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Investigation of subsonic jet noise using LES :
Mach and Reynolds number effects.*
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Large Eddy Simulations (LES) of Mach number 0.6 and 0.9, circular jets
with Reynolds numbers varying from 1.7x102 up to 4x10° are performed to
investigate their radiated sound fields. As the Reynolds number decreases,
the spectral properties of the sound radiation do not change significantly
in the downstream direction, whereas they are basically modified in the
sideline direction. For large angles from the jet axis, the acoustic levels
are indeed significantly lower and a large high-frequency part of the sound
spectra vanishes at low Reynolds numbers. Moreover, the noise spectra in
both directions seem to scale with Strouhal number at any Reynolds num-
ber. The observations reported in the present paper also bring support
to the presence of two components in subsonic jet noise: one, radiating
downstream, associated to very large structures/instability waves, and an
other connected to the fine-scale turbulence and therefore intrinsically
dependent on the Reynolds number.

I. Introduction

The present paper is an effort to give new insights into subsonic jet noise using numerical simula-
tions. After over fifty years of research indeed, whereas sound generation mechanisms in supersonic
jets have been comprehensively described,! sound sources in subsonic jets are still to be clearly iden-
tified.2 Two conflicting theories of jet noise have for instance been proposed by researchers. In the
classical theory derived from the developments of acoustic analogies, the noise radiated by subsonic
jets is generated by fine-scale turbulence and results from the complex combination of convective
amplification and acoustic-meanflow interaction.? Unfortunately this view does not compound well
with the experimental data suggesting that there are two distinguishable types of emitted sound.* Jet
noise can thus be regarded as made of two basic components: one from the large structures/instability
waves, dominating in the downstream direction, the other from the fine-scale turbulence, dominating
in the sideline direction. This jet noise theory, strongly supported by works of Tam et al.2% from a
large database of sound spectra, is attractive. However it suffers, like others, from the confusing data
available in the literature, whose trends can vary between experiments because of acoustic contami-
nation® or of the use of one-third octave spectra.” Considering this, numerical simulations now offer
an interesting tool for characterizing the properties of the jet sound field with accuracy, with the final
aim of advancing the understanding of jet noise.

An important point to first address in the study of jet noise deals with the modifications of
sound pressure spectra when jet parameters such as the Mach M = u;/co and the Reynolds number
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Rep = u;D/v are changed (u; is the jet exit velocity, co the speed of sound in the ambient medium, D
the jet diameter, and » the kinematic viscosity). For instance there is an enduring discussion about the
scaling of the peak frequencies as the jet velocity varies. At high Reynolds numbers (Rep > 10%), for
an angle 8 = 90° from the jet axis, a Strouhal number St = fD /u; scaling was found both from narrow-
band* and one-third octave® % spectra (f is the frequency). For shallow angles however, a Strouhal
scaling was observed from narrow-band measurements* but an Helmholtz number H = fD/cy scaling
appeared from one-third octave spectra.871© Zaman & Yu” later shown that this Helmholtz scaling is
an artifact of the use of one-third octave, resulting in a shift of the peak frequency, and found that the
best scaling for shallow angles is obtained with the Helmholtz number times a Doppler factor, i.e. with
H(1 — 0.5Mcos6). The preceding observations have been made at high Reynolds numbers, but are
likely not to apply at low Reynolds numbers since jet noise sources may be modified below Rep ~ 10,
as noticed by Crighton!! from sound radiation of excited jets. At low Reynolds numbers'?!3 indeed,
the properties of jet noise change significanly, with much narrower spectra and lower pressure levels
at large observation angles. These changes may naturally result from the reduction of fine-scale
turbulence with decreasing Rep. More surprisingly, Long & Arndt!'? found an Helmholtz scaling for
the peak frequencies at all angles, which has to be carefully checked. Note finally that the study of low
Reynolds number jets can be particularly useful for the investigation of the sound sources attributed
to large turbulent structures. Simulations of jets at low Reynolds number have thus allowed to connect
the downstream sound radiation to the instability waves in the shear layer'# or to the periodic intrusion
of vortical structures in the jet'® at the end of the potential core.

In the present work, Large Eddy Simulations (LES) of circular jets at Mach numbers M = 0.6 and
0.9, with Reynolds numbers Rep varying from 1700 up to 4 x 10° are performed to compare their
respective acoustic radiations, and thus bring informations on sound sources. This is the continuation
of earlier studies where Mach M = 0.9 jets at Reynolds number Rep = 4 x 10° have been simulated.
In these studies, flow and sound properties'® in agreement with what is expected at this high Rep
have been obtained, and the influence of the inflow conditions'” and of the subgrid modelling'® on
results have then been investigated. Remind that unlike Direct Numerical Simulation (DNS), LES can
be applied to any Reynolds number provided that the LES methodology preserves the effective Rep
given by the jet initial conditions. Present simulations are thus performed using a solver developed
for direct noise computations with low-dissipative and low-dispersive numerical schemes,'? following
an LES approach based on an explicit selective filtering instead of a classical eddy-viscosity model
for subgrid modelling.'®2° For the simulated jets, the properties of the sound pressure field are
investigated at two observation points located at x = 29r¢ and r = 12ry, and at z = 1lry and
r = 15rg, respectively (ro is the jet radius). The effects of Mach and Reynolds numbers on the
downstream and sideline acoustic radiations are thus shown. Attention is especially turned to the
alterations made to the sound spectra and azimuthal cross-correlations, and to the scaling of the peak
frequencies and levels. In this way, the presence and the characteristics of the two possible noise
sources in subsonic jets can be examined.

The paper is organized as follows. In section II, the main features of the numerical procedure
are presented and the different simulations are defined. The sound pressure fields radiated by the
simulated jets are investigated in section III: snapshots of vorticity and pressure are displayed, and
properties of the sound fields in the downstream and sideline directions are compared. Jet noise
sources are discussed in the light of the numerical results in section IV. Finally concluding remarks
are drawn in section V.

I1. Simulation parameters
A. Numerical procedure

The numerical algorithm is identical to that of the earlier simulation'® of a Mach M = 0.9, Reynolds
Rep = 4 x 10° jet. The filtered compressible Navier-Stokes equations are solved using highly accu-
rate numerical schemes with low dispersion and low dissipation properties.!'? A thirteen-point finite-
difference scheme is used for spatial discretization while an explicit six-stage Runge-Kutta algorithm
is applied for time integration. Grid-to-grid oscillations are removed thanks to an explicit filtering
which is optimized to damp only the short waves discretized by less than four points per wavelength.
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It 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.!® Moreover to directly compute the noise, non-reflective
boundary conditions are implemented, with the addition of a sponge zone at the outflow.2!

The numerical parameters of the present simulations are those of the simulation referred to as
LESac or LESsf in earlier papers.!®18 The computational domain is discretized by a 12.5 million
point Cartesian grid with 15 points in the jet radius ro. The flow is computed up to an axial distance
of z = 25rg. The sound field is calculated up to z = 30r¢ and, radially, up to r = 1579 from the jet
axis, and resolved for Strouhal numbers St = fD/u; < 2. Finally, the simulation times T are long
enough to achieve convergence of statistics, as indicated for instance by the corresponding Strouhal
number D/(Tu;) ~ 1073.

B. Definition of the simulations

Initial conditions are defined for eight isothermal round jets with centerline velocities and diameters
yielding Mach numbers M of 0.6 and 0.9 and Reynolds numbers Rep varying from 1700 up to 4 x 105.
They are given in Table 1. The LESac simulation is the jet simulation at Mach M = 0.9 and at the
high Reynolds number Rep = 4 x 10° referred also to as LESac'®!7 or as LESsf!® in earlier papers.
In the LESrel, LESre2, LESre3 and LESre4 simulations, the Mach number remains M = 0.9 but
the Reynolds number is progressively decreased down to a value of Rep = 1700. In the LESmachl,
LESmach2 and LESmach3 simulations, the Mach number is M = 0.6 only, the first simulation being
at high Reynolds number whereas the two others are at low Reynolds numbers. A graph of the jet
initial conditions is provided in Figure 1; note that the LESre4 and the LESmach3 simulations are
both at Rep = 1700.

M Rep
LESac 0.9 4x10°
LESrel 0.9 10*
LESre2 0.9 5x10°
LESre3 | 0.9 2.5x10°
LESre4 09 1.7x10%

LESmachl | 0.6 2.7 x 10°

LESmach2 | 0.6 3.3 x 10°

LESmach3 | 0.6 1.7 x 103

Table 1: Mach and Reynolds numbers of the simulated jets.

1.2
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LESre4
J LESrel LESac
09 ** * ¥ *
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Figure 1: Graph of the initial conditions of the simulated jets.

In all simulations, mean profiles of velocities, pressure and density are imposed at the jet inflow
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boundary. The axial velocity is given by a hyperbolic-tangent profile describing an annular shear layer
of radius ry and of momentum thickness dg, with a ratio dg/ro = 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
a Crocco-Buseman relation. To seed the turbulence, small random disturbances are added to the
velocity profiles in the shear layer zone following the procedure used in the LESac simulation. This
procedure is reported in detail in a recent paper!” where the effects of the inflow conditions on flow
and sound fields are studied.

Finally profiles will be plotted in the next section to compare the sound field properties. They will
follow the line type definitions of Table 2 for the Mach 0.9 jets, and those of Table 3 for the Mach 0.6
jets.

LESac | ——
LESrel | — — —
LESre2 | —-—-
LESre3 | -
LESre4 000000

Table 2: Line types used for the comparisons of the Mach 0.9 jet results.

LESmachl | ——
LESmach2 | — — —
LESmach3 | -------

Table 3: Line types used for the comparisons of the Mach 0.6 jet results.

ITI. Results

A. Instantaneous vorticity and pressure

Snapshots of the vorticity norm and of the fluctuating pressure are presented in Figure 2 for the
simulations LESac, LESre2, LESre3 and LESre4 at Mach 0.9 and in Figure 3 for the simulations
LESmachl and LESmach3 at Mach 0.6. As the Reynolds number decreases, the jet flow changes
significantly. At high Reynolds number in LESac and LESmach1, the turbulent flow field shows a large
range of vortical scales, whereas at low Reynolds number, for instance in LESre4 at Rep = 1700, a large
part of the fine scales disappears due to molecular viscosity. At low Reynolds number, viscosity also
appears to notably affect the shear-layer development. As seen in LESre4, the shear-layer thickness
increases by viscous diffusion, and the generation of vortical structures in the shear layer occurs later.
This must be related to the decrease of the growth rates of instability waves.22 Another observation
can be made at the very low Reynolds number in LESre4: coherent turbulent structures appear in
the shear layer close to the end of the potential core, displaying a length scale comparable with the
jet radius, which may prevent vortex pairings. The differences of jet developments according to Mach
and Reynolds numbers are also illustrated by the core lengths z. determined here from the centerline
mean axial velocity u. using uc(z.) = 0.95u;, and given in Table 4 for the high and lower Reynolds
number jets. The core length is found to be about 107y at high Rep but about 14rg at Rep = 1700.
Moreover, the potential core is shorter as the Mach number decreases, in agreement with experimental
observations?® and with the linear instability theory.?2

LESac z. = 10.2r¢
LESmachl | z, = 9.5r¢

LESre4 z. = 15.97¢
LESmach3 | z, = 13.3rg

Table 4: Core lengths obtained for the high Reynolds (top) and the Rep = 1700 (bottom) jets.

The snapshots of Figures 2 and 3 also show the important alterations of the radiated pressure field
as the Mach and Reynolds numbers vary. First, the acoustic wavelengths are clearly found to increase
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LESac (Rep = 4 x 109) LESre2 (Rep = 5 x 10%)

10

xfro

Figure 2: Jets at Mach M = 0.9. Snapshots of the vorticity norm in the flow and of the fluctuating pressure
outside, in the plane z = 0. The vorticity color scales are [0,8x 10%] s=! for LESac, 80 x[0,8x 10*] s=! for
LESre2, 160 x [0,8x 10*] s™* for LESre3, and 240 x [0,8 x 10*] s™! for LESre4. The pressure color scale is
[—70,70] Pa for the four simulations.
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LESmachl (Rep = 2.7 x 10°) LESmach3 (Rep = 1.7 x 10%)

10 20 30
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Figure 3: Jets at Mach M = 0.6. Snapshots of vorticity and of pressure at z = 0. The vorticity color scales are
[0,6x10%] s™" for LESmach1, and 160x [0, 6x10*] s~ for LESmach3. The pressure color scale is [-20, 20] Pa
for both simulations.

when the Mach number is lowered, as expected, see for instance the sound fields obtained from the
two high Reynolds number simulations LESac and LESmachl. Second, as for the turbulent field,
the high-frequency sound waves appear to progressively vanish as the Reynolds number is decreased.
Compare for instance the sound fields obtained at high Rep in LESac and at Rep = 1700 in LESre4:
short waves are well visible in LESac whereas only low-frequency waves remain in LESre4. Moreover,
the disappearance of short waves at low Rep visibly leads to a significant reduction of the sound levels
for large radiation angles from the downstream direction.

The modifications of radiation magnitude are shown more quantitatively in Figure 4 by the sound
pressure levels obtained at r = 157 for the Mach 0.9 and Mach 0.6 jets. At varying Reynolds numbers,
sound levels are similar at x ~ 30r, i.e. for emission angles § ~ 40°, but quite scattered at z < 20rg
for larger angles. A reduction of about 6 dB is noticed at x ~ 10r¢, in the direction perpendicular
to the jet axis, between simulations at high Rep and at Rep = 1700. These changes are in good
agreement with experimental data.'2

(a) (b)
128 114
124 110
) o
c) )
o 120 o 106
) 0
< <
o) o)
116 102
112 osl
0 6 12 18 24 30 0 6 12 18 24 30
x/r0 x/rO

Figure 4: Overall sound pressure levels at r = 1579 : (a) Mach 0.9 jets, see Table 2 for the line types;
(b) Mach 0.6 jets, see Table 3.

6
American Institute of Aeronautics and Astronautics



B. Downstream sound field

Properties of the downstream sound field are now investigated at the observation point located at
z = 29ry and r = 12r¢. The radiation angle from the jet direction is here about § = 30°.

1. Sound spectra

The sound spectra calculated at the downstream observation point are presented in Figure 5(a)
and (b) for the Mach 0.9 and Mach 0.6 jets, in linear scales, as a function of Strouhal number. Their
shapes appear to moderately change with the Reynolds number. All spectra are dominated by a low-
frequency component at Strouhal St ~ 0.25, which however seems more pronounced at low Reynolds
number. Moreover, for both Mach numbers, the peak level is found to be enhanced as the Reynolds
number decreases, down to a threshold value Rep ~ 2000 below which it is then lowered. Its maximum
increase with respect to the high Rep case is only about 2 dB.
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Figure 5: Downstream pressure spectra at £ = 2979 and 7 = 12r¢, as a function of Strouhal number
St = fD/u; : (a) Mach 0.9 jets, see Table 2 for the line types; (b) Mach 0.6 jets, see Table 3.

To evaluate the variations of sound spectra with velocity, the spectra obtained at similar Reynolds
numbers are depicted in Figure 6, in logarithmic scales, using different scaling factors to correct the

sound levels of the Mach 0.6 jets.

(a)

SPL(dB/SY)

0 0.4 0.8 12 16
St

(b)

SPL(dB/St)

0 04 0.8 12 16
St

Figure 6: Pressure spectra obtained at £ = 29r¢ and r = 12r¢ for: (a) the high Reynolds number jets, (b) the

Rep = 1700 jets. Levels:

at Mach My = 0.9;

— — — at Mach M; = 0.6, multiplied by a (Ms/M;)°

scaling factor; ------- at M; = 0.6, multiplied by (Ms/M;)".

At high Reynolds number in Figure 6(a), the peak levels are thus shown to vary as u? whereas
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the high-frequency parts of the spectra for St > 0.8 collapse successfully following a u; scaling. These
results agree with the corresponding experimental far-field observations at # = 30°. Zaman & Yu”
noticed for instance a ué’-'5 variation of the peak level while the high-frequency levels were seen to
increase at a lower exponent.*” However this difference of variations between low and high frequency
levels does not seem to exist for the Rep = 1700 spectra in Figure 6(b). In this case, the power law
of u‘]’- applies fairly well not only for the peak but also for the whole frequency range. Finally note the
different decreases of the sound levels towards high Strouhal numbers according to Reynolds number:
the gap between the peak and the St = 1.5 levels is about 15 dB at high Rep, but about 30 dB at
ReD = 1700.

The peak frequencies are now represented as a function of Reynolds number. As shown in Fig-
ure 7(a), they collapse well using Strouhal number scaling. The peak Strouhal number is found to
slightly decrease at lower Reynolds numbers, with for instance Stpeqr, = 0.28 at high Rep versus
Stpear = 0.22 at Rep = 1700. Moreover, Helmholtz number scaling is displayed in Figure 7(b), and
it is clearly seen to be unappropriate.

(a) (b)
0.8 0.8
0.6 0.6
% %
204 8 04
0p] I
x +
+x + * + +
02} ¥ o2t ++t ° 5
X X
O 3 4 5 6 0 3 4 5 6
10 10 10 10 10 10 10 10
Re Re

Figure 7: Scaling with Reynolds number of the pressure spectrum peaks obtained at £ = 2979 and r = 1279
for jets at: + Mach 0.9; x Mach 0.6. (a) peak Strouhal numbers Stpear = fpeakD/u;; (b) peak Helmholtz
numbers Hpeor, = fpeakD/cCo.

For completeness, the scaling with the Helmholtz number times the Doppler factor (1 — Mc cos 8),
where Mc is assumed to be the source convection Mach number, is tested in Figure 8.
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Figure 8: Scaling with Reynolds number of the pressure spectrum peaks Hpeqr(1 — 0.8M cos 6) obtained at
x = 2979 and r = 12ry. See caption of Figure 7 for the symbols.

Zaman & Yu” observed that the best collapse of the spectra for shallow angles is yielded for
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Mc = 0.5M. In the present work, with € calculated from the end of the potential core x., the best
scaling, shown in Figure 8, is obtained for Mc = 0.8M. From the numerical results, it is therefore
difficult to settle the matter of scalings with Strouhal versus with Helmholtz times a Doppler factor for
the downstream sound spectra. The latter scaling may however depend on the choice of the parameter
Mec, and still needs physical justifications not to appear only as an ad hoc scaling.

2. Azimuthal correlations

To study the structure of the downstream sound field, the azimuthal cross-correlation functions of
the fluctuating pressure are calculated at the observation location at x = 29rg and r = 12ry. They are
presented in Figure 9(a) for the Mach 0.9 jets and in Figure 9(b) for the Mach 0.6 jets, and display
high correlation levels as expected for shallow angles.?* These levels are very similar at Rep > 5000,
but they appear to somewhat decrease at lower Reynolds numbers. For instance the correlation level
for the azimuthal angle ¢ = 180° is about 0.5 at high Rep, but only about 0.3 at Rep = 1700.

(b)

o
©0o0o000000000

0.2

0 30 60 90 120 150 180 0 30 60 90 120 150 180
¢ (degrees) ¢ (degrees)

Figure 9: Azimuthal cross-correlations of the fluctuating pressure at & = 29r¢ and r = 12r¢ : (a) Mach 0.9
jets, see Table 2 for the line types; (b) Mach 0.6 jets, see Table 3.

The correlation functions are now displayed in Figure 10(a) for the high Reynolds jets and in
Figure 10(b) for the Rep = 1700 jets. In both cases, the correlation obtained at Mach 0.6 is slightly
higher for ¢ < 90° but lower for ¢ > 90° compared to that obtained at Mach 0.9. This trend as the
velocity varies corresponds well with far-field measurements?* at 6 = 30°.

0 30 60 90 120 150 180 0 30 60 90 120 150 180
¢ (degrees) ¢ (degrees)

Figure 10: Azimuthal cross-correlations of the fluctuating pressure obtained at x = 29ry and r = 127 for :
(a) the high Reynolds number jets, (b) the Rep = 1700 jets; at : Mach 0.9, — — — Mach 0.6.
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Finally the modal contribution to the downstream sound field is provided in Table 5 for the high
Rep and the Rep = 1700 jets. It is shown to be nearly unaffected by changes in Mach or Reynolds
numbers, even if the mode m = 0 appears to be rather enhanced at high Reynolds. In all cases, the
mode m = 0 is dominant with about 70% of the total sound field whereas the mode m = 1 contains
about 25% of the acoustic field, which agrees with experimental data?® at 6 = 30°.

m=0 m=1 m=2
LESac 0.73 0.25 0.02
LESmachl | 0.74 0.25 0.02
LESre4 0.69 0.27 0.03
LESmach3 | 0.69 0.28 0.03

Table 5: Contributions to the acoustic field at © = 29rg and r = 12r¢ of the first three azimuthal modes for
the high Reynolds (top) and the Rep = 1700 (bottom) jets.

C. Sideline sound field

The computed sideline sound fields are now investigated at an observation point perpendicular to
the end of the potential core, at x = 117y and r = 157¢.

1. Sound spectra

The sound spectra calculated at the study point are presented in Figure 11(a) and (b) for the Mach
0.9 and the Mach 0.6 jets, in linear scales, as a function of Strouhal number. As the Reynolds number
decreases, they change spectacularly with the disappearance of the high-frequency components, as
expected.'® Moreover the lower the Reynolds number, the larger the part of the spectra vanished. As
a consequence the peak frequency progressively moves to lower Strouhal numbers, with for instance
for the Mach 0.9 jet Stpeqr ~ 0.7 at high Reynolds number but only Styeqr ~ 0.2 at Rep = 1700. For
these two jets, note also the significant reduction in spectral band-widths: about 0 < St < 1.5 versus
0<St<0.4.
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Figure 11: Sideline pressure spectra at x = 11ro and r = 1579, as a function of Strouhal number St = fD/u; :
(a) Mach 0.9 jets, see Table 2 for the line types; (b) Mach 0.6 jets, see Table 3.
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The variations with velocity of the sideline sound spectra are shown in Figure 12 where the spectra
obtained at high Reynolds number are depicted in logarithmic scales. The spectra of the Mach 0.6
and Mach 0.9 jets collapse very well over the whole frequency range using a u§'5 scaling to adjust the
levels of the lower Mach number jet. This u]5 power law is exactly that determined by Zaman & Yu”
from experimental far-field spectra at § = 90°.

Strouhal number and Helmholtz number peaks are now represented in Figure 13 as a function
of Reynolds number. The Strouhal number scaling appears to apply at high Reynolds number, as
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SPL(dB/St)

5dB
0 04 0.8 1.2 16
St
Figure 12: Pressure spectra obtained at £ = 11rg and 7 = 15r¢ for the high Reynolds number jets. Levels :
at Mach M = 0.9; — — — at Mach M; = 0.6, multiplied by a (M /M;)"" scaling factor.

found experimentally,? but also at low Reynolds number. As a result the Helmholtz scaling is not
appropriate, even at low Reynolds number as clearly shown with the results at Rep = 1700. This latter
point is at variance with the experimental data of Long & Arndt'® who gave evidence of Helmholtz
scaling at low Rep for the angle § = 90° .

(a) (b)
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~ o «
©
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Figure 13: Scaling with Reynolds number of the pressure spectrum peaks obtained at £ = 11r¢ and r = 1579
for jets at: o Mach 0.9; 00 Mach 0.6. (a) peak Strouhal numbers Stpear = fpeakD/u;; (b) peak Helmholtz
numbers Hyear = fpearD/co-

2. Azimuthal correlations

The azimuthal cross-correlation functions of the sound field at the study location are presented
in Figure 14(a) for the Mach 0.9 jets and in Figure 14(b) for the Mach 0.6 jets. They show low
correlation levels, in agreement with experimental observations for large angles.?* The correlation is
enhanced as the Reynolds number decreases, especially for large azimuthal angles as illustrated by
the correlation obtained at ¢ = 180° for the Mach 0.6 jet (nearly 0 at high Reynolds number versus
0.4 at Rep = 1.7 x 10%).

The cross-correlation functions obtained in the sideline direction are now represented in Fig-
ure 15(a) for the high Reynolds jets and in Figure 15(b) for the Rep = 1700 jets. At high Reynolds
number, the correlations determined at Mach 0.6 and Mach 0.9 do not significantly differ for any az-
imuth. At the low Reynolds number, the correlations are also very similar except for large azimuthal
angles ¢ ~ 180° where the correlation is higher at the lower Mach number as found experimentally?®
in far field at 8 = 90°.
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Figure 14: Azimuthal cross-correlations of the fluctuating pressure at x = 11rp and r = 1579 : (a) Mach 0.9

jets, see Table 2 for the line types; (b) Mach 0.6 jets, see Table 3.
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Figure 15: Azimuthal cross-correlations of the fluctuating pressure obtained at = 11rg and r = 15r¢ for :

(a) the high Reynolds number jets, (b) the Rep = 1700 jets; at :

Mach 0.9, — — —

m=0 m=1 m=2 m=3
LESac 0.43 0.34 0.17 0.05
LESmachl | 0.47 0.36 0.14 0.02
LESre4 0.60 0.33 0.06 0.01
LESmach3 | 0.60 0.33 0.06 0.01

Mach 0.6.

Table 6: Contributions to the acoustic field at x = 117 and r = 15rg of the first four azimuthal modes for
the high Reynolds (top) and the Rep = 1700 (bottom) jets.
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The modal contribution to the sideline acoustic field is finally reported in Table 6 for the high Rep
and the Rep = 1700 jets. It is first shown to depend on the Mach number very weakly. Second, as
the Reynolds number decreases, the dominance of the mode m = 0 is enhanced while the contribution
of the mode m = 2 is notably reduced. With respect to the modal contribution to the downstream
sound field, the modes m = 1 and m = 2 here contain a great part of the total field, even if the mode
m = 2 is here not dominant which is in disagreement with some far-field experiments®® at § = 90°.

IV. Discussion on sound sources

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

There appears to be a first sound source responsible for a radiation whose properties are closely
dependent on the Reynolds number. This radiation dominates in the sideline direction for the whole
frequency range of spectra. It seems to be also observed in downstream spectra for high frequencies,
but at high Reynolds numbers only as suggested by the level scalings in Figure 6. At a given Reynolds
number, the variations with the velocity of its associated spectral components follow a Strouhal number
scaling and a power law of u}® or u}, according to the observation points, for the levels. At high
Reynolds number, this radiation is broadband with significant components for high frequencies, for
instance for St > 1 in Figure 12, and it is poorly azimuthally correlated. However as the Reynolds
number is reduced, the amplitude of this radiation decreases dramatically, the spectra become narrower
with a peak moving to lower Strouhal numbers, and the correlation is enhanced. To go further, it
can be inferred from the present simulations that this radiation tends to vanish at very low Reynolds
number, as vortical structures disappear. The sound source responsible for this broadband radiation
is therefore naturally the turbulence developing in the jet itself, corresponding to the so-called fine-
scale turbulence in Tam’s works.>27 Fine-scale turbulence in this jet noise context refers to large
and small vortical structures interacting randomly between each others. This sound source may be
particularly active in the jet shear layer, where vortices evolve rapidly through catastrophic events,
such as pairing or tearing.'®?® Transition to turbulence in the mixing regions may thus contribute
largely to the broadband noise as supported by recent simulations at high Reynolds number where a
correlation between the peaks of turbulence intensities in the shear layer and the sound levels in the
sideline direction was found.?

A second source generating a low-frequency radiation predominant in the downstream direction is
clearly observed. Unlike the first source, the radiation generated by this source is not very sensitive
to Reynolds number effects. At all Reynolds numbers indeed, spectra at the downstream observation
point are dominated by well-marked peaks at Strouhal number St ~ 0.25 with rather close levels.
Moreover, the azimuthal correlations are high and do not vary appreciably with Reynolds number.
An other difference with the noise radiated by the first source is the scaling with velocity of the peak
levels, which follow a u? power law at the downstream observation point of the present study. This
radiation is also highly directional since the is no evidence of its possible contribution to the spectra
at the sideline observation point even when the fine-scale turbulence noise is dramatically reduced
at the lower Reynolds number Rep = 1700. This is illustrated in Figure 16 where the Strouhal
number peaks obtained both in the downstream and sideline directions are plotted as a function of
Reynolds number: the Strouhal peak in the sideline direction decreases regularly at lower Reynolds
and does not degenerate to the typical St ~ 0.25 found downstream. Note also that, in addition to
be poorly affected by changes in Reynolds number, the downstream low-frequency noise was shown
in simulations at high Reynolds number!? not to very depend on the inflow conditions, and therefore
on the development of the turbulence in the shear layer The second jet noise source is thus nearly
independent from the jet turbulence and must be only connected to the very large structures of the
jet. In the same way as in Tam’s theory,® very large structures here refer to structures typically of
the size of the jet radius or/and instability waves growing in the shear layer. The basic mechanism
of this second sound source is indeed still discussed. The rapid growth and decay of instability waves
in the shear layer was for instance proposed,?® and it is interesting to notice that it is likely to
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generate a highly directional radiation. The intrusion of vortical structures in the potential core,
occurring periodically at a frequency corresponding to the downstream sound frequency, was also
suggested by a first simulation of the authors.!® This mechanism should be subsequently tracked
in the present simulations with varying jet parameters. To advance the understanding of subsonic
jet noise, the nature of the fondamental jet instability providing the fixed frequency peak of the
downstream radiation is also to be investigated theoretically.
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Figure 16: Scaling with Reynolds number of the peak Strouhal numbers obtained in the downstream direction
for the + Mach 0.9 and x Mach 0.6 jets, and in the sideline direction for the o Mach 0.9 and [J Mach 0.6 jets.

V. 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 to investigate the
properties of jet noise sources. The following conclusions were reached.

Two distinct radiations are observed. The first one dominates for large angles from the jet direc-
tion but can also be found in the downstream direction. It is is broadband and poorly azimuthally
correlated. The second radiation dominates for shallow angles but is negligible for large angles. It
appears as a low-frequency peak at a fixed Strouhal number and is highly azimuthally correlated. As
the jet velocity varies, spectra of both radiations are seen to scale in frequency with Strouhal number.
The scalings of levels however differ: the levels of the first radiation follow a power law of about u;'5
and those of the second radiation a power law u?. As the Reynolds number decreases, the levels of
the first radiation are significantly lower and a large high-frequency part of the sound spectra disap-
pears, whereas the properties of the second radiation do not change significantly. These observations
support the theory of two basic components in subsonic jet noise: one, responsible for the broadband
radiation, connected to the fine-scale turbulence, and an other, radiating downstream, associated to
very large structures of the jet and/or instability waves.

Finally let us draw the reader’s attention to the difficulties of Large Eddy Simulation for computing
jet noise with fidelity. Since numerical and modelling limitations and errors affect mainly the fine-scale
structures, one can expect the low-frequency downstream noise, nearly independent from the jet tur-
bulence, to be well reproduced, but also the calculation of the broadband noise to be especially tricky.
In particular, since the fine-scale noise was shown to spectacularly vary according to the Reynolds
number, subgrid modellings such as those based on dissipative schemes or on a turbulent viscosity,
which might artificially decrease the effective flow Reynolds number,'® are not to be recommended.
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