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Abstract The sound fields radiated by Mach number 0.6 and 0.9, circular jets with Reynolds numbers varying
from 1.7 x 10% to 4 x 10° are investigated using Large Eddy Simulations. As the Reynolds number decreases,
the properties of the sound radiation do not change significantly in the downstream direction, whereas they are
modified in the sideline direction. At low Reynolds numbers, for large angles downstream from the jet axis,
the acoustic levels are indeed remarkably lower and a large high-frequency part of the sound spectra vanishes.
For all Reynolds numbers, the downstream and the sideline sound spectra both appear to scale in frequency
with the Strouhal number. However their peak amplitudes vary following two different velocity exponents
according to the radiation direction. The present observations suggest the presence of two sound sources:
a Reynolds number-dependent source, predominant for large radiation angles, connected to the randomly-
developing turbulence, and a deterministic source, radiating downstream, related to a mechanism intrinsic to
the jet geometry, which is still to be comprehensively described. This view agrees well with the experimental
results displaying two distinguishable components in turbulent mixing noise [1, 2].

Keywords Aeroacoustics - Jets - Large Eddy Simulation
PACS 47.27.Eq-47.27.8d - 47.27.Wg

List of symbols

co Sound velocity in the ambient medium (m/s)

d Distance from the end of the potential core (m)

f Frequency (Hz)

k Wave number (1/m)

p Fluctuating pressure (Pa)

ro Jet radius (m)

U Centerline mean axial velocity (m/s)

uj Jet velocity (m/s)

X Axial location of the end of the potential core (m)

x,r,¢ Cylindrical coordinates (m, rad)
x,y,z Cartesian coordinates (m)

A Attenuation of sound by viscosity and thermal conductivity (dB)
D Jet diameter (m)
H Helmholtz number
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M Jet Mach number

Mc  Source convection Mach number

Rep Jet Reynolds number

Rpp  Azimuthal correlation function of the fluctuating pressure

St Strouhal number

T Simulation time (s)

T,.  Total time of the acoustic signals (s)

8o Shear-layer initial momentum thickness (m)

v Kinematic molecular viscosity (m?/s)

0j Inflow jet centerline density (kg/m?)

0 Angle from the jet axis (rad)

|w| Vorticity norm (1/s)

Subscripts

‘D Quantity related to the downstream observation point
.S Quantity related to the sideline observation point

‘peak  Peak value

1 Introduction

The present paper is an effort to give new insights into subsonic jet noise using numerical simulations. Indeed,
after over fifty years of research, whereas in supersonic jets certain sound generation mechanisms such as
the so-called Mach wave radiation have been well characterized [3], the sound sources in subsonic jets are
still to be clearly identified [4]. Two conflicting theories of jet noise have for instance been proposed by
researchers. In the classical theory derived from acoustic analogies, the noise radiated by subsonic jets is
generated by the developing turbulence and results from the complex combination of convective amplification
and acoustic-meanflow interaction [5]. In the second theory, subsonic jet noise is regarded as composed of
two distinguishable components [1]: one from the large structures and/or instability waves, dominating in
the downstream direction, the other from the fine-scale turbulence, dominating in the sideline direction. The
presence of these two components is supported by the works of Tam ef al. [2, 4] and Viswanathan [6, 7] who
identified two independent self-similar spectra from a large experimental database of sound spectra. That of a
sound source connected to the growing and decaying instability waves is also suggested by analytical works
[8, 9]. This view of two noise components is attractive, but it suffers from the confusing data available in
the literature, whose trends can vary between different experiments because of acoustic contamination [10]
or of the use of one-third octave spectra [11]. Considering these difficulties, numerical simulations now offer
an interesting tool for characterizing the properties of the jet sound field accurately, with the final aim of
advancing the understanding of jet noise.

An important point to address in the study of jet noise is that of the modifications of sound pressure spectra
when jet parameters such as the acoustic Mach number M = u j /co and the Reynolds number Rep = u ;D /v
are changed (u is the jet exit velocity, cg the speed of sound in the ambient medium, D the jet diameter, and v
the kinematic molecular viscosity). There is for instance an ongoing discussion about the scaling of the peak
frequencies as the jet velocity varies. At high Reynolds numbers (Rep > Rej, with 100 < Rej, <4 x 10°
according to different authors [7, 11, 12]), at & = 90° to the jet axis, a Strouhal number St = f D /u; scaling
was found both from narrow-band spectra [1] and from one-third octave spectra [13, 14, 15] (f is the fre-
quency). For small angles, a Strouhal scaling was observed from the narrow-band spectra but an Helmholtz
number H = fD/cp scaling appeared from the one-third octave spectra. Zaman and Yu [11] demonstrated
later that this Helmholtz scaling is an artifact of the use of one-third octaves, resulting in a shift of the peak
frequency. They noted for instance that the one-third octave spectra of Lush [13] and Tanna [15], which show
a constant Helmholtz number for the peak, exhibit equally well Strouhal scaling when the corresponding
narrow-band spectra are considered. They also found that the best scaling for small angles is obtained with
the Helmholtz number times a Doppler factor, i.e. with H x (1 — 0.5M cos ). The preceding observations,
made at high Reynolds numbers, are likely not to apply at low Reynolds numbers. Jet noise sources indeed
appear to be modified below Rep =~ 103, as noticed by Crighton [12] from the noise radiated by excited jets.
At low Reynolds numbers (Rep < Re7,), the properties of jet noise also change significantly [7, 16, 17], with
much narrower spectra and lower pressure levels at large observation angles. Long and Arndt [17] moreover
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observed experimentally an Helmholtz scaling for the peak frequencies at all radiation angles. Note that
the study of low Reynolds number jets can be particularly useful for the investigation of the sound sources
attributed to the coherent turbulent structures, since the range of turbulent scales is reduced by molecular vis-
cosity as the Reynolds number decreases. Experiments at low Reynolds numbers permitted for instance a clear
identification of noise generation by instabilities in supersonic jets [18]. Simulations of subsonic jets at low
Reynolds numbers have also allowed to investigate sound sources using Lighthill’s theory [19], and to connect
the downstream sound radiation to the periodic intrusion of vortical structures into the potential core [20].

In the present work, Large Eddy Simulations (LES) of circular jets at Mach numbers M = 0.6 and 0.9,
with Reynolds numbers Re p varying from 1700 up to 4 x 103 are performed to compare their respective acous-
tic radiations, and thus to shed light on the sound sources. The jet initial conditions (shear-layer thickness,
inflow forcing) are identical except for the diameter and the jet exit velocity, with the aim of showing the influ-
ence of the Mach and Reynolds numbers on the radiated noise in the absence of other initial-condition effects.
This work is the continuation of earlier studies where Mach M = 0.9 jets at Reynolds number Rep = 4 x 10°
were simulated. In these studies, flow and sound properties in agreement with what is observed experimen-
tally at high Rep were obtained [21]. The influence of the inflow conditions [22] and of the subgrid modelling
[23] on results was also investigated. It should be noted that, unlike Direct Numerical Simulation (DNS), LES
can be applied to flows at any Reynolds number provided that the effective Reynolds number of the computed
flows is not artificially decreased by the LES methodology, nor by the use of an overly coarse grid, and cor-
responds to the value given by the initial conditions. The present simulations are therefore performed using a
solver especially developed for direct noise computations, with low-dissipative and low-dispersive numerical
schemes [24], following an LES approach based on an explicit selective filtering instead of a classical eddy-
viscosity model for subgrid modelling [21, 25]. For all the simulated jets, the properties of the sound pressure
field are calculated at two observation points in the near acoustic field. These two points define angles from
the jet axis, relative to an origin at the end of the jet potential core, of 6 ~ 30° and 8 ~ 90°, respectively.
The effects of the Mach and Reynolds numbers on the downstream and sideline acoustic radiations are thus
investigated, in order to show evidence of two noise sources. Attention is especially drawn to the shapes of
the sound spectra, to the scaling of the peak frequencies and levels, and to the azimuthal cross-correlations of
the radiated pressure.

This paper is organized as follows. In Sect. 2, the main features of the numerical procedure are presented,
the parameters of the different simulations are given, and the observation points are defined. The sound pres-
sure fields radiated by the simulated jets are investigated in Sect. 3: snapshots of vorticity and pressure are
shown, and the properties of the sound fields in the downstream and sideline directions are compared. The
characteristics of the jet noise sources are discussed in the light of the numerical results in Sect. 4. Concluding
remarks are drawn in Sect. 5.

2 Simulation parameters
2.1 Numerical procedure

The numerical algorithm is identical to that of the earlier simulation [21] of a Mach M = 0.9, Reynolds
Rep = 4 x 107 jet. The Cartesian filtered compressible Navier-Stokes equations are solved using numerical
schemes with low dispersion and low dissipation properties [24]. A thirteen-point finite-difference scheme is
used for spatial discretization, and an explicit six-stage Runge-Kutta algorithm is applied for time integration.
Grid-to-grid oscillations are removed by an explicit filtering which is optimized to damp only the short waves
discretized by less than four points per wavelength. This filtering is used to ensure numerical stability, and
also to take into account the effects of the subgrid energy-dissipating scales without affecting the resolved
scales. This approach was developed to preserve the effective Reynolds number of the jet, which might not be
possible using eddy-viscosity subgrid models such as the dynamical Smagorinsky model [23]. Furthermore,
in order to compute the radiated noise directly, non-reflective boundary conditions are implemented, with the
addition of a sponge zone in the jet at the outflow [26].

The numerical parameters of the present simulations are those of the simulation referred to as LESac or
LESsf in earlier papers [21, 22, 23]. The computational domain is discretized by a 12.5 million point Cartesian
grid with 15 points within the range 0 < r < rg, and extends radially up to » = 15r¢ from the jet axis. Due to
stretching of the axial mesh size for x > 267, the turbulent flow is computed accurately up to a distance of
x = 25r¢, and the sound field is resolved for Strouhal numbers St = fD/u; < 2 up to x = 30r¢. Finally, the
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Table 1 Mach and Reynolds numbers of the simulated jets

M RCD

LESmO9hre 0.9 4% 10
LESmO09re10* 0.9 104
LESm09re5000 0.9 5 x 10°
LESm09re2500 0.9 2.5 x 10°

LESmO09re1700 0.9 1.7 x 103
LESmO6hre 06 2.7x10°
LESmO06re3300 0.6 3.3 x 10°
LESmO06re1700 0.6 1.7 x 103
1.2
LESrm09re1700
l LESmMO09re5000
| LESmogre10* LESmO9hre
0.9 *éﬁ * ok *
s LESmO09re2500
06 * * *
T LESmMO06re3300 LESmO6hre
LESmO06re1600
03 3 4 5 6
10 10 10 10

Re

Fig. 1 Graph of the initial conditions of the simulated jets

simulation times 7 are long enough to achieve the convergence of statistics, as indicated for instance by the
corresponding Strouhal number D /(Tu;) = 1073,

For the study of the acoustic field, the spectra are computed from pressure signals of total time T, such
as D/(Tyeuj) = 1.2 x 1073 in term of minimal Strouhal number. These signals are filtered using moving
averaging in order to remove the low-frequency components with St < 0.05. They are divided into 199
overlapping sections of time 7,./100, windowed by a Hanning function. Moreover, for the calculation of
the azimuthal cross-correlations and for averaging the sound spectra. pressure is specifically recorded at two
observation locations defined by the cylindrical coordinates (xp = 29r¢, rp = 12r¢9) and (xg = 11ry,
rs = 15rg), as discussed in Sect. 2.3. For both locations, pressure is considered at 31 points equally spaced
azimuthally on half a circle. It is interpolated from the Cartesian grid pressure using Lagrangian polynomials.

2.2 Definition of the simulations

Eight isothermal round jets are simulated. Their initial conditions (shear-layer thickness, inflow forcing) are
identical except for the diameter and the jet exit velocity, yielding Mach numbers M of 0.6 and 0.9 and
Reynolds numbers Rep varying from 1700 up to 4 x 10°, as presented in Table 1 and in Fig. 1. The LESm09hre
simulation is the jet simulation at Mach M = 0.9 and at the high Reynolds number Repy = 4x 103 also referred
to as LESac [21, 22] or as LESsf [23] in earlier papers. In the LESmO09re10*, LESm09re5000, LESm09re2500
and LESm09re1700 simulations, the Mach number of M = 0.9 is maintained but the Reynolds num-
ber is progressively decreased down to a value of Rep = 1700. In the LESmO6hre, LESm06re3300 and
LESmO06re1700 simulations, the Mach number is only M = 0.6, the first simulation is at a high Reynolds
number Rep > 107 whereas the two others are at lower Reynolds numbers. Note also that the LESm09re 1700
and the LESmO06re1700 simulations are both at Rep = 1700.

In jet experiments, the properties of the boundary layers at the nozzle exit have been shown to depend on
the Reynolds number [27]. The boundary layers are in particular thinner as the Reynolds number increases.
For instance, at Rep > 10°, a momentum thickness of the order of 1073 D is measured, which is very thin and
cannot be taken into account numerically using current computing facilities. In the present simulations, the
jet nozzle is therefore not discretized. The jet inflow conditions are modeled by imposing mean flow profiles
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while using a random excitation to seed the turbulence. The possible sound sources located near the nozzle
exit are consequently lacking. However, as shown by near-field pressure measurements [28, 29], these sources
generate high-frequency noise (typically at St > 2). They are thus expected not to contribute significantly to
the range of noise spectra, St < 2, calculated in the present simulations, where the predominant components
of jet noise are observed.

In all simulations, the inflow modelling parameters (shear-layer thickness, forcing) are identical. They
are those specified for the LESm0%hre simulation [21, 22]. Mean profiles of velocities, pressure and density
are imposed at the jet inflow boundary. The axial velocity is given by a hyperbolic-tangent profile describing
an annular shear layer of radius ry and of momentum thickness &g, with a ratio §g/r9 = 0.05. Radial and
azimuthal velocities are set to zero, pressure is set to the ambient pressure, and the mean density profile is
obtained from the velocity profile using a Crocco-Busemann relation for an isothermal jet [21]. To trip the
turbulent transition, small random disturbances are added to the velocity profiles in the shear layer zone.
Finally note that the influence of the present inflow conditions and forcing on the jet flow and sound fields
was studied in detail in a recent paper [22].

2.3 Definition of the observation points

To study the acoustic field radiated by the jets, pressure is recorded at points along the line defined by y = 15r¢
and z = 0, and on two half-circles at the locations denoted D and S, defined by (xp = 299, rp = 12rp)
and (xg = 11rg, rs = 15r¢). The observation points D and S are represented in the snapshot of vorticity and
pressure of Fig. 2. They define angles from the jet axis, relative to an origin at the end of the jet potential
core, of Op =~ 30° and 65 ~ 90°, respectively. In order to investigate the two jet noise components, observed
respectively in the downstream and in the sideline directions, the sound properties (pressure spectra, azimuthal
cross-correlations) are therefore calculated at these two points for all the simulations.

In the present work, the observation points are not located in the far acoustic field where jet noise studies
are usually conducted, and the acoustic pressure at these points might be contaminated by the aerodynamic
pressure. Arndt et al. [30] indeed showed that the pressure signal measured at the outer edge of a jet mixing
layer, typically at r = D, is aerodynamic in nature. The magnitude of the aerodynamic pressure however
decreases rapidly with the radial distance from the jet axis. Measurements of near-field pressure reported
in the literature [28, 29] for Mach 0.5 and 0.85 jets suggest for instance that aerodynamic pressure is not
predominant at » = 15r¢, for x < 30rg. Arndt et al. [30] also noticed that the near-field pressure fluctuations
are acoustic for wave numbers kr > 2.0. For r = 15r¢, this condition yields St > 0.047 for the Mach 0.9
jet, and St > 0.070 for the Mach 0.6 jet. In the present study, the dominant part of the sound pressure spectra
is obtained for St > 0.1. It is therefore not appreciably affected by aerodynamic disturbances. Moreover,
since the pressure signals are filtered to remove the components with St < 0.05, a possible low-frequency
contribution of the aerodynamic pressure is noticeably minimized.

In what follows, with one exception in Fig. 13(b), Mach and Reynolds number effects on the noise radiated
by the simulated jets are investigated by comparing the sound field properties obtained at the downstream and

Fig. 2 Visualization of the downstream and sideline observation points D and S. Representation of the vorticity contour |@| x
ro/u;j = 1, and of the fluctuating pressure contours p’ = [—120, —40, 40, 120] Pa or p//(pjuﬁ) = [-10.6, —3.5,3.5,10.6] x

10~* for the simulation LESm09re5000
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Table 2 Jets at Mach 0.9 (top) and at Mach 0.6 (bottom): x, is the core length; dp and ds are the distances, and 6p and 6s the
angles with respect to the downstream direction, from the end of the potential core to the observation points D and S located at
(XD = 291‘0, 'p = 12)’()) and (Xs = llr(), rs = 15]‘0)

xe/ro dp/ro  Op ds/ro  Os

LESmO9%hre 10.2 223 32.6° 15 87°
LESmO09re10* 10.7 21.9 33.3° 15 88.9°
LESmO09re5000 11.3 21.4 34.1° 15 91.1°
LESm09re2500 13 20 36.9° 151 97.6°
LESmQ9re1700  15.9 17.8 42.5° 158 108.1°
LESmO6hre 9.5 22.9 31.6°  15.1 84.3°
LESmO06re3300 10.7 21.9 33.3° 15 88.9°

LESmO6re1700 13.3 19.8 374° 158 98.7°

the sideline observation points D and S. However, as shown in Table 2, the length of the potential core x. is
not constant in the different simulations. Consequently the distance of propagation from the sound sources
to the observation points, as well as the emission angle, may vary. To check this point, the distances dp and
dg between the end of the potentiel core, where the dominant sound sources are likely to be found, and the
observation points, and the corresponding angles 6p and 65 with respect to the downstream direction, are
provided in Table 2 for the computed jets.

For the jets at Reynolds numbers Rep > 3300 (LESm(0%9hre, LESm09re10000, LESmO09re5000,
LESmO6hre and LESm06re3300), the lengths of the potential core do not vary much. They are within the
range 9.5r9 < x. < 11.3r¢. The propagation distances and the emission angles are therefore practically con-
stant, with dp >~ 22rg and 6p >~ 33° for the downstream point, and dg >~ 15r¢ and 65 ~ 88° for the sideline
point. At both observation points, the differences between the sound field properties of these jets thus result
only from the variations in Reynolds and Mach numbers. In other words, Reynolds and Mach effects on jet
noise can be investigated qualitatively as well as quantitatively from the observation points D and S for these
simulations.

For the jets at lower Reynolds numbers (LESmO09re2500, LESm09re1700, LESm06re1700), the length
of the potential core increases appreciably. Relative to the downstream observation point, the propagation
distance dp is then reduced and the radiation angle 6p widens. In the same way, the radiation angle 05
relative to the sideline point increases. The comparisons of the sound field properties of these three jets with
those of the other jets, at points D and S, are therefore rather qualitative, and must be made with care.

The present variations in emission angles 6p and 6s are however expected to have small influence on
the computed frequency peaks. For the downstream observation point, we can note for instance that in
LESmO9hre the Strouhal peaks at 6p = 32.6° and at the angle & = 38.6° for the point at (x = 29ry,
r = 15rp) were found [21] to be very close (0.29 versus 0.31). For the sideline point, we can likewise con-
jecture that, for a given jet, the spectral features of its sound field be quite similar over the range of emission
angles Oy. This is for instance supported by the spectra obtained for the LESm09re1700 jet at 5 = 108.1° and
at & = 90° for the point at (x = x., y = 15r¢, z = 0), presented in Figs. 12(a) and 13(b) respectively, which
both show a peak for St = 0.19. A similar behaviour is also probably observed for the azimuthal correlations
for the present emission angles 0.

Finally, propagating acoustic waves may be dissipated by viscosity and thermal conductivity, depending
on the Reynolds number and on the frequency involved. To evaluate the possible alterations of the sound field
during propagation in the present study, the attenuation of plane sound waves is calculated for the different
simulated jets following Pierce [31]. The distance of propagation considered is 20 radii, which is roughly the
propagation distances dp and ds defined in Table 2. The values obtained are represented in Fig. 3a for the jets
at Mach 0.9 and in Fig. 3b for the jets at Mach 0.6. For Strouhal numbers 0 < St < 1.5, the attenuation of
sound waves is negligible for the two jets at Rep > 107, and is inferior to 1 dB for the low Reynolds number
jets LESm09re 10000, LESm09re5000, LESm06re3300 and LESmO06re1700. For the jets LESmO09re2500 and
LESmO09re1700, the attenuation appears higher than 1dB for about St > 1 and St > 0.8, respectively, but is
still small for low Strouhal numbers.

The pressure spectra presented later in Figs. 7 and 12 being strongly dominated by low Strouhal number
components, these dissipation plots indicate that the acoustic fields obtained at the points D and S are not
appreciably affected during propagation. To illustrate this point more quantitatively, the attenuation of sound
waves propagating over the distances dp and dg, at the peak frequencies observed at the points D and S,
respectively, are provided in Table 3 for the different jets. It is found to be inferior to 0.1 dB in all the cases.
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Table 3 Jets at Mach 0.9 (top) and at Mach 0.6 (bottom): attenuation of plane sound waves propagating over the distances dp
and ds, calculated at the peak frequencies fpeak Observed at the points D and S respectively

A(dp, (fpeak)D) A(ds, (fpeak)S)

LESmO09hre —0.01 dB 0
LESm09re10* —0.02 dB —0.04 dB
LESm09re5000 —0.03 dB —0.02dB
LESm09re2500 —0.05 dB —0.04 dB
LESm09re1700  —0.06 dB —0.04 dB
LESmO6hre 0 0
LESm06re3300 —0.01 dB —0.01 dB
LESmO06re1700  —0.02 dB —0.01 dB
(a) (b)
0 T T~ T — 0 T o — =
-1 ooy, TS -1
%, -2 % -2
< <
-3 9 -3
) -4
-5 -5
0 025 05 075 1 125 15 0 025 05 075 1 125 15
St St

Fig. 3 Attenuation of plane sound waves propagating over 20 radii, as a function of Strouhal number St = fD/u;, for:

a Mach 0.9 jets, LESm0%re, — — — LESm09rel0*, — - — - LESm09re5000, ---- - - LESmO09re2500, oooooo
LESm09re1700. b Mach 0.6 jets, LESmO6hre, — — — LESmO06re3300, ------- LESmO06re1700

3 Results
3.1 Instantaneous vorticity and pressure

Snapshots of the vorticity norm and of the fluctuating pressure are presented in Fig. 4 for the simulations
LESmO09hre, LESm09re5000, LESm09re2500 and LESm09re1700 at Mach 0.9 and in Fig. 5 for the simula-
tions LESmO6hre and LESmO06re1700 at Mach 0.6. As the Reynolds number decreases, the jet flow changes
significantly. At the high Reynolds numbers Rep > 107 in LESm09hre and LESmOG6hre, the turbulent flow
field shows a large range of vortical scales, whereas at lower Reynolds numbers, for instance at Rep = 1700
in LESm09re1700 and LESmO06re1700, a large part of the fine scales is lacking due to larger molecular
dissipation scale. At low Reynolds numbers, viscosity also appears to affect appreciably the shear-layer de-
velopment. In LESm09re1700 and LESmO06re1700 for instance, the shear-layer thickness increases visibly by
viscous diffusion. The generation of vortical structures in the shear layer occurs later, which must be related to
the damping influence of viscosity on the growth rate of instability waves, reported notably by Michalke [32].
Another observation can be made at the very low Reynolds number of Rep = 1700: the coherent turbulent
structures appear in the shear layer close to the end of the potential core, with a length scale comparable to
the jet radius, which may prevent vortex pairings. The effects of Mach and Reynolds numbers on the jet de-
velopment are also illustrated by the core lengths x, determined here from the centerline mean axial velocity
uc using uc(x¢) = 0.95u ;, and given in Table 2 for the different jets. The length of the potential core is found
to increase as the Reynolds number is lowered. At Mach 0.9 for instance, the core length is 10.2r¢ for the
jet at Rep > 105, but 15 .9r¢ at Rep = 1700. Moreover, the potential core shortens as the Mach number
decreases, in agreement with experimental observations [33] and with the linear stability theory [32]. For the
jets at Rep > 107, the core length is thus 10.2rg at Mach M = 0.9, but only 9.5rg at M = 0.6. For complete-
ness, note also that the Reynolds number is found to have the following influence on the jet development after
the potential core: as the Reynolds number decreases, the jet development occurs more rapidly, with higher
turbulence intensities, in good agreement with experimental data [34].
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LESm09hre LESm09re5000

10 20 30

)

Fig. 4 Jets at Mach M = 0.9. Snapshots of the vorticity norm |w| in the flow and of the fluctuating pressure p’ outside, in the
plane z = 0, for LESm09hre, LESm09re5000, LESm09re2500 and LESm09re1700. For the four simulations, the color scale of

the vorticity normis |@|xro/u ; = [0, 2.65], and the pressure color scale is p’ = [—70, 70] Pa or p//(,oju;) =[-6.2,6.2]x10~*

LESm06hre LESmO06rel 700

10 20 30

x?ro

Fig. 5 Jets at Mach M = 0.6. Snapshots of vorticity and of pressure at z = 0 for LESmO6hre and LESm06re1700. For both
simulations, the color scale of the vorticity norm is |@| x ro/u; = [0, 3], and the pressure color scale is p’ = [—20, 20] Pa or

P'/(pju%) = [—4,4] x 107*
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Fig. 6 Overall sound pressure levels along the line » = 15rp, as a function of x — x., the axial position with respect to
the end of the potential core. a Mach 0.9 jets, LESm09hre, — — — LESm09re10*, — - — - LESm09re5000,

------- LESmO09re2500, oooooo LESmO09re1700. b Mach 0.6 jets,
LESmO06re1700

LESmO6hre, — — — LESmO6re3300, -------

The snapshots of Figs. 4 and 5 also display the important alterations of the radiated pressure field as the
Mach and Reynolds numbers vary. First, as shown by the sound fields obtained for the two high Reynolds
number jets LESmO9hre and LESmO6hre, the acoustic wavelengths are found to increase when the Mach
number is lowered. Second, as for the turbulent field, the high-frequency sound waves appear to vanish pro-
gressively as the Reynolds number is decreased. Compare for instance the sound fields obtained at high Rep
in LESmOO%hre and at Rep = 1700 in LESm09re1700: short waves are clearly visible in the first case whereas
only very low frequency waves remain in the second case. The disappearance of short waves at low Rep visi-
bly leads to a significant reduction of the sound levels for large radiation angles from the jet axis direction. We
can moreover observe that spurious waves generated by the forcing are apparent near the inflow for the jets at
Mach 0.6. Thanks to the forcing features [22], these waves have very short wavelengths, and they are damped
by the explicit filtering. Their possible contributions to the acoustic field at » = 15r( are consequently very
small.

The modifications of the noise magnitudes are shown quantitatively in Fig. 6 by the sound pressure levels
along the line r = 15rg for the Mach 0.9 and Mach 0.6 jets. To take into account the different core lengths,
these levels are represented as a function of the axial position with respect to the end of the potential core. The
sound levels obtained for the various Reynolds numbers are similar around x =~ x.+ 15r¢, for emission angles
from the jet axis, relative to an origin at the end of the jet core, of 6 =~ 45°. However they are quite scattered
atx < x. + 10ro, for larger angles. A difference of 4 dB is for instance noticed between the levels obtained at
x = x. for the Mach 0.9 jets at high Rep and at Rep = 2500. These changes are in good agreement with the
experimental data [16] provided for two Mach 0.9 jets at Rep = 3600 and Rep = 5.4 x 10°, displaying very
little difference between far-field sound levels at 30° from the nozzle exit, but 4 dB at 90°.

3.2 Downstream sound field

The properties of the downstream pressure fields radiated by the jets are investigated at the observation point
D located at xp = 29rg, rp = 12ry.

3.2.1 Downstream sound spectra

The sound spectra calculated at the point D for the Mach 0.9 and Mach 0.6 jets are presented in Fig. 7a
and 7b, in linear scales, as a function of the Strouhal number. Their shapes appear to change moderately with
the Reynolds number. All spectra are indeed dominated by a low-frequency component at Strouhal number
St ~ 0.25. The peak seems however more marked with respect to the high-frequency components of the
spectra at low Reynolds numbers. This trend is clearly illustrated in Fig. 7a by the spectra obtained for the
Mach 0.9 jets at high-Rep (solid line) and at Rep = 2500 (dotted line). As for the peak amplitude, for both
Mach numbers, it is found to increase as the Reynolds number decreases, as shown for instance by the spectra
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Rep = 1700:

of the Mach 0.9 jets LESm09hre, LESm(09re 10000 and LESm09re5000 for which the core length is nearly
constant.

To evaluate the variations of sound spectra with velocity, the spectra obtained at similar Reynolds numbers
are depicted in Fig. 8, in logarithmic scales, using different scaling factors to correct the sound levels of the
Mach 0.6 jets. At high Reynolds numbers Rep > 10°, in Fig. 8a, the peak levels are shown to vary as u?,
whereas the high-frequency parts of the spectra for St > 0.8 collapse successfully following a “3 scaling.
These results agree well with the experimental far-field observations at high Reynolds numbers. Zaman and
Yu [11] and Tam et al. [2] both noticed for instance a u?'s variation of the peak level, at 30° and 20° to
the jet axis respectively. In the spectra reported by Zaman and Yu [11], the levels of the high-frequency
components were also seen to increase at a lower exponent, as observed in Mollo-Christensen et al. [1] This
difference of variations between low and high frequency levels however does not seem to exist for the spectra
at Rep = 1700 in Fig. 8b. In this case, the power law of u? applies fairly well not only for the peak but also
for the whole frequency range. Finally we can note the different decrease of the sound levels towards high
Strouhal numbers as the Reynolds number is reduced: at Mach 0.9 for instance, the gap between the peak and
the St = 1.5 levels is 15 dB at high Rep, but 30 dB at Rep = 1700.

The peak frequencies are now represented as a function of the Reynolds number. In Fig. 9a, they are shown
to collapse well using Strouhal number scaling. The peak Strouhal number is found to decrease slightly at
lower Reynolds numbers, with for instance Stpeax = 0.29 at high Rep versus Sty = 0.22 at Rep = 1700.
In Fig. 9b, Helmholtz number scaling is also displayed, and it is clearly seen to be inappropriate.

For completeness, the scaling with the Helmholtz number times the Doppler factor (1 — Mc cos 6), where
Mc is assumed to be the source convection Mach number, is tested in Fig. 10. Zaman and Yu [11] observed
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that the best collapse of the spectra for shallow angles is yielded for Mc = 0.5 M. In the present work, with
6 = 6p calculated from the end of the potential core and given in Table 2, the best scaling is obtained for
Mc = 0.8 M. This scaling is shown in Fig. 10. It is therefore difficult to settle the matter of Strouhal scaling
versus Helmholtz times a Doppler factor scaling for the downstream sound spectra. However the latter scaling
depends on the choice of the parameter Mc, and still needs physical justifications if it is not to appear only as
an ad hoc scaling.

3.2.2 Downstream azimuthal correlations

To study the structure of the downstream sound field, the azimuthal cross-correlation functions of the fluc-
tuating pressure are calculated at the observation point D. The functions obtained for the Mach 0.9 jets
LESmO09hre, LESm09re 10000 and LESm09re5000, for which the emission angles 6p are very close as shown
in Table 2, are presented in Fig. 11a. They display high correlation levels in good agreement with the far-field
correlation functions measured by Maestrello [35] at 30° to the jet axis for a Mach 0.85 jet. Moreover they
do not differ appreciably, which suggests that the influence of the Reynolds number on the azimutal cross-
correlations in the downstream direction is small.

The correlation functions obtained for the two high Reynolds number jets at Mach 0.6 and 0.9 are pre-
sented in Fig. 11(b). The correlation obtained at Mach 0.6 is slightly higher for ¢ < 90° but lower for ¢p > 90°
compared to that obtained at Mach 0.9. This trend corresponds well to far-field measurements [35, 36] at 30°
to the jet axis.

Finally the modal contribution to the downstream sound field is provided in Table 4 for the two high Rep
jets. In both jets, the modes m = 0 and m = 1 are greatly dominant with more than 90% of the total acoustic
field, including 66% for the mode m = 0 alone. The influence of the Mach number on the azimuthal Fourier
components is also shown with, mainly, a decrease of the contribution of the mode m = 1 as the Mach number
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Table 4 Contributions to the acoustic field at xp = 29rg and rp = 12r¢ of the first four azimuthal modes for the jets at
Rep > 10

m=0 m=1 m=2 m=3

LESmO%hre  0.67 0.23 0.07 0.02
LESmO6hre  0.66 0.28 0.05 0.01
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Fig. 11 Azimuthal cross-correlations of the fluctuating pressure at xp = 29r¢ and rp = 12rg. a For the Mach 0.9 jets:
LESm0%hre, — — — LESm09rel10*, — - — - LESmO09re5000. b For the jets at Rep > 10°: LESm0%hre, — —
— LESmO6hre. Far-field measurements at 30° from the jet axis: 7 Maestrello [35] (M = 0.85, Rep = 5 x 10%)

increases. These results are very similar to the far-field experimental data obtained by Juvé and Sunyach [36]
at 30° to the jet axis.

3.3 Sideline sound field

The sound fields obtained in the sideline direction are now studied, in particular at the observation point S
located at xg = 11rg, rs = 1579.

3.3.1 Sideline sound spectra

The sound spectra calculated at point S are presented in Fig. 12a and b for the Mach 0.9 and the Mach 0.6
jets, in linear scales, as a function of the Strouhal number. As the Reynolds number decreases, they change
spectacularly with the disappearance of the high-frequency components. Moreover the lower the Reynolds
number, the larger the part of the spectra that vanishes. Consequently, the peak frequency progressively moves
to lower Strouhal numbers, with for instance for the Mach 0.9 jets Stpeax = 0.7 at Rep = 4 x 10° but only
Stpeak = 0.2 at Rep = 1700. For these two jets, we can note also the significant reduction in spectral band-
widths: about 0 < St < 1.5 versus 0 < St < 0.4.

The variations of the sound spectra with velocity are shown in Fig. 13 where the spectra obtained at similar
Reynolds numbers are depicted, in logarithmic scales, using the appropriate scaling factor to correct the sound
levels of the Mach 0.6 jets. The spectra of the high Reynolds number jets at Mach numbers 0.6 and 0.9 at
the observation point S are presented in Fig. 13a. They collapse very well over the whole frequency range
following a u;‘s scaling. This u}'s power law is exactly that exhibited experimentally by Zaman & Yu [11] and
Tam et al. [2] for far-field spectra at 90° to the jet axis, for high Reynolds number jets. To examine the levels
of the sideline noise radiated by the jets at Rep = 1700, the pressure spectra obtained at y = 15rg, z = 0,
at the axial location of the end of the potential core x = x., are considered. They are plotted in Fig. 13b. 7A§

previously noted at high Reynolds numbers, the two spectra at Mach 0.6 and 0.9 collapse well using a u i

scaling factor to adjust the levels of the Mach 0.6 jet. The agreement is found to be particularly good for the
frequency peaks.

The Strouhal number and Helmholtz number peaks obtained at the sideline point S are now represented in
Fig. 14 as a function of the Reynolds number. The Strouhal number scaling appears to apply at high Reynolds
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Table 5 Contributions to the acoustic field at xg = 11rg and rg = 15r¢ of the first five azimuthal modes for the jets at Rep > 10°
(top) and Rep = 1700 (bottom)

m=0 m=1 m=2 m=3 m=4

LESmO9%hre 0.15 0.29 0.23 0.19 0.09
LESmO6hre 0.15 0.35 0.28 0.17 0.05
LESmO09re1700  0.34 0.36 0.23 0.05 0.03
LESmO06re1700  0.40 0.23 0.32 0.05 —

numbers, as found experimentally by Mollo-Christensen et al. [1], but also at low Reynolds numbers as
clearly shown by the frequency peaks obtained for the two jets at Rep = 1700. As a result, the Helmholtz
scaling is not appropriate. This point seems to contradict the experimental data of Long and Arndt [17] at
low Reynolds numbers, which display an Helmholtz scaling at the radiation angle of 90° in the far acoustic
field. As for the variation of the frequency peak with the Reynolds number, the peak progressively moves to
lower Strouhal numbers as the Reynolds number decreases. Note that at sufficiently high Reynolds numbers,
typically Rep > 107, the Strouhal peak is expected to be nearly constant. Zaman and Yu [11] indeed observed
that, for jets with Reynolds numbers over the range 2 x 10° < Rep < 2.1 x 10°, the Strouhal number peaks
measured in the far acoustic field at 90° to the jet axis do not vary significantly.

3.3.2 Sideline azimuthal correlations

The azimuthal cross-correlation functions of the sound field at the sideline observation point are presented
in Fig. 15 for the high Reynolds number jets and for the Rep = 1700 jets. At high Reynolds numbers in
Fig. 15a, the correlation functions at Mach 0.6 and Mach 0.9 do not differ much. They show low correlation
levels, in agreement with experimental data for sideline radiation angles, notably with those measured by
Maestrello [35, 36] for a Mach 0.7 jet. At Rep = 1700, in Fig. 15b, the correlation levels are found to be
higher, especially for large azimuthal angles as illustrated by the correlations obtained at ¢ = 180° for the
Mach 0.6 jets (nearly 0 at high Reynolds number versus 0.4 at Rep = 1.7 x 10%). The correlation then appears
to be enhanced as the Reynolds number decreases, Furthermore, at Rep = 1700, the correlations obtained
at Mach 0.6 and 0.9 are close except for angles ¢ ~ 180° where the correlation is higher at the lower Mach
number. A similar trend was found experimentally by Juvé and Sunyach [36] for the sideline noise radiated
by jets at Mach numbers 0.4 and 0.7.

Finally, the modal contribution to the sideline acoustic field is reported in Table 5 for the jets at Rep > 10°
and at Rep = 1700. The azimuthal Fourier components are shown to depend significantly on the Reynolds
number. At Rep > 10°, the modes m = 1 and m = 2 are dominant, in agreement with the far-field measure-
ments of Juvé & Sunyach [36] at 90° to the jet axis for a high Reynolds number jet at Mach 0.7. The mode
m = 0 then contains only 15% of the total sound field, and the mode m = 3 about 18%. At Rep = 1700, the
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Fig. 15 Azimuthal cross-correlations of the fluctuating pressure obtained at xg = 11rg and rg = 15r¢ for: a The jets at
Rep > 10°. b The jets at Rep = 1700; at: Mach 0.9, — — — Mach 0.6. Far-field measurements at 90° from the

jet axis: A Maestrello [35,36] (M = 0.7, Rep = 4.3 x 10%)
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contribution of the mode m = 0 is however greatly enhanced and is more than 30%, while that of the mode
m = 3 falls down to 5%. As for the Mach number, its main effect on the modal contribution to the sideline
sound field is found to be the decrease of the mode m = 2 as the Mach number increases, which corresponds
well to experimental data [36].

4 Discussion on sound sources

The modifications of the sound field obtained in the present simulations in the downstream and sideline
directions as the Mach and Reynolds numbers vary bring support to the theory of two sound sources in
subsonic jets. They also provide information about features of the radiations generated by these two basic
noise mechanisms.

There first appears to be a Reynolds number-dependent sound source dominating in the sideline direction.
The noise radiated by this source is broadband and poorly azimuthally correlated. Above all, this radiation
depends strongly on the Reynolds number. At lower Reynolds numbers, its amplitude decreases dramatically,
the sound spectra become narrower with a frequency peak moving to lower Strouhal numbers, and the az-
imuthal correlations are slightly enhanced. This radiation seems to be predominant in the sideline direction
for the whole frequency range at high Reynolds numbers, in agreement with experimental data, but also at
the low Reynolds numbers considered in this study. This point is supported by the sideline spectra reported in
Fig. 13 for Mach 0.6 and Mach 0.9 jets at Reynolds numbers Rep > 10° and Rep = 1700. For both Reynolds
numbers, these spectra are indeed found to scale in frequency with the Strouhal number. The Helmholtz scal-
ing suggested by certain experimental data at low Reynolds number [17] is in particular not appropriate at
Rep = 1700. Furthermore, the sideline sound levels vary with velocity as u;'s at Rep > 10°, following the
power law exhibited experimentally for high Reynolds number jets at 90° to the jet axis [2, 11], but also at
Rep = 1700. It is also interesting to note that this radiation appears to contribute appreciably to the high fre-
quency part of the downstream spectra, at high Reynolds numbers at least, as shown in Fig. 8. This radiation
is thus observed both in the sideline and the downstream directions, which suggests that its directivity is not
highly marked.

To identify the source responsible for this broadband, Reynolds number-dependent radiation, it is tempt-
ing to infer from the present results that this radiation tends to vanish at very low Reynolds number, as vortical
structures disappear. The sound source involved is therefore naturally the turbulence developing randomly in
the jet. The randomly-developing turbulence refers to all the vortical structures interacting randomly with one
another, whose sizes range from the larger scale given by the flow geometry, here the jet diameter, down to
the smallest one, namely the Kolmogorov scale, which increases as the Reynolds number decreases. It corre-
sponds to the so-called fine-scale turbulence in the works of Tam et al. [2, 37] and Viswanathan [7], whose
associated noise was shown to dominate at 90° to the jet axis, and to depend on the jet Reynolds number. It
can be also noted that the noise radiated by this source is certainly that obtained using the approaches based
on Lighthill’s or Lilley’s acoustic analogies and/or modellings of the statistical properties of the turbulent
sources [37, 38, 39], which predict the sideline acoustic spectra successfully.

The sound sources associated with the randomly-developing turbulence cannot be easily localized since
they are expected to be distributed all along the jet, and their locations may depend on the frequency consid-
ered. However, as suggested by near-field pressure measurements [28], the high-frequency sources, typically
with St > 0.5, may be particularly active in the jet shear layer. This view is supported by the snapshots
of Figs. 4 and 5 at high Reynolds numbers, showing that a significant part of the high frequency noise is
generated upstream of the end of the potential core. It is also supported by recent high Reynolds number sim-
ulations where a correlation between the peaks of turbulence intensities in the shear layer and the sound levels
in the sideline direction was found [22]. As for the generation mechanisms themselves, the rapid evolution of
vortices whithin the mixing layer during specific events such as pairing or tearing [20, 40] can be mentioned.

A second, deterministic sound source is clearly observed in the downstream direction. Unlike the first
source, the radiation generated by this source is not very sensitive to the Reynolds number. For all Reynolds
numbers indeed, the spectra at the downstream observation point are dominated by well-marked peaks at the
low Strouhal number St >~ 0.25, with levels rather similar, and the azimuthal cross-correlations are high.
Another difference with the noise radiated by the randomly-developing turbulence is the scaling with velocity
of the peak levels, which follows a power law at a higher exponent. This radiation appears also highly direc-
tional. There is indeed no indication that it contributes to the sideline noise radiated by the present simulated
jets, even at the lower Reynolds numbers. The latter point is supported by the scaling of sideline sound levels
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with velocity, presented in Fig. 13, which is exactly the same at Rep > 10° and at Rep = 1700. It is also
illustrated in Fig. 16 where the Strouhal number peaks obtained in the downstream and sideline directions
are plotted as a function of the Reynolds number. As the Reynolds number decreases, the Strouhal peak in
the sideline direction becomes smaller, down to St = 0.19 at Rep = 1700, but it does not degenerate in a
convincing manner to the Strouhal number observed downstream for the deterministic radiation, which is for
instance St = 0.22 at Rep = 1700.

The present simulation results show that the deterministic jet noise source is nearly independent of the jet
turbulence. This source must therefore be connected to a mechanism intrinsic to the jet geometry, and must
only involve the larger structures of the jet, typically of the size of the jet radius. These larger structures are
often referred to as coherent structures, and they are usually related to the instability waves growing/decaying
in the shear layer. In the jet noise theory of Tam et al. [2] for instance, the downstream, highly directional
noise component observed from experimental data, corresponding to the present deterministic radiation, is
thus attributed to large turbulence structures/instability waves. However the basic mechanism of this sound
source is still subject to discussion. The generation of noise by the rapid growth and decay of instability
waves in the jet was for instance proposed and investigated analytically [8, 9]. It is interesting to notice that
this mechanism is likely to generate a highly directional radiation. The intrusion of vortical structures in the
potential core, occurring periodically at a frequency corresponding to the frequency of the deterministic noise,
was also suggested by the authors [20] from simultaneous sound-flow visualizations issued from simulations.
Moreover, if the deterministic jet noise mechanism is still to be definitively identified and comprehensively
described, its location appears well established. Experimental sound source localizations [41] shown for in-
stance that most of the downstream noise is generated just downstream of the potential core. Significant direct
correlations have also been found between the downstream pressure and the flow fluctuations on the jet axis
at the end of the potential core, experimentally by Schaffar [42] and Panda et al. [43, 44] and from the present
simulation results [45].

5 Conclusion

In the present paper, the sound fields generated by subsonic jets at different Mach and Reynolds numbers have
been calculated directly by Large Eddy Simulation, and compared in order to investigate the properties of jet
noise sources. The following conclusions are reached.

Two distinct radiation patterns are observed. The first radiation dominates for large angles from the jet
direction. It is broadband and poorly azimuthally correlated. The second radiation dominates for shallow
angles and is negligible for large angles. It appears as a low-frequency peak at a fixed Strouhal number, and
is highly azimuthally correlated.

As the Reynolds number decreases, for the radiation predominant in the sideline direction, the sound
levels diminish significantly, a large high-frequency part of the sound spectra disappears, and the levels of
azimuthal correlation are slightly enhanced, whereas the properties of the downstream radiation do not change
appreciably.
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As the jet velocity varies, spectra of both radiations are seen to scale in frequency with the Strouhal
number. However the scalings of levels differ: the levels of the Reynolds number-dependent radiation follow
a power law of 1’ whereas those of the downstream radiation follow a power law at a higher exponent.

These observations strongly support the presence of two basic components in subsonic jet noise: a
Reynolds number-dependent source, responsible for the sideline radiation, connected to the randomly-
developing turbulence, and a deterministic source, radiating only in the downstream direction, associated to a
mechanism intrinsic to the jet geometry at the end of the potential core, which is still to be clearly described.
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