, academic
configurations [2][3], the use of large-eddy simulations (LES) allows to compute higher Rey-
nolds number, turbulent flows [4]-[8] more representative of the industrial concerns. However,
performing a Large Eddy Simulation (LES) of a turbulent jet able to reproduce the experi-
mental behavior is still a challenge despite the progresses made over the recent years. One of
the difficulties is to obtain a turbulent jet flow right from the exhaust of the nozzle, as in real
jets [9] for Reynolds numbers over®1@ very fine resolution of the boundary layers inside
the nozzle is then necessary, which leads to prohibitive computational resources for experi-
mental boundary layers thickness. So, the numerical jets tend to be laminar at the nozzle exit
and as a consequence, strong vortex pairings appear in the shear layer, what usually does not
occur in the experiments at higher Reynolds numbers. An additional noise source is then ob-
served in the numerical far-field pressure spectra in the medium frequencies when compared
to the measured ones [10]-[13]. Downstream of the laminar part of the flow, the transition to-
wards the turbulent regime is then abrupt, as seen through shear layer properties (faster
spreading rate), leading to an underestimation of the potential core length. A key issue of the
success of such simulations is to provide boundary conditions representative of the anechoic
facilities where jet noise experiments are performed. Several approaches have been developed
to allow the turbulent transition of the jets. It is a difficult problem because the jet forcing
must generate a minimum spurious noise, in order to avoid to contaminate the acoustic field.
The jet development is strongly linked to the initial turbulent or laminar shear layer state, as
observed by Zaman [9], the latter leading to additional noise. Non-reflecting conditions are
required at lateral and outflow boundaries to model the free-field conditions and to avoid spu-
rious noise contamination of the physical sound field [14]. For a detailed review of available
numerical boundary conditions for aeroacoustic simulations, the reader may refer to Tam [15].

Several authors such as Ukeiley and Ponton [16], Suzuki and Colonius [17], &twler
[19], Fayardet al. [20], or Hallet al. [21] highlighted the importance of the low order azi-
muthal modes particularly for position close to the potential core end. Previously, Leirteau
al. [22] performed an analysis of the near field pressure from an experimental database of an
isothermal and a hot subsonic jet. They established the existence of a sector linked to an
acoustic behaviour in the near field in which the low frequencies around St = 0.2 and the axi-
symmetric mode are dominant.

In the present work, a numerical simulation using the LES methodology is carried out on a
hot subsonic jet in order to analyze its near pressure field and its links to the jet flow and to
the acoustic far field. The influence of mesh resolution on jet flow development and noise ra-
diation is investigated using LES combined with the Ffowcs Williams & Hawkings surface
integral formulation [23] to simulate the far-field noise. No turbulence seeding is made in the
boundary layers. Several experimental [19][24] and numerical investigations [10][18]-
[20][22][25][26] in the past were carried out on this jet configuration and experimental data
are available for comparison with simulation results. The paper is organized as follows. De-
tails of the simulated configuration are given in section 2, where the geometric configuration,
numerical parameters for flow and noise simulations and the computational grids are also de-
scribed. Unsteady and steady flow fields and radiated noise are then presented in Section 3
through comparison with experimental data acquired on the same jet configuration. Mean
flow and turbulence evolutions are especially detailed upstream and downstream of the nozzle.
Several effects of the meshing on the aerodynamic and acoustic fields are also presented in
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this section. Near and far fields are analyzed and different control surfaces are used for the
FW-H formulation and compared.

2 JET CONFIGURATION

The geometry considered is a round nozzle with an exhaust diameter D of 80 mm. The jet
static temperature is; 830 K and its Mach number is; ™ 0.7, which corresponds to a jet
velocity U; of 410 m/s. The Reynolds number based on nozzle diametes s BeD/v = 4 x
10°, wherev for the kinematic viscosity. The ambient pressure tmperature areop=
101,325Pa and § = 280 K, respectively. Aerodynamic and acoustic measurements, per-
formed in the CEPRA19 anechoic facility of Onera [19] [24] are available for comparisons
with simulations. The characteristics of this single jet are provided in Table 1. They lead to a
Reynolds number of 400,000 based on the nozzle diameter and the jet velocity. Because of the
high temperature of the jet, the jet velocitydt the nozzle exit is lower than the local sound
velocity ¢ but higher than the sound velocity outside the jet. So, the local Mach number
M;=Uj/c; is subsonic whereas the convective Mach numhgr(+c)/(ci+c.) is supersonic.

The following table summarizes the jet characteristics with subscripts j, tobarespec-
tively, representing jet exit conditions, jet total stagnation characteristics and ambient condi-
tions.

Uj(m.s-1) M T /T, Ujlc. Tiot/ T T.. (K) Rey P tot/P o

410 0.7 2.96 1.2 3.2 280 4 x°10 14

Table 1: jet characteristics with subscripts j, tot andespectively, representing jet exit conditions, jet total
stagnation characteristics and ambient conditions.

The computational domain is cylindrical and extends from X/D = -29 to 100 and has a ra-
dius of 80D. An illustration of the nozzle with a detail of the nozzle exit is given in Figure 1.
Inside the nozzle, the inflow condition is located 7.15 diameters upstream of the exhaust. A
first contraction is present for -6 < X/D < -5.5, followed by a slowly converging shape up to
the nozzle exit where a second contraction is visible (-0.16 X/D). The nozzle fairing starts
with a radius of 2.5 diameters at X/D =-29 to -18.5 and converges up to X/D = -13 with an
angle of 4.3-and then up to X/D = -0.5 with an angle of ‘6.9t the exhaust, an angle of
16.4 is visible.
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Figure 1: lllustrations of the nozzle shape.

2.1 Grid parameters

Two meshes have been used in this study. The first one called 'Fine' is issued from Huet
[10] and consists in 30xf@ells, while the second one called 'Very Fine' contains 248 x10
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cells and was provided by Lorteatial. [22]. The grid of both meshes is axi-symmetrical and
structured and includes a O-type treatment on the jet axis to ensure that hexahedral cells have
an homogeneous size in the core region. A refined zone which extends downstream of the
nozzle exit from (X/D =0 ; r/D = 2) to (X/D = 25 ; r/D = 5) and upstream of the nozzle exit

up to (X/D = -2 ; r/D = 2.4) has been imposed for a good resolution of the jet flow develop-
ment. Boge)et al. [12] tested different azimuthal discretizations and showed the importance
of this grid parameter on the shear layer development and jet properties: the 'Very Fine' grid
has four times more cells (480) in the azimuthal direction than the 'Fine’ grid (120). The grid
is stretched from a refined zone, in which the flow is accurately calculated, to the simulated
domain boundaries in order to damp acoustic waves before they reach the borders and thus
avoid spurious reflections. The details of mesh refinement can be found in the respective pa-
pers [10] [22]. The main characteristics of both grids are summarized in Table 2.

Grid name| Ax/D (%) | Ar; /D (%) | 1.A8/D(%) St | Number of Cellsx10 | T.U; /D

Fine 0.25 0.25 2.6 0.5 30 512

Very Fine 0.06 0.03 0.6 1 240 449

Table 2: Characteristics of both grids¢/D andAr; /D at X/D = 0 and;rA6/D at [ = D /2, the number of cells
(x1¢P), and non-dimensional simulation time.

2.2 Numerical methods and boundary conditions

The aerodynamic solver FUNk [27] used in this study, is based on the compressible Na-
vier—Stokes equations expressed in conservative form. The spatial discretization method is
based on the cell-centered Finite Volume methodology (FVM) on structured grid. An upwind
biased scheme, with a third-order MUSCL interpolation scheme of AUSM+(P) family is used
for the convective terms. A second-order-accurate centered scheme is used for viscous fluxes.
The time integration is carried out by means of a third-order compact Runge—Kutta scheme.
Two approaches are commonly used to perform LES with classical FV methods: explicit sub-
grid stress models are used to represent the effect of the unresolved scales of motion on the
large scales and the second method consists in using the Monotonic Integrated Large-Eddy
Simulations (MILES) proposed by Bor al.[28]. The latter is based on the assumption that
the intrinsic dissipation of an upwind scheme is able to mimic the dissipative behavior of the
unresolved turbulent scales, and that when using such a scheme, no subgrid model is needed.
This approach has been used in the present study.

At the entrance of the nozzle, uniform stagnation pressure, temperature profiles and veloc-
ity direction are imposed, thus, the boundary layers develop freely. Outside the nozzle, static
pressure p = 101 325 Pa is imposed at the outflow boundary. On the lateral and upstream
boundaies, non-reflecting boundary conditions are imposed using uniform external flow
(static temperature.T= 280 K and velocity U = 5 ms?"). All the walls are assumed to be
adiabatic. The time step of the Runge-Kutta schems&tis 2x 10° s for Very Fine mesh
(Fine: A =2x 10" s).

The simulation is divided in two parts:

A first run (~ 100ms) is carried out to reach an established state for the turbulent jet
mixing layer and for the acoustic field.
Then, the computation is performed for a physical time of about 100ms (5Q0fdw/U

the aerodynamic and acoustic analyses. During this second run, time-averaged quantities

are computed and instantaneous fields on the FW-H control surfaces are stored for acoustic

analysis in far field. This time step storage for the FW-H calculations is small enough to
correctly take into account the temporal scales of the acoustic phenomena.
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Time histories of flow variables are also stored in the near field, on the jet axis, around the
potential core end, and in the shear layer. Most of the signals are located inside the refined
mesh zone. A common time stepAtif;, = 10° s (i.e.,Atso ~ 0.05D/Y) has been used for

all the storages.

2.3 Acoustic computation

The noise radiation is performed using the Ffowcs Williams and Hawkings surface formu-
lation available in the code KIM [29] developed at ONERA. This formulation computes time
pressure histories at any observer location by integration of the flow field solution on a con-
trol surface surrounding the jet and containing all the noise sources. For the Very Fine grid,
two closed control surfaces extend over the entire length of the refined mesh zone, i.e., from
X/D = -2 up to X/D = 25, while for the Fine mesh the same surfaces are not closed. These sur-
faces differ by their radial extent. The far field microphones are located at 75D from the noz-
zle exit for the directions between 2dnd 150 as in the experiments. Due to the spurious
noise generated in aeroacoustics computations by the flow turbulence passing through a con-
trol surface, additional surface terms proposed by Rahier [30] are added in order to reduce this
spurious noise. The results using different configurations of the control surface together with
these additional surface terms is analyzed in the present paper.

3 AERODYNAMIC AND ACOUSTICS RESULTS

In this section, aerodynamic and acoustic results of the simulations with comparisons to
measurements are presented and discussed in order to see how they reproduce the jet configu-
ration. The mesh effects will be studied through the results comparison between both grid
"Fine" and "Very Fine" with experimental data. First of all, the shear layer development and
its initial state are studied. Then, the jet development is examined and how the near and far
pressure fields match the experimental data.

3.1 Jet development

Figure 2 reproduces unsteady vorticity nowhdt the nozzle exit for both grids (left: Fine,
right: Very Fine). It appears that, for the fine simulation, a part of the shear layer is laminar
and exhibits pairings downstream of the nozzle exit. On the other hand, the transition from a
laminar state to a turbulent state appears sooner for the Very Fine simulation (around X/D =
0.02) than for the other simulation (around X/D = 0.05). Moreover, the vorticity levels are
higher in the Very Fine simulation, especially in the shear layer. As can be seen on axial vor-
ticity snapshots in the plane Z/D=0 presented in Figure 3, the Very Fine simulation shows a
vorticity field richer in small structures more tridimensional with more intense vortical struc-
tures than the Fine simulatiohhese results are confirmed by the snapshoissténtaneous
axial vorticity for -20 Y /D <ox< 20U, /D in the three planes (from left to right) X/D=0.25,
0.5and 1 for both meshes (top: Fine, bottom: Very Fine). Both simulations have similar vor-
ticity field despite having different grid resolutions. An enlargement of the latter is given in
Figure 4in the plane X/D=0.25 for both meshes (left: Fine, right: Very Fine) and allows to
understand the discrepancies between both simulations.
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Figure 2: Instantaneous vorticity norm fogQw| < 200Uj /D in the plane Z/D=0
downstream of the nozzle lip for both meshes (left: Fine, right: Very Fine).
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Figure 3: Instantaneous axial vorticity for -20/D <w.< 20U, /D in the three planes (from left to right)
X/D=0.25, 0.5 and 1 for both meshes (top: Fine, bottom: Very Fine).
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Figure 4: Enlargement of the grid in the plane X/D=0.25 for both meshes (left: Fine, right: Very Fine).

The shear layer state presented previously has an impact on the jet development. As can be
seen in Figure 5, both simulations have different evolutions of the mean and rms axial veloc-
ity on the jet axis. The potential corg ID corresponds to kta{U;=0.95. Compared to ex-
perimental data, the Fine simulation has a shorter potential core length, aro(ihd-=14.6,
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while the Very Fine simulation has a larger one with = 6.3. The axial location of the

peak of rms for the Very Fine simulation is shifted downstream compared with the one ob-
tained experimentally. Both simulations have a lowest peak of rms velocity compared to the
experiments, due to the rms level (0.03) already present at X/D=0 in experimental measure-
ments. The mesh refinement shows an impact on the rms peak location, but not on its level.
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Figure 5: Comparison of the axial evolution on the jet axis of the mean and rms axial velocity for both simula-
tions with experimental data.

Figure 6 shows rms values of the axial velocity normalized by the jet velocity as well as
both control surfaces (S1, S2) for the Very Fine simulation. The highest levels of turbulence
are located in the shear layers; they start at the vicinity of the nozzle exit and end downstream
of the potential core, for X/B= 10. This region of high turbulent fluctuations regaets the
major part of the acoustic sources, that radiate to the far-field. For axial positions downstream
of X/D = 10, where s /Uj = 13% close to the jet axis, the fluctuation level decreases with
increasing axial distance. The turbulence level falls for instance to 5.5% of the jet velocity at
X/D = 25 and to 4.1% at X/D = 30. An enlargement @fsUUj in the vicinity of nozzle exit
displayed in Figure 7 shows the flow laminarity at this location and confirms the beginning of
turbulence around X/D = 0.02 found in the instantaneous vorticity field in Figure 2.

Urms/U; 0 004 008 012 016 0.2

e ——

.
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Figure 6: Iso-contours of rms axial velocity in the plane Z/D = 0 and integration surfaces (S1:blue and S2: purple)
for acoustic calculations.
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Figure 7: Iso-contours of rms axial velocity in the vicinity of nozzle exit.

3.2 Near field pressure

Thanks to pressure time histories stored in the near field, Figure 8 represents the axial evo-
lution of the rms pressure levels, azimuthally averaged, at three different radial positions (r /D
€ {1.5; 3; 5}) for the Very Fine simulation and expeental data. For the three radial posi-
tions, a good agreement is observed between numerical and experimental data or4X/D
However, for axial positions near the nozzle exit, an overestimation can be observed, espe-
cially for radial positions close to the jet (r/D = 1.5). At the location r/D=5, there is a good
agreement between the experimental data and the simulation.

160 160 160
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Figure 8: Comparison of the longitudinal evolution of the rms pressure at radial positiogs {1/B; 3; 5}
between the Very Fine simulation and experimental data.

Hall et al. [31], Coiffet [32] and Muller [18] among other authors studied the azimuthal
structure of near field pressure and observed that low wave nhumber modes are dominant and
the axisymmetric one (m=0) has a downstream growing contribution. The modes |m| < 5 in-
clude the most part of energy in the near field. The Strouhal number St is defined by St =f .D
/U; where f corresponds to the frequency. The power spectral density (PSD) of the pressure
signal of the axisymmetric mode are presented in Figure 9 for three different axial positions
X/D=0, 4 and 8 and for two radial locations r/D=1.5 and 5. The overestimation observed for
rms pressure levels at the location X/D=0 and r/D=1.5 is also visible on the power spectral
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density (PSD) of the pressure signal foreS{0.4; 4]. A better agreement is observed when

the axial distance is increased, which means that the sound radiated downstream is captured
more accurately than the sideline radiated noise, because the turbulence fine scales require an
higher mesh refinement. The effect of numerical dissipation on the PSD is also noticeable in
Figure 9 at r/D = 5 for S& 1. Apart from the overestimation visible for positiasse to the

nozzle exit, a good agreement between numerical and experimental data is found for axial po-
sitions X/D = 4. The near field pressure is thus considered wphoduced by the simulation

except for a zone around the nozzle exit.
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Figure 9: PSDs of the pressure field in the near field for different axial and radial positions :
r/D = 1.5 (top), r /D = 5 (bottom) for m=0.

3.3 Far field pressure

The integration of the Ffowcs Williams and Hawkings (FW-H) equation on a porous sur-
face allows determining the pressure radiated by a volume of perturbed fluid knowing the per-
turbation field on a closed control surface surrounding this volume. It is often used for noise
prediction of isolated jets for which a control surface enclosing the mixing layer should con-
tain all the noise sources. In theory, the control surface must be closed, but open surfaces can
be used in practice if their extent is sufficiently large to enclose the noise sources adequately.
However, if the control surface is closed, that reduces its extent and thereby the volume of
data to be stored. In the present study, the FW-H method is used to analyze the acoustic con-
tent of the LES fields through the radiated pressure obtained in the far field. These radiation
calculations are performed with two control surfaces S1 and S2 drawn in Figure 6, that axial
and radial expanses are given below:

- Surface S1: from /D = -2 t0 Xna/D = 25, kin/D = 1.69, ha/D = 4.52

- Surface S2: from /D = -2 t0 Xna/D = 25, fin/D = 1.98, pa/D = 4.91
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These surfaces are open for the "Fine" simulation and closed at X/D = -2 and X/D = 25 for
the "Very Fine" simulation, but for this last case the surfaces can be analyzed open.

The signals obtained for a far field observation point, using the FW—-H surface integral on
the surfaces S1 and S2 open at both ends are compared in Figure 10. The predicted time histo-
ries are very similar and quite identical for both surfaces. This suggests firstly that the volume
sources outside the control surface S1, not taken into account in the present acoustic analysis,
make a very weak contribution to noise radiation. This result validates the choice of these
control surfaces for the FW-H formulation. These similar signatures also demonstrate that the
perturbation fields have been correctly transported from S1 to S2 by the aerodynamic calcula-
tion and therefore the CFD grid is sufficiently dense for a correct propagation of perturbations
to the control surfaces. In the following analysis, only the surface S1 for "Very Fine" simula-
tion is presented.

or Surface 1 r Angle: 90°

| - - — surface2 Angle: 120°

p-p, (Pa)
p-p, (Pa)

Surface 1

Surface 1
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0.04
t(s)

. L L L | L 1
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Figure 10: Time history of the pressure predicted in the far field (30°, 60° and 120°) using FW-H formulation on
both integration surfaces for "Very Fine" simulation.
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Figure 11 : Pressure Spectral Densities for four observer locations at r = 75D for both simulations compared to
the experimental data.

The acoustic analysis is performed for 37 observation points uniformly distributed on a
circle located in far field (75D from the nozzle exit) and centered on the nozzle exit, for com-
parison with experimental results. Their angular positios defined with respect to the jet
axis and ranges from 0° (downstream) to 180° (upstream). The radiated pressures at the ob-
server points are exploited only on 78 ms because of non reliable values in the beginning and
in the end of the signals (incomplete contribution of the control surface because of the acous-
tic propagation delays). These radiated pressures are described also using a time Step of 10
Fourier Transforms are applied on these signals and the levels are averaged over eight fre-
guencies in order to smooth the spectra. These spectra are plotted for the range [0.2—20 kHz].

The comparison of the PSD between both simulations with open control surfaces and ex-
perimental data presented in Figure 11 for different angles 30, 60, 90 and 120° shows globally
a better agreement for the Very fine simulation than for the Fine simulation with experimental
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data. Underestimations are found for low frequencies $t1 and a slight overestimation for
andes =90° for frequencies St =%.
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Figure 12: Pressure Spectral Densities for four observer locations at r = 75D for the Very Fine simulation (open,
closed, closed + additional terms) compared to experimental data.

In [30], Rahieret al. proposed additional surface terms in order to reduce the spurious
noise generated in aeroacoustic computations by the flow turbulence passing through a
Ffowcs Williams and Hawkings (FW-H) control surface. This spurious noise is due to the fact
that some volume sources are not taken into account in the calculations limited by surface in-
tegrations. An expression of additional surface terms representing an approximation of the
missing volume integral has been defined. These additional terms include two separate Dop-
pler amplification effects, respectively related to the flow velocity and to the control surface
velocity and can be applied to any fixed or moving, rigid or deformable control surface. Com-
pared to the use of open control surfaces, closed surfaces have the advantage of filtering any
acoustic wave coming from the boundaries of the CFD grid. Another advantage for jet noise
predictions is the ability to use shorter control surfaces that are less penalizing for the CFD
grid refinement and for the storage of aerodynamic data for acoustic calculations. Short con-
trol surfaces have however the drawback of not taking correctly into account the refraction

effects for the low angles of observation.
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In the following, three configurations are tested and compared on the Very Fine simulation
on the surface S1:

- LES Very Fine open : calculations without additional flux terms with the control surface
S1 open at both ends.

- LES Very Fine closed : calculations without additional flux terms with the control surface
S1 closed at both ends.

- LES Very Fine closed +AT : same as previously with additional flux terms.

Figure 12 presents the spectra comparison obtained for four observation angles, 30°, 60°,
90° and 120° for the three previous cases. Globally, for medium and high frequencies the PSD
levels do not depend on the control surface and are in fairly good agreement with the experi-
mental results. In contrast, at low frequencies the levels vary a lot with the control surface
choice and appear to be largely overestimated for closed surface without additional terms. The
more the angle is large, the more the overestimation concerns a wider band of frequencies.
The stability of the results for the dominant frequencies of the actual acoustic radiation of the
jet confirms that the main noise sources are contained inside the surface S1, because this sur-
face extends very far downstream. It also confirms that open control surfaces commonly used
for jet noise predictions can provide reliable results except for low frequencies.

. EXP. DATA
LES "FINE" open

LES "VERY FINE" open

— — — LES"VERY FINE" closed
-------------------- LES "VERY FINE" closed+AT

90

. n e e
100

Figure 13: the overall sound pressure level (OASPL) directivity in the far field
for Fine and Very Fine (open, closed, closed +AT) simulations and experimental data.

The Overall Sound Pressure Levels (OASPL) for the directivities are calculated in the
range [0.2-20 kHz] i.e. SE [0.4; 4] in accordance with the experimental datd presented
in Figure 13. First of all, the comparison between Fine and Very Fine simulations with open
surface shows clearly the improvement of the directivities due to the mesh refinement in all
directions, especially in the azimuthal one, so as to obtain isotropic mesh cells with a grid cut-
off frequency sufficiently high. The overall sound pressure level (OASPL) directivity in the
far field is well predicted by the Very Fine simulation within a +1 dB margin. However, over-
estimation due to pairings noise still remains, especially in the direction normal to the jet axis.
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The acoustic directivities confirm that the use of closed control surfaces without additional
flux terms is not suitable. Using closed control surfaces with additional flux terms seems to
provide the same acoustic directivities as with an open control surface, because in this study
this surface is long enough, except for low angles. Both acoustic directivity shapes are very
close to the experimental data.

The overestimation for frequencies around St = 1, especially visible &t &t far field,
is linked to the one observed in the near field for axial positions close to the nozzle exit (i.e.,
for X/D < 4). Nevertheless, the difference is less visibléhanfar field. Indeed, at X/D = 0
and r/D = 1.5, there is an overestimation of around 6-7 dB/Hz, whereas for the signals in the
far field at 90¢ the overestimation is about 4 dB/Hz. The high esemation in the near field
may be attributed to the hydrodynamic pressure, which amplitude decreases according to an
exponential law, while the acoustic pressure amplitude decreases according’tae.1Tihe
lower overestimation of 5 dB/Hz observed at X/D = 0 and r/D = 5 can be viewed as a conse-
guence of the dissipation of the hydrodynamic part.

4 CONCLUSIONS

The present work deals with the numerical simulation of a hot subsonic turbulent jet using
LES. The influence of the axial, radial, and azimuthal mesh refinements has been studied,
thanks to a comparison between the present simulation (Very Fine) and a previous one (Fine)
on the same jet configuration. The development of the shear layer depends on the mesh re-
finements. The vorticity field in the Very Fine simulation is richer in small structures and
more tridimensional with more intense vortical structures than in the Fine one.

Despite having a good development, the shear layer remains laminar at the nozzle exit.
Compared to the experimental data, the Fine simulation has a shorter potential core length,
while the Very Fine simulation has a larger one. The axial location of the peak of rms for the
Very Fine simulation is shifted downstream compared to the experimental one. At the nozzle
exit, there is no turbulence in the jet center, so both simulations have a lowest rms velocity
peak compared to the experiments.

The azimuthal structure of near field pressure confirms that axisymmetric one (m=0) has a
downstream growing contribution. The overestimation observed for rms pressure levels at the
location X/D=0 and r/D=1.5 is also visible on the power spectral density (PSD) of the pres-
sure signal for S& [0.4; 4]. Due to the turbulence fine scales, tleguires an higher mesh
refinement, the sound radiated downstream is captured more accurately than the sideline radi-
ated noise. For S& 1 at r/D = 5, the numerical dissipation effect ba PSD is also notice-
able. The near field pressure is thus considered well reproduced by the simulation except for a
zone around the nozzle exit.

The Ffowcs Williams and Hawkings (FW-H) formulation is used for acoustic analysis of
aerodynamic numerical simulations. This acoustic analysis is performed for observation
points located in far field (75D from the nozzle exit) and centered on the nozzle exit for com-
parison with experimental results. Globally, the mesh refinement contributes to improve the
Pressure Spectral Densities for different angles compared with experiments, although discrep-
ancies are found for low frequencies (t0.1) and for angles=90° for Strouhal S& 1.

Without additional flux terms, the turbulence passing through the downstream closing disk
generates relatively high levels of spurious radiated pressure, which affects a wide band of
frequencies, including the low frequencies. The use of closed control surface without addi-
tional flux terms has therefore no real interest for jet noise analysis. The results obtained using
closed control surfaces with additional flux terms lead to the almost same results as the ones
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obtained with open surface because the surface extent used in this study is long enough to in-
clude the main acoustic sources.
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