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Direct computation of the noise
generated by subsonic jets originating
from a straight pipe nozzle
Christophe Bogeya,*, Sébastien Barréb and Christophe Baillyc
Laboratoire de Mécanique des Fluides et d’Acoustique,
UMR CNRS 5509, Ecole Centrale de Lyon, 69134 Ecully Cedex, France

ABSTRACT
The noise generated by isothermal round jets at Mach number M = 0.9 and at the diameter-based
Reynolds number ReD = 5 × 105, originating from a straight pipe nozzle, is computed directly
using Large Eddy Simulation (LES), in order to highlight the potential influence of the inlet
boundary conditions on the acoustic predictions. Two jets are simulated, displaying levels of
fluctuating axial velocity at the nozzle exit respectively of 1.6% and 9% of the jet velocity, while
the momentum thickness of the shear layers is nearly the same. The shear-layer development and
the radiated sound fields obtained for the two jets are found to differ significantly. The shear layer
of the jet with low initial turbulence levels develops for instance with higher turbulence intensities
and a velocity flow field that is more correlated. In addition coherent annular vortices and pairings
are clearly observed in this jet. Regarding the radiated noise, the jet with high initial turbulence
levels provides sound levels and spectra in fairly good agreement with experimental data obtained
for jets at Reynolds numbers ReD ≥ 5 × 105. The jet with low nozzle-exit turbulence levels is
shown to generate more noise, which might result from vortex pairings in the shear layer as it
was suggested by Zaman [1].

1. INTRODUCTION
Computational aeroacoustics has made impressive advances over the last decade, and
offers new perspectives on jet noise understanding and reduction, as it was pointed out
by Tam [2] in 1998. The first challenge to overcome is however to show that the noise
radiated by practical jets can be accurately predicted by numerical simulations, directly
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by solving the unsteady compressible flow motion equations. With this aim in view, the
development of Large Eddy Simulation (LES) techniques as well as the increase of
computational power have led to significant progress, which are reported for instance in
the recent review of Wang et al. [3]. Among the first LES of subsonic jet noise, the
works of Zhao et al. [4], Bogey et al. [5, 6, 7], Bodony and Lele [8], and Rembold and
Kleiser [9] can be particularly mentioned. They demonstrated the feasibility of the
direct computation of jet noise using LES for cold and hot subsonic jets, both for round
and rectangular geometries. Due to limitations in computer memory, these simulations
could not however include the nozzle body in the computational domain, and the jet
inflow was therefore specified by imposing meanflow profiles while adding lowamplitude disturbances to seed the shear-layer turbulence. This method results in
uncertainties in the numerical predictions, because the jet development and the radiated
noise obtained might appreciably depend on the characteristics of the forcing
disturbances [10].
In order to improve LES of jet noise, it appears necessary to get rid of shear-layer
forcing, and to include the nozzle body in the computational domain. Such
computations have been performed by DeBonis and Scott [11], Biancherin et al. [12],
Andersson et al. [13], Shur et al. [14], and Wu et al. [15], for cold and hot, subsonic
and supersonic round jets. Note that DeBonis and Scott [11] provided only flow field
results, whereas the other authors determined directly the radiated noise from their
LES. In these works, no artificial forcing is applied in the shear layer near the nozzle
exit. Nevertheless one might wonder whether the presence of the nozzle alone is
sufficient to obtain accurate predictions of the jet flow and noise. The role of the
nozzle in jet development and noise generation mechanisms is indeed still discussed.
The presence of the nozzle is for instance known to be required for the investigation
of the screech tones generated in supersonic jets, resulting from a feedback loop
closing at the nozzle lip, as shown by the numerical achievements of Shen and Tam
[16], Al-Qadi and Scott [17], Li and Guo [18], and Berland et al. [19]. However, for
the mixing noise that is generated by the turbulence developing in the jet, the presence
of the nozzle might not be enough to provide reliable results, because the properties
of the boundary layer at the nozzle exit are likely to have significant effects on the jet
flow, and therefore have to be considered.
In round jets, the characteristics of the boundary layer at the nozzle exit are actually
observed to vary considerably. They depend in particular on the nozzle geometry [20], and
on the diameter-based Reynolds number ReD. Zaman [21] for example noticed
experimentally that jets can be expected to be initially laminar for ReD ≤ 105, but initially
turbulent for ReD ≥ 5 × 105. The resulting changes in the fluctuation levels at the nozzle
exit are very important, and can affect the mean and turbulent development of the shear
layer in a dramatic way according to Hussain and Zedan [22].
Husain and Hussain [23] further reported that the peaks of turbulence intensity in a
developing shear layer are higher in an initially laminar jet than in an initially turbulent jet,
which is expected to have an impact on the noise generated by the jets. Near-field
measurements and LES fields [10, 24] indeed support that there are links between the peaks
of turbulence in the shear layer and the sound sources. As it was suggested by Crighton [25]
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in the early eighties, the state of the nozzle-exit boundary layer may thus modify jet-noise
mechanisms. The result can be for instance the presence of additional noise sources in
initially laminar jets, as shown experimentally by Zaman [1], Bridges and Hussain [26],
and Viswanathan [27]. Zaman [1] in particular demonstrated clearly that an initially
laminar jet emits more noise than an initially turbulent jet, and attributes this additional
noise to vortex pairings in the transitional shear layer. At this point, it is tempting to relate
this additional noise to the overestimation of the sound pressure levels that is often obtained
in LES of transitional jets at high Reynolds numbers, with or without nozzle [12, 28].
In the present work, isothermal round jets at Mach number M = uj/ca = 0.9 and Reynolds
number ReD = ujD/ν = 5 × 105 (uj is the jet inflow velocity, D is the nozzle diameter, ca is
the speed of sound in the ambient medium, v is the kinematic molecular viscosity) are
computed by compressible LES using low-dissipation and low-dispersion numerical
schemes. The computational grid is cylindrical, and for the sake of simplicity includes a
straight pipe nozzle, as in the recent LES of Uzun and Hussaini [29]. The turbulence
intensities at the nozzle exit are specified notably by taking into account the flow inside the
pipe. Two jets are thus considered, exhibiting root-mean-square peak levels of fluctuating
axial velocity at the nozzle exit of 0.016uj and 0.090uj, while the momentum thickness of
the shear layers is nearly the same. To investigate the influence of the initial turbulence
levels on the results, the flow fields obtained will be compared, with a particular attention
given to the shear-layer zone. The near and far field sound pressure will be studied, and
compared with experimental data provided in the literature for jets at high Reynolds
numbers ReD ≥ 5 × 105. In this way, the agreement between the noise radiated by the jet
with high turbulence levels at the nozzle exit and that of practical jets will be discussed. The
presence of additional noise in the jet with low exit turbulence levels will also be tracked.
The paper is organized as follows. In section 2, the parameters of the numerical
procedure and of the two simulated jets are defined. The calculation of the flow inside
the pipe and the exit turbulence levels are also briefly shown. The flow and sound
pressure fields obtained for the jets are compared in section 3: snapshots of vorticity and
pressure are presented, properties of the mean flow and turbulent fields are reported, and
the sound pressure near and far fields radiated by the jets are characterized in terms of
levels, azimuthal cross-correlations and spectra. Concluding remarks are finally drawn
in section 4.
2. SIMULATION PARAMETERS
2.1. Numerical procedure
The turbulent flow and the radiated acoustic field of the subsonic jets are both computed
directly by compressible LES. The cylindrical filtered Navier-Stokes equations are solved
using numerical schemes providing low dispersion and low dissipation [30, 31]. The
cylindrical coordinates are chosen in order to properly describe the jet geometry. The
singularity on the axis is taken into account by the method proposed by Constantinescu and
Lele [32], which is based on series expansions. The spatial discretization is performed by
an eleven-point-stencil finite-difference scheme optimized in the wave-number space
guaranteeing accuracy up to four points per wavelength. An optimized explicit six-stage
Runge-Kutta algorithm is used for time integration. To ensure stability, grid-to-grid
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Visualization in the (x, r) plane of the grid used for the jet simulations. Only
every tenth line is shown (only r ≥ 0 is plotted, the grid is symmetric).

oscillations are removed by applying explicitly to the flow variables an eleven-point-stencil
selective filter. This filtering was designed so that only the short waves discretized by less
than four points per wavelength are damped. Therefore it does not affect significantly the
resolved scales, and takes account of the dissipative effects of the subgrid scales [33]. The
present LES approach is indeed developed not to artificially decrease the effective Reynolds
number of the jet, as it might be the case using dissipative subgrid modellings [34, 35].
Finally, in order to compute the noise directly, non-reflective boundary conditions are
implemented, with the addition of a sponge zone at the outflow [28].
In the present jet simulations, the computational domain is made of two overlapping
grids, as illustrated in figure 1. The pipe grid has nx × nr × nφ = 391 × 46 × 48 points,
and is used to specify the nozzle-exit conditions. The main grid contains nx × nr × nφ =
551 × 219 × 48 points, and includes the lips of the pipe nozzle, the jet flow and a part
of the acoustic field. In the radial direction, the grids are refined inside the boundary
layer and the shear layer with a mesh spacing ∆r = 0.009D. The radial spacing then
increases towards the jet centerline at the rate of 2% to reach ∆r = 0.016D on the axis,
and outside the jet at the rate of 3% to obtain ∆r = 0.066D in the acoustic field. The grid
extends radially up to ∆r = 8.6D, and the sound waves are accurately calculated in the
acoustic field up to the Strouhal number St = fD/uj  3.3 (f is the frequency). In the axial
direction, the grid spacing is constant inside the pipe and up to ∆x = 2.6D on the main
grid, with the mesh spacing ∆x = 0.016D. The grid is then stretched at the rate of 2% to
obtain ∆x = 0.047D. In addition the sponge zone begins at x = 16.4D. Considering the
grid parameters, the length of the nozzle pipe is 6.7D, and that of the overlapping region
between pipe and main grids is 0.61D. The azimuthal direction is discretized by the
uniform spacing ∆φ = 2π/48. Finally, to ensure Courant-Friedrichs-Lewy stability, the
simulation time step is ∆t = 1.1 ∆r ∆φ/ca, where ∆r is the radial spacing on the axis. The
simulation time is 1.02 × 105 ∆t, including a transitory period of 2.5 × 104 ∆t. The
physical time T therefore corresponds to Tuj/D = 160.
2.2. Jet specifications
Two isothermal round jets (Tj = Ta) with Mach and Reynolds numbers M = uj/ca = 0.9
and ReD = ujD/ν = 5 × 105 are simulated. The inflow velocity and the nozzle diameter
of the two jets are thus uj = 306 m.s–1 and D = 2.45 cm, while the pressure and
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Table 1. Parameters of the two simulated jets: Mach and Reynolds numbers, and
maximum RMS levels of the fluctuating axial velocity at the nozzle exit.

jetH
jetL

(

M

ReD

max u'xrms ( x = 0 )

0.9
0.9

5 × 105
5 × 105

0.090uj
0.016uj

)

temperature of the ambient air are respectively Pa = 105 Pa and Ta = 288 K. In order to
study the effects of the initial shear-layer turbulence level, the RMS peak level of
fluctuating axial velocity at the nozzle exit is 0.090uj in the first jet and 0.016uj in the
second jet, while the initial momentum thickness is about δθ = 0.008D in the two cases.
In what follows, these jets at high and low nozzle-exit turbulence levels will be
respectively referred to as jetH and jetL, as shown in table 1.
According to experiments of Zaman [21], for a round jet at Reynolds number
ReD = 5 × 105, the boundary layer at the nozzle exit is expected to be turbulent, and its
momentum thickness δθ is of the order of 10–3D. Such a boundary layer is too thin to be
discretized with the computers that are now available. In the present simulations, a thicker
boundary layer is consequently prescribed inside the pipe. More precisely, the momentum
thickness at the nozzle exit is δθ = 0.0082D for jetH and δθ = 0.0076D for jetL.
In practice, a laminar boundary layer is arbitrarily imposed at the inflow of the
nozzle pipe. It is defined by a polynomial approximation of a Blasius profile
characterized by a thickness δΒ = 0.064D and
2
3

 rw   rw  
rw 
u x ( rw ) = u j
2 − 2   +    if rw < δ B
δ B 
 δ B   δ B  

u x ( rw ) = u j if rw ≥ δ B

where rw is the distance from the wall. At the inflow, temperature is determined by a
Crocco-Busemann relation. In order to seed the turbulence, low-amplitude velocity
fluctuations random in time and spatially uncorrelated are introduced in the boundary layer,
at x = –6.4D far upstream inside the pipe. Unfortunately, due to computer limitations, it is
not currently possible to describe accurately the spatial transition of the boundary layer.
This led for instance Uzun & Hussaini [29] to use a recycling procedure inside the pipe in
their recent LES of round jet. In the present work, the boundary layer is under-resolved, and
the radial, axial and azimuthal spacings at the wall are, in wall units, ∆r+ = 36, ∆x+ = 63,
and ( 12 D ∆φ)+ = 260. Keep in mind that here the aim of the calculation inside the pipe is
not to compute the boundary layer, as it can be done in Direct Numerical Simulations
(DNS) [36], but to generate a nozzle-exit turbulence as realistic as possible for the LES of
jet noise. In this way, there is no forcing applied directly in the jet flow [10]. The present
method should also allow us to obtain high levels of turbulence at the jet inflow. Note
finally that it has been recently used in the LES of a coaxial jet [37].
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RMS levels of the fluctuating axial velocity. (a) Axial variations in the
nozzle, along the line at r = 0.47D in the boundary layer, and (b) radial
profiles at x = 0 at the nozzle exit, obtained for: ___jetH; ---jetL.

2.3. Nozzle-exit turbulence intensities
In order to show how the nozzle-exit turbulence is specified in the two jets, the axial
'
evolution of the levels of fluctuating axial velocity u x at r = 0.47D, or r+ = 108 in wall
units, along the pipe, is presented in figure 2(a) for jetH and jetL. It can be first noticed
the difference in amplitude of the random disturbances introduced at x = –6.4D in order
to obtain the nozzle-exit turbulence levels reported in table 1. The RMS amplitude of these
disturbances is indeed of 0.02uj for jetH, but only of the order of 0.001uj for jetL. These
disturbances are growing along the pipe, to provide, at the nozzle exit, the radial profiles
of u'xrms presented in figure 2(b). As expected, the turbulence levels are important close to
the wall, whereas u'xrms  0.005uj is found in the centerline region. The peak levels
obtained correspond to the values specified in table 1, that are 0.090uj for jetH and 0.016uj
for jetL. It can be also noted that the axial evolution of the turbulence intensities in
figure 2(a) suggests that in both jets the turbulent structures are still evolving as the pipe
'
exit is approached. This is in particular the case in jetH with a drop of u x /uj near x = –D
indicating that turbulence is still transitional close to the nozzle exit.
The radial profiles of mean axial velocity obtained at the pipe exit for jetH and jetL
are plotted in figure 3. The profile for jetL is very similar to the initial Blasius profile at
x = –6.4D inside the pipe, whereas that for jetH is slightly different. The growth of
turbulent disturbances along the pipe boundary in jetH has thus led to a mean velocity
profile which is sharper at the wall. Because turbulence is not fully developed at the pipe
exit as mentioned previously, and because of the under-resolution of the boundary layer,
this profile cannot however be compared with the profiles typically obtained for
turbulent boundary layers [23]. Considering these issues, it will be interesting in future
works to develop turbulent boundary layers at the pipe exit when computers with
increasing power make it possible.
The RMS radial profiles of the fluctuating axial, radial and azimutal velocities at x =
–0.6D close to the nozzle exit are finally presented in figure 4 for jetH. Surprisingly, the
relative shapes of the curves obtained for the different velocity components are in a fair
rms

rms
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Radial profiles of mean axial velocity obtained at x = 0 at the nozzle exit for
___jetH and ---jetL; ....Blasius profile specified at x = –6.4D inside the pipe.
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Radial profiles of the RMS levels of fluctuating velocities at x = –0.6D for
'
jetH: ___ axial velocity u x' rms /uj, .... radial velocity urrms /uj, --- azimuthal
velocity u'φrms/uj.

agreement with the experimental and DNS data reported by Eggels et al. [36] for a
turbulent pipe flow at a low Reynolds number. This agreement is only qualitative, the peak
levels in jetH being for instance observed much farther from the wall, because of the underresolution in the present LES. High levels of turbulence at the nozzle exit are however
obtained in jetH, in order to study the influence of jet inlet conditions on noise prediction.
3. RESULTS
3.1. Snapshots of vorticity and pressure
Snapshots of the vorticity fields obtained for jetH and jetL in the shear layer developing
after the nozzle are shown in figure 5. For the jet with high initial levels of turbulence,
in figure 5(a), small vortical structures are found very close to the nozzle exit, displaying
rapidly typical features of three-dimensional mixing. For the jet with low nozzle-exit
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Snapshots in the (x, r) plane of the vorticity norm |ω
downstream of the nozzle exit for: (a) jetH, (b) jetL. The color scale
ranges up to the vorticity level of 2 × 105 s–1.

turbulence levels, in figure 5(b), the shear layer develops differently. It appears indeed
laminar up to the location x  0.5D, where coherent vortices are generated. These
vortices are convected in the downstream direction, and pairings occur clearly around
x = 1.5D. Since vortex pairings are known as efficient noise generation mechanisms,
there may be an impact on the radiated noise. After the pairings, the shear-layer
turbulence then tends to be three-dimensional for x ≥ 2D.
In order to illustrate the noise radiated by the two jets, snapshots of the vorticity and
of the sound pressure fields obtained on the whole computational domain are presented
in figure 6. It might be hazardous to state from snapshots, but some comments can
however be made especially in the light of the results presented later in section 3.3. The
modelling of the initial fluctuations in the present compressible LES first does not seem
to generate an overwhelming spurious noise at the pipe exit. The acoustic fields also
suggest that the sound pressure levels emitted by jetL are higher than those of jetH. In
particular strong acoustic waves propagating in the sideline direction are observed for
jetL, see for instance the pressure field around x = 4D and r = 4D in figure 6(b), whereas
the presence of this kind of waves is less clear for jetH. An additional radiation may
therefore be found for the jet with low initial turbulence levels, and it seems from figure
6(b) to originate from the flow region at x  2D where the first stage of pairing of the
coherent shear-layer vortices takes place. This result agrees with the experimental works
of Zaman [1], and Bridges and Hussain [26] for initially laminar and turbulent jets.
3.2. Mean and turbulent flow fields
The mean and turbulent flow fields of the jets are now investigated. The mean axial
velocity field and streamlines around the jet are first represented in figure 7 for jetH.
Very similar results are obtained for jetL. The streamline pattern is in good agreement
with experimental findings, and indicates that the entrainment of the fluid surrounding
the jet into the flow occurs in an appropriate manner, and is not obstructed by the
boundary conditions.

(a)

Figure 6.
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ω| in the flow and of the fluctuating pressure p′ outside, for:
Snapshots in the (x, r) plane of the vorticity norm |ω
(a) jetH, (b) jetL. The color scales range up to the level of 2 × 105 s–1 for the vorticity, and from -100 Pa up to 100 Pa
for the pressure.
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Mean flow obtained in the (x, r) plane for jetH: streamlines (grey curves),
and iso-contours of mean axial velocity corresponding to 0.95uj , 0.67uj
and 0.025uj (black curves). Only r ≥ 0 is plotted, the mean flow is
symmetric.
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Axial evolution of the momentum thickness of the shear layer, obtained
for:___jetH; ---jetL.

The length of the potential core xc, defined here arbitrarily by uc(xc) = 0.95uj where
uc is the jet mean centerline velocity, is xc = 4.7D for both jets. This result suggests that
the development of the shear layer, which occurs farther downtream in jetL than in jetH
as shown in figure 5, is more rapid in jetL. This difference of behaviour is also
illustrated in figure 8 by the evolution of the momentum thickness of the shear layer in
the two jets. The shear-layer spreading is delayed in jetL with respect to jetH, but is then
faster especially around x = 2D, in the region of vortex pairings. In JetH, the shear layer
appears moreover to develop just downstream of the pipe exit, but two stages of linear
growth cannot be observed as typically found in initially turbulent shear layers [23].
Therefore both jetL and jetH display features of initially transitional jets.
The present core length of xc = 4.7D is smaller than experimental results for
Mach 0.9 jets [38, 39] at high Reynolds numbers ReD ≥ 5.0 × 105, which exhibit core
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Profiles of centerline mean axial velocity, obtained for: ___jetH; ---jetL.
Measurements:  Lau et al. [38] (M = 0.9, ReD = 106), • Arakeri et al.
[39] (M = 0.9, ReD = 5×105). For the comparison the experimental
profiles are shifted in the axial direction with respect to the LES profiles
to yield identical core lengths.

lengths of xc  7D. One can first mention the difference in momentum thickness at the
nozzle exit, since δθ = 0.008D is specified in the present jets whereas δθ  0.001D is
expected in experimental jets at such Reynolds numbers [21]. The present core length
must also be due to the fact that jets with initially transitional shear layer, including jetH
and jetL, develop with shorter core length than initially turbulent jets, as clearly shown
by Raman et al. [40] for tripped/untripped jets.
The variations of the mean axial velocity uc along the jet centerline are presented in
figure 9. The velocity decays obtained for jetH and jetL do not significantly differ, and
agree with the velocity decays measured by Lau et al. [38] and by Arakeri et al. [39] for
M = 0.9 jets at ReD = 106 and ReD = 5 × 105, both experimental profiles being axially
shifted for the comparison. Jet velocity decay was found in a previous work [33] to
depend appreciably on the Reynolds number of the flow. The present LES therefore
provide results in agreement with the high Reynolds number considered. Note also the
small decrease in velocity near x = 2D in jetL. A similar decrease was previously
described for an experimental jet [41] at the moderate Reynolds number ReD = 5.3 ×
104, and for a jet simulated by LES without nozzle [28].
The RMS levels of the fluctuating axial velocity u′ rms on the jet centerline are
presented in figure 10. They rapidly increase at the end of the potential core, and reach
a peak at about x = xc + D in jetL, and x = xc + 2D in jetH. The peak level obtained for
jetL is higher than that for jetH (0.14uj versus 0.12uj). Both peak values are in the range
of experimental data for Mach number 0.9 jets [38, 39] at ReD ≥ 5.0× 105. The very
good agreement between the LES profile for jetH and the profile obtained recently by
Arakeri et al. [39] using PIV measurements can also be noticed.
x
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Centerline profiles of the RMS levels of the fluctuating axial velocity,
obtained for: ___jetH; ---jetL. Measurements: Lau et al. [38] (M = 0.9,
ReD = 106), • Arakeri et al. [39] (M = 0.9, ReD = 5 × 105). For the
comparison the experimental profiles are shifted in the axial direction
with respect to the LES profiles.
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Figure 11.

Profiles along the line at r = 0.48D in the shear layer, of the RMS levels
of the fluctuating axial velocity, obtained for: ___ jetH; --- jetL.

We now focus on the shear-layer region. The RMS profiles of the fluctuating axial
velocity levels along r = 0.48D are plotted in figure 11. Downstream from the nozzle
exit, the values of u′ rms in the shear layer increase very rapidly, reach a peak and then
slowly decrease. The level peak is closer to the nozzle, and has a lower amplitude in jetH
than in jetL.
This behaviour is in agreement with the experimental results of Husain and
Hussain [23], who showed that the turbulence levels in the early shear-layer
development are lower in initially turbulent jets than in initially laminar jets. In initially
laminar jets, they reported peaks of u x' at the axial locations x  0.4D, with levels of
x

rms
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about 0.18uj. The development of the shear-layer turbulence in the present LES occurs
farther downstream with a stronger intensity. This discrepancy with respect to
experiments may result from the relatively thick initial momentum thickness of the shear
layer specified in the simulations, which can appreciably affect the growth rates of
instabilities [42]. Note also that in initially turbulent shear layers, u x' does not exhibit
any peak value but increases monotonically along the shear layer [23], which is not
found here for the transitional jetH with high initial levels of turbulence intensity at the
pipe exit.
In order to investigate some spatial properties of the shear-layer turbulence,
azimuthal cross-correlations of the fluctuating axial velocity are calculated. The
normalized correlation functions are defined by:
rms

Rxx( ) ( x, r, δφ ) =
φ

〈u x' ( x, r, φ ) u x' ( x, r, φ + δφ )〉
〈u ( x, r, φ )〉1/2 〈u x' ( x, r, φ + δφ )〉1/2
'
x

where δφ is the azimuthal separation angle, and < • > denotes statistical averaging. They
are computed for r = D/2 in the shear layer, at the axial locations x = 0, x = D/2, x = D
and x = 2D. They are represented in figure 12(a) for jetH and in figure 12(b) for jetL.
For jetH, in the case with high initial turbulence intensities, the correlation levels at x =
0 at the nozzle exit are close to 0.5 over the range 0 ≤ δφ ≤ 180º. Since the random
velocity disturbances introduced inside the pipe are non correlated in the azimuthal
direction, this property is certainly due to the calculation of the boundary layer. The
correlations however decrease rapidly downstream of the nozzle. They are in particular
negligible for δφ ≥ 90º at x = D/2, x = D and x = 2D. The correlation levels are higher
φ
in jetL. At the nozzle exit, Rxx( )  1 is especially found for all azimuthal separation
angles δφ. Downstream, the correlation functions progressively exhibit lower values, to
show, at x = 2D, levels roughly similar to those in jetH. In jetH the shear-layer velocity
disturbances are therefore weakly correlated azimuthally just after the nozzle exit,
whereas in jetL the velocity fluctuations in this region are more correlated. This feature
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Figure 13.

Overall sound pressure levels obtained along the line at r = 7.5D, for the
jets: ___jetH, ---jetL. Measurements: • Bogey et al. [43] (M = 0.9, ReD =
7.8 × 105).

is also indicated by the presence of shear-layer coherent structures in the vorticity field
of figure 5. The correlations in jetL become similar to those obtained in jetH only at
x = 2D, after the first vortex pairings.
3.3. Sound pressure field
3.3.1. Near acoustic field
To investigate the noise radiated by the jets, properties of the near acoustic fields
calculated directly by LES are first presented. The sound pressure levels along the line r =
7.5D are shown in figure 13. They are compared to the experimental data provided by
Bogey et al. [43] for a jet at M = 0.9 and at the high Reynolds number ReD = 7.8 × 105.
A fairly good agreement is observed between the sound levels obtained for the jet with
significant initial turbulence levels and the measurements. The levels from jetH and from
the experiment indeed do not differ by more than 2 dB at all the axial locations
considered. With respect to jetH, jetL with low initial turbulence levels is found to generate
sound levels higher by 4–5 dB for all emission angles. This behaviour is consistent with
the pressure snapshots of figure 6, and corresponds to the experimental results reported by
Zaman [1], and Bridges and Hussain [26] for tripped and untripped subsonic jets. A
similar overestimation was also found for the sound levels generated in the sideline
direction by a high-Reynolds-number, initially laminar jet simulated without nozzle [28].
The present results illustrate the strong impact of nozzle-exit turbulence on the radiated
noise. They also characterize quantitatively the additional noise observed in jetL.
To display the spatial structure of the acoustic fields of jetH and jetL, the azimuthal
correlation functions of the fluctuating pressure obtained for r = 7.5D from the
centerline, at the axial locations x = 0 and x = 15D, are plotted in figure 14. These
functions are calculated in the following way:
Rxx( ) ( x, r, δφ ) =
φ

〈 p ' ( x, r, φ ) p ' ( x, r, φ + δφ )〉
/
〈 p ( x, r, φ )〉1/2 〈 p ' 2 ( x, r, φ + δφ
)〉1 2
'2
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In agreement with experimental data [44] and numerical results [6], the correlation
functions are seen to vary remarkably with the angle of radiation with respect to the jet
direction. In both jetH and jetL, the correlation levels calculated at x = 15D are indeed
high for 0 ≤ δφ ≤ 180º, whereas those obtained at x = 0 decrease rapidly with the
azimuth (note that the radiation angle, taken from the nozzle exit, is θ = 27º in the first
case, but θ = 90º in the second case). Moreover the correlation levels are higher in jetL
than in jetH. The azimuthal cross-correlations of the radiated pressure therefore display
similarities with the correlations of figure 12 involving the velocity disturbances in the
shear layer before the first vortex pairings.
3.3.2. Far acoustic field
The investigation of the noise radiated by turbulent flows is usually conducted in the far
acoustic field. They are in particular generally based on far-field sound pressure spectra.
The near acoustic fields calculated directly by LES for jetH and jetL are therefore now
propagated much farther, up to about fifty diameters from the jet centerline. Practically, the
flow quantities including density, velocity and pressure, provided by LES on two cylindrical
surfaces at r/D = 4 and r/D = 6 surrounding the turbulent jets, are stored for –0.5D ≤ x ≤
16D. They are then introduced in a propagation solver based on a simplified set of the flow
motion equations, as done for instance by Gloerfelt et al. [45] for the computation of cavity
noise. In the present work, the propagation is carried out by solving the Euler equations
using the same numerical schemes and boundary conditions as the LES solver in order to
obtain the same accuracy. The propagation grid mesh is uniform and contains nx× nr× n φ
= 821 × 529 × 48 points, and enables to use a time step 12 times larger than the LES time
step. The connection between LES and the Euler equations is illustrated in figure 15 with
a snapshot of the pressure field obtained using the storage surface at r/D = 6. The sound
waves appear to be propagated without discontinuity at the joining surface. The results
presented in what follows are calculated using the surface at r/D = 4.
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Figure 15.

Snapshot in the (x, r) plane of the fluctuating pressure p′ obtained for
jetH. In the central region: pressure field provided by the LES
computation, in the peripheral regions: pressure field given by the
propagation solver based on the Euler equations.

The sound pressure levels calculated along the line located at r = 20D are represented
in figure 16. They display the same features as the results obtained at r = 7.5D
previously shown in figure 13. The acoustic levels predicted from jetH compare indeed
favourably with the experimental data of Bogey et al. [43] for a jet at M = 0.9 and ReD
= 7.8 × 105, whereas the levels from jetL are overestimated by 4–5 dB.
The narrow-band pressure spectra obtained at a distance of 52D from the nozzle exit
for angles of θ = 40º and θ = 90º with respect to the jet direction are plotted in figures
17(a) and 17(b), respectively. At θ = 40º, the spectrum computed for jetH is in good
agreement with corresponding spectra measured by Bogey et al. [43] and by Jordan et
al. [46] for jets with Reynolds numbers ReD ≥ 7.8 × 105. The maximum difference
between levels of numerical and experimental spectra is indeed only of the order of 2
dB at low Strouhal numbers. However the peak Strouhal number in jetH is Stp = 0.33,
which is higher than the Stp  0.20 observed in experiments. The peak Strouhal number
is therefore over-estimated, in the same way as in previous LES including no nozzle
[10]. As for the spectrum from jetL, it displays the same shape as the spectrum from
jetH, but exhibits levels higher by 1–2 dB.
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Overall sound pressure levels obtained along the line at r = 20D, for the
jets: __ jetH, --- jetL. Measurements: • Bogey et al. [43] (M = 0.9, ReD =
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At θ = 90º, the discrepancies between the spectra from jetH and jetL are more
significant. With respect to jetH, the spectrum from jetL increases in amplitude, and is
characterized by higher-frequency components with a peak Strouhal number Stp = 0.7.
Zaman [1] and Bridges and Hussain [26] in their experiments conducted on
tripped/untripped jets observed similar high-frequency peaks in the sideline pressure
spectra for untripped jets. In terms of Strouhal number based on the initial momentum
thickness of the shear layer Stθ = fδθ /uj , these peaks were between 0.005 and 0.007. In
jetL, the frequency peak corresponds to a value of Stθ = fδθ /uj = 0.0053, which is in the
experimental range. Moreover, with respect to experimental data [43, 46, 47], the
spectrum from jetH displays overestimated levels, especially at high Strouhal numbers.
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The Strouhal number peak is thus Stp = 0.4 in jetH, instead of Stp = 0.3 in experiments.
The origin of this discrepancy is to be investigated, but it may be associated with the
properties of the nozzle-exit boundary layer. In jetH, the initial momentum thickness is
for instance larger than in experiments. The initial jet turbulence should be better
resolved in future simulations.
4. CONCLUSION
The present Large Eddy Simulations of round jets at Mach number M = 0.9 and
Reynolds number ReD = 5 × 105, originating from a straight pipe nozzle, enable to
emphasize the effects of the levels of nozzle-exit turbulence. The effects are specially
found to be significant on the shear layer development and on the sideline sound field.
For high nozzle-exit turbulence levels, the sound field compares fairly well with that
obtained for jets at high Reynolds numbers ReD ≥ 5 × 105. However, for low turbulence
levels at the nozzle exit, coherent vortical structures are seen to develop and merge in the
shear layer, and an additional noise increasing the sound levels by 4–5 dB is observed.
For the computation of practical jets, the presence of the nozzle alone thus does not
appear sufficient, and realistic initial conditions may be necessary to obtain relevant
results. To meet this requirement, the difficulty is to generate turbulent conditions at the
jet nozzle exit at an affordable computational cost, without producing spurious sound
waves. One method is to calculate the boundary layer inside the nozzle, which however
implies very fine discretization at the wall boundaries. Moreover, in order to improve the
accuracy of noise predictions, there is a need for better taking into account the initial
characteristics of practical jets. In particular, boundary layers with smaller momentum
thickness and the nozzle geometry will have to be considered in future simulations.
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