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Abstract – In this paper, the acoustic pressure generated in the near field of a single stream cold jet is
investigated. The analysis is focused on the effect of the initial conditions at the nozzle exit parametrized by
considering two different turbulence levels and two different boundary layer thicknesses. The study has been
performed by processing a numerical database obtained by large-eddy simulations (LES) of a jet flow at
M = 0.9 and Re = 105. Pressure time series are obtained from pointwise virtual probes located in several radial
and axial positions in the jet near-field. The acoustic pressure is extracted by the application of a consolidated
wavelet-based procedure and the achieved acoustic signals are analyzed in terms of global quantities as well as
by computing wavelet-reconstructed Fourier spectra. The results show that both the boundary-layer thickness
and the turbulence level significantly affect the acoustic pressure in terms of its intensity and directivity
whereas the distribution of energy in the frequency domain depends appreciably, only on the boundary-layer
thickness.
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1 Introduction

Many years of research activity in the field of jet noise
initiated by the seminal paper of Lighthill [1] have demon-
strated that the investigation of the region close to the jet
stream is essential to improve the knowledge of the flow
physics and to identify the relevant noise sources. In this
framework, a key role is played by the state of the flow
at the jet nozzle exit that is known to influence signifi-
cantly both the aerodynamic and the acoustic properties
of the jet.

The initial conditions can be clustered into five main
parameters: Reynolds number (Re), Mach number (Ma),
the shear layer momentum defined by the boundary layer
(BL) thickness, the boundary layer velocity profile [2–5],
and the turbulence intensity (TI) [6]. The parameters Re
and Ma can be easily controlled both in experiments and
numerical simulations whereas much more difficulties arise
for the other quantities, mainly in experiments. As pointed
out in [7], the initial flow state and the disturbance levels
are connected with each other, they may vary from one
facility to another and they are difficult to be tuned appro-
priately to reproduce full-scale conditions.

The interest into this subject motivated a large body of
literature dealing with both shear layers and compressible
jets (see e.g. the early reviews by Crighton [8] and Gutmark
and Ho [9]). To the extent of the jet cases, the literature
about experiments is scarce, because of the difficulties in
changing the inflow parameters independently [10]. On
the other hand, several numerical studies were performed
mainly with the scope of distinguishing the influence of
the jet inflow parameters on the aerodynamic properties
and the far-field noise [2, 3, 6].

As was suggested in [11], low turbulence or initially
laminar jets emit additional noise components as an effect
of the vortex pairing, recognized as an efficient noise
generation mechanism. Bogey et al. [7] showed numerically
that the sensitivity of the sound fields to the jet exit
boundary layer conditions is larger in the transverse direc-
tion than in the downstream one. These results were in
agreement with experimental data presented in [12, 13]
where the noise emitted by tripped and un-tripped jets
was investigated. Karon and Ahuja [14] found that a
jet cexhausting from nozzles designed to reduce the axial
velocity variation and the turbulence intensity, produces
more noise compared to a nozzle with a fully developed
flow at the exit. Furthermore, as speculated by Zaman
[5], an increase of turbulence intensity in the initial*Corresponding author: stefano.meloni@uniroma3.it
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region of the jet shear layer leads to an increase of high-
frequency noise.

Despite the large body of literature on the subject,
the evaluation and prediction of the effects of the initial
conditions on the generation and propagation of acoustic
waves in compressible jets is still unclear. The present study
tries to give a contribution to shed light on this complex
issue by analyzing parametrically the pressure field in the
near region of compressible subsonic jets. The knowledge
of the near field pressure can explicate the process underly-
ing the origin of the acoustic waves propagating to the far
field. As pointed out in [15], the near field contains the
beginnings of a sound field which is destined to reach the
far field and the parametric analysis proposed therein
attempts to clarify its sensitivity upon the initial conditions.

The data analyzed have been obtained by LES already
presented in [7, 16, 17]. The data set covers a domain that
varies in the streamwise direction from x/D = 0 up to
x/D = 20 and in the radial direction from the nozzle lip
(r/D = 0.5) up to r/D = 3, by denoting with D the jet exit
diameter.

Two different turbulence intensities and boundary layer
thickness are considered by keeping fixed the exhaust
Reynolds number and the jet Mach number. The influence
of these parameters on the aerodynamic properties of the
same jet was presented in [3].

As pointed out in several previous papers [15, 18–20],
the near field pressure contains both hydrodynamic
(pseudo-sound) and acoustic components that have to be
analyzed separately. In the present investigation, the sepa-
ration in achieved by the application of a procedure based
on the wavelet transform, that is briefly worked out in
the following section. This section also clarifies which are
the statistical quantities extracted from the pressure data
and the results of these analyses are presented in Section 3.
The main conclusions and final remarks are eventually
given in Section 4.

2 Numerical setup and postprocessing
procedure

2.1 Numerical setup

The database analyzed has been obtained numerically
through LES of four isothermal single stream cold circular
jets, operating at Ma = 0.9 and Re = 105. The LES are
performed using grids containing between 250 million and
1 billion points with low-dissipation schemes and relaxation
filtering as a subgrid dissipation model, see [21] for the
details. In the first two cases, the values of the exit peak
turbulence intensities (TI) have been fixed at 3% and 9%
by numerically tripping the boundary layers in the pipe
and by adding random low-level vortical disturbances
decorrelated in the azimuthal direction. In the two other
cases, the BL are untripped yelding TI = 0. The second cou-
ple of parameter is the boundary layer thickness (d) which
has been varied from 0.0025 up to 0.02 times the jet radius,
having a laminar Blasius velocity profile. The jet initial con-
ditions of the presented data have been resumed in Table 1.

The LES are performed using a solver of the three-
dimensional filtered compressible Navier–Stokes equations
using low-dissipation and low-dispersion finite differences
developed in [22]. The quality of the shear-layer discretiza-
tion was assessed in [17].

The spatial domain of the simulation is 15r0 long in
the radial direction and 40r0 long in the axial direction,
by denoting with r0 the nozzle exhaust radius. The mesh
size in the considered domain varies between 0.72 < Dr/r0
(%) < 2.48 in the radial direction and 1.452 < Dx/r0
(%) < 2.49 in the axial direction (see [3, 16, 23] for further
details). The time step is defined by Dt = 0.7Dr(r = r0)/ca,
yielding Dt = 0.0023r0/uj where uj is the jet exit velocity.
After the transient period, data have been recorded for a
simulation time T equal to or higher than 500r0/uj, at a
sampling frequency yielding a maximum Strouhal number
StD = fD/uj = 6.4, where f is the frequency [23].

The present study is limited to the near-field domain,
usually recognized as the noise-producing region of the jet
flow and thus of interest for jet–noise modeling. Pressure
time series are extracted from virtual probes at different
locations in the near field, covering a domain that spans
from the nozzle exhaust up to x/D = 20 in the axial direc-
tion and from the nozzle lip line (r/D = 0.5) up to r/D = 3
in the radial one.

2.2 Wavelet-based post-processing procedures

The present study is targeted to the analysis of the near
field pressure and a crucial step of the data processing relies
on the separation of the acoustic component of the pressure
signals from the hydrodynamic one. This goal is achieved
by the application of a procedure proposed by [18, 20] that
is briefly worked out in the following.

The method is based on the wavelet transform of the
given signals and by an appropriate filtering of the resulting
wavelet coefficients. It is known that the wavelet transform
is a very proficient tool when it comes to analyzing intermit-
tent or time-dependent features. When considering pressure
time series p(t), the wavelet transform can be formally rep-
resented by the following expression [24–28]:

w s; tð Þ ¼ C
�1

2
w s�

1
2

Z 1

�1
p sð Þw�w� t � s

s

� �
ds; ð1Þ

where s is the wavelet scale, s is a time shift, C�1
2

w is a con-
stant that takes into account the mean value of w(t) and
w� t�s

s

� �
is the complex conjugate of the dilated and trans-

lated mother wavelet w(t). In the present approach, the
Morlet wavelet kernel has been adopted but, as was
shown in [18], the results are independent from the choice

Table 1. Jet initial conditions.

M ReD TI d/r0

0.9 105 3% 0.15
0.9 105 9% 0.15
0.9 105 0 0.025
0.9 105 0 0.2
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of the wavelet type. A series of wavelet coefficients, char-
acterized by different amplitudes, and distributed into a
time-frequency domain, were obtained after applying
equation (1). Once passed into the wavelet domain, vari-
ous separation techniques can be used to extract the quan-
tities of interest. According to the literature, [18, 25], the
acoustic/hydrodynamic separation algorithms assume
that the hydrodynamic contribution is related to localized
eddy structures that compresses well onto the wavelet
basis so that it can be described by a few but with large
amplitude wavelet coefficients. Thus, the so-called
pseudo-sound (i.e., the hydrodynamic component of pres-
sure fluctuations) can be extracted by selecting the wave-
let coefficients exceeding a proper threshold. The acoustic
counterpart associated with more homogeneous and lower
energy fluctuations is represented by those coefficients
having an amplitude lower than the threshold [25]. The
selection of the threshold level represents a crucial step
in the separation procedure and several approaches have
been proposed in literature [25]. The method applied in
the present work is the so-called WT3, which is a very fast
separation procedure based on single-point statistics. In
this method, the threshold varies iteratively starting from
an initial guess evaluated according to the following
formula

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rkklog10Ns

q
; ð2Þ

where r is the variance of the (presumed) acoustic pres-
sure at iteration k and Ns is the number of samples. The
algorithm stops when the number of selected acoustic
wavelet coefficients remains constant between two consec-
utive iterations. The method has been successfully applied
and validated in several previous papers including config-
urations significantly different from the one analyzed
therein (see e.g. [29–32]).

In the present approach, the application of the decom-
position procedure provides the reconstruction in the phys-
ical domain of the acoustic pressure in the near field of the
jet. The pressure time series are eventually analyzed to
extract the relevant quantities needed to evaluate the effect
of the conditions at the nozzle exit.

To the extent of the noise level estimations, the most
relevant indicator is the Overall Sound Pressure Level
(OASPL) defined as follows:

OASPL ¼ 10log10
r2

P 2
ref

� �
; ð3Þ

where r is the standard deviation of the pressure
signal and Pref is the reference pressure in air (equal to
20 lPa).

A more detailed estimation of the influence of the initial
conditions can be retrieved by the analysis in the frequency
domain through the computation of the Fourier Power
Spectral Density (PSD) of the pressure signals. However,
as usually experienced in numerical simulations, the num-
ber of available samples is limited, this drawback affecting
significantly the statistical convergence and thus the relia-
bility of the PSD.

In order to overcome this flaw, it is possible to recon-
struct the Fourier PSD by performing the wavelet trans-
form of the signals and by integrating the so-called
scalogram [33]. This quantity is obtained by the square of
the wavelet coefficients and represents a projection onto
the 2D time-frequency domain of the energy contained by
the signal [34]. An illustrative example of the wavelet
scalogram obtained by processing a segment of an acoustic
pressure signal is reported in Figure 1. The wavelet scalo-
gram shows energetic events appearing intermittently in
time at low StD. These signatures could be ascribed to the
passage of the large scales flow structures, which character-
ize the turbulent jet downstream of the end of the potential
core.

Figure 1. A wavelet scalogram computed from a signal taken
at TI = 9%, r/D = 3 and x/D = 10.

Figure 2. Comparison between a Fourier Power Spectrum
(dotted line) and the corresponding wavelet-reconstructed
Fourier Spectrum (solid line). Data are taken at TI = 9%,
r/D = 3 and x/D = 10.
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Figure 3. ASPL contour maps for TI = 3% (a, c, e) and TI = 9% (b, d, f): (a) and (b) original signals; (c) and (d) hydrodynamic
components; (e) and (f) acoustic components.
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Figure 4. OASPL contour maps for d = 0.025 (a, c, e) and d = 0.2 (b, d, f): (a) and (b) original signals; (c) and (d) hydrodynamic
components; (e) and (f) acoustic components.
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The integral in time of the wavelet scalogram provides
the Fourier spectrum. The capability of the wavelet-
reconstructed Fourier spectrum to be statistically more
effective than the standard Fourier one was already recog-
nized in the seminal paper by Farge [28] where it is empha-
sized that the global wavelet energy spectrum corresponds
to the Fourier energy spectrum smoothed by the wavelet
spectrum at each scale. An example of a comparison
between the Fourier and the wavelet-reconstructed spec-
trum is provided in Figure 2 showing a very good agree-
ment. The wavelet spectrum looks less noisy and better
defined at any StD. This procedure will then be adopted
in the analyses presented below.

3 Results

An overall picture of noise emitted in the different
nozzle exhaust configurations is presented through the
contour plots of the OASPL. Figure 3 reports the effect of
the turbulence intensity (TI), on the original (first row),
hydrodynamic (second row) and acoustic (third row) pres-
sure. The left column corresponds to TI = 3% and the right
one to TI = 9%. According to [18], the original and hydro-
dynamic pressure distributions look very similar whereas
the acoustic pressure appears more localized around the
jet potential core. Furthermore, for both the two TI consid-
ered, a stronger directivity of the acoustic pressure towards
the sideline, at about 90� that corresponds to x/D close to 0,
is observed.

This directivity effect is even more evident when the
laminar cases are analyzed, as reported in Figure 4. In this
case, the column on the left corresponds to the smallest
boundary layer thickness. Again, the original and hydrody-
namic pressure distributions are very similar to each other
whereas the acoustic one is more localized. It is interesting
to note that the case with the acoustic pressure for largest
thickness (case 4f) is concentrated within the potential core.
A lower thickness (case 4e) leads to a spreading of the inten-
sity along x/D and a lower intensity of the pressure in the
90� direction. It is supposed that for smaller boundary layer
thickness, the shear layer tends to be more unstable and
thus to destabilize rapidly reaching a turbulence state after
a few diameters downstream of the nozzle exit. On the other
hand, for a thinner boundary layer, the shear layer persists
up to more than 10 diameters.

The evolution of the OASPL with x/D is presented in
more details in Figure 5. The case 5a reports the effect of
the turbulence level whereas the effect of the boundary
layer thickness is presented in case 5b. For each case, the
OASPL is presented as a function of x/D for two the radial
positions, r/D = 0.5 and 3.

To the extent of the TI effect (Fig. 5a) it is very inter-
esting to note that the noise generated in the case at lower
TI is larger at low x/D, corresponding to the stronger direc-
tivity at around 90� observed above. The noise level
decreases for increasing x/D, independently from TI but,
at very large x/D, the case with higher TI becomes noisier.
A possible interpretation can be provided by considering

the concept of similarity spectra introduced by Tam [35].
The directivity around 90� is dominated by the noise from
the fine scale of turbulence whereas at larger angles, corre-
sponding to larger x/D, noise is dominated by acoustic
waves radiated by the large-scale structures. The result pre-
sented in Figure 5a shows that at low TI, noise generated
by the small scale structures is more effective due to the for-
mation and pairing of vortical structures near the jet nozzle,
whereas the larger TI induces the larger scales to be more
efficient noise sources and to dominate at larger x/D.

A similar interpretation can be assumed to explain the
effect of the boundary-layer thickness, reported in Figure 5b.
Surprisingly, the case with a larger thickness, except for
x/D = 0, emits noise more efficiently at low x/D, corre-
sponding to the directivity close to 90�. The boundary layer
with larger thickness is therefore more efficient in terms of
noise generated by small scale structures, because those
small coherent structures persist over a large axial distance.

Figure 5. OASPL axial evolution at radial locations 0.5D and
3D: (a) different TI and (b) different d.
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For increasing x/D, independently from r/D, the case
with thinner boundary layer becomes dominant as an
increasing effect of the large scale noise that is relevant at
large directivity angles (according to [35], the directivity
angle is conventionally assumed to increase from the side-
line at 90� towards the jet flow direction, thus towards
increasing x/D).

In summary, in the direction of the jet maximum direc-
tivity, at about 150� corresponding to large x/D, the jets
with larger TI and lower BL thickness generate more noise.

On the other hand, at low directivity angles, around 90�
corresponding to small x/D, the trend is the opposite: the
largest noise emission is observed for low TI and large BL
thickness.

The analysis in the Fourier domain can support the
physical interpretations and highlight the distribution of
energy at the different scales. The Wavelet-reconstructed
Fourier spectra obtained at the two TI are presented in
Figure 6 whereas the effect of the boundary layer thickness
is given in Figure 7.

Figure 6. Wavelet spectra taken at r/D = 3 for different x/D and different TI: (a) TI = 3% and (b) TI = 9%.

Figure 7. Wavelet spectra taken at r/D = 3 for different x/D and different boundary layer thickness d. (a) d/D = 0.0025 and
(b) d/D = 0.02.
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The spectra are reported for different x/D and are all
normalized with respect to the corresponding variance. In
this way, the amplitude variations are compensated and
the energy distribution among different frequencies is better
highlighted.

The cases reported in Figure 6 show that the acoustic
energy moves from high frequencies at low x/D to lower
frequencies moving far from the jet exit. The energy bump
at large x/D corresponds to a StD of about 0.5 that reflects
the trace of the Kelvin–Helmholtz instability mode. The
effect of the TI level seems to be weak since the shape of
the spectra are similar except for a smoother behavior in
the case of larger TI (Fig. 6b). This result varies in agree-
ment with a previous paper [7], where the influence of the
nozzle exit turbulence on the velocity spectra has been
characterized, observing similar spectral shapes but with
different energy content for the two considered cases.

A similar evolution is observed in Figure 7 where the
cases corresponding to laminar conditions and different
boundary layer thickness are reported. The thinner bound-
ary layer (Fig. 7a) exhibits a clear bump at high frequencies,
very probably as an effect of the small size of the boundary
layer thickness. This bump is not present in the case with
thicker boundary layer where the energy at small x/D is
large at much lower frequencies. This is probably an effect
of the larger size of the boundary layer thickness which
induces a slower development of the mixing layer. Accord-
ing to [3] the shear-layer transition is smoother in the jets
with thicker exit boundary layers. Also in this case, moving
towards larger x/D, the energy tends to concentrate around
the Kelvin–Helmholtz frequency.

4 Conclusions

This paper reports an analysis of the influence of the
conditions at the nozzle exit of a compressible subsonic jet
on the near field acoustic pressure. The investigation is
carried out by processing a numerical data-base obtained
by well resolved LES at fixed Mach and Reynolds numbers.
The properties at the nozzle exit presently investigated
consist of the turbulence level and the boundary layer thick-
ness. Two values of each parameter are considered and the
response of the pressure field is evaluated by analyzing pres-
sure time series taken from virtual probes distributed in a
region covering up to x/D = 20 in the streamwise direction
and r/D = 3 in the radial one. The two TIs are obtained at
constant boundary layer thickness, whereas the two cases
with different thickness correspond to laminar conditions.
A key role in the data processing procedures is played by
the wavelet transform that is used to extract the acoustic
component of the pressure fluctuations that, being in the
near field, is combined with the hydrodynamic counterpart.
The separation is achieved by the application of an existing
wavelet-based procedure that relies on the application of an
iterative process that converges rapidly. Wavelet analysis is
adopted also to estimate accurately the frequency spectra.
Indeed, due to the limited number of samples, the standard
Welch method commonly used for the computation of the

PSDs is not sufficiently reliable in terms of statistical con-
vergence. On the other hand, the reconstruction of the
Fourier spectra by the integration of the wavelet scalogram,
is shown to be much more effective.

The distribution of the OASPL gives an overall indica-
tion of the effects of the two parameters analyzed. As
opposed to the original and hydrodynamic pressure, the
acoustic pressure component exhibits a stronger OASPL
increasing towards the sideline, this effect being more rele-
vant at the lowest turbulence level. It is in fact very clear
in the laminar cases and more pronounced for the thicker
boundary layer. The strong directivity in the transversal
direction can be ascribed to the generation of acoustic
waves by small scale structures that apparently are more
effective when the turbulence level is low. In the laminar
case it is argued that the small scale vortices generated in
the thicker boundary layer case persist over a larger axial
distance and thus are more efficient in emitting noise in
the side line direction. These conclusions are confirmed by
the analysis of the evolution of the OASPL along x/D. It
is shown that in the region close to the nozzle exit, corre-
sponding to low directivity angles, the cases at low TI
and thicker boundary layer are the nosiest. In all cases,
the OASPL intensity decreases for increasing x/D and at
large x/D, corresponding to large directivity angles, the
larger TI and thinner boundary layer becomes dominant
in terms of noise level.

The acoustic pressure PSDs show that, in all cases, in
the region far from the nozzle exit, the energy is concen-
trated around the Kelvin–Helmholtz mode. The PSD
shapes in the turbulent cases are shown to be weakly sensi-
tive upon the TI levels whereas the dependence on the
boundary layer thickness is more pronounced. Specifically,
in the region very close to the nozzle exit, the case corre-
sponding to the thinner boundary layer exhibit a relevant
energetic content at high frequencies that, for increasing
x/D, is redistributed towards lower frequencies. On the
other hand, in the thicker case, the energy at low x/D is
concentrated at smaller frequencies. This behaviour is prob-
ably related to the effect of the dominant length scales that,
apparently, are smaller for the thinner case with respect to
the thicker one.

Further studies are definitely needed to better estab-
lish and predict the influence of the initial conditions on
the acoustic radiation. This challenging task can be
pursued in the future by improving the parametric study
and thus by increasing considerably the number of analyzed
cases.
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