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Acoustic tones generated by
impinging jets: Differences between
laminar and highly-disturbed
nozzle-exit boundary layers

Mathieu Varé and Christophe Bogey

Abstract
The differences between the acoustic tones generated by impinging jets with laminar and highly-
disturbed nozzle-exit boundary layers are investigated. For that, jets at Mach numbers between
0.6 and 1.3 impinging on a flat plate at a distance of 8 nozzle radii from the nozzle exit are computed
using large-eddy simulations. The amplitudes of the tones generated by the jets through feedback
loops establishing between the nozzle and the plate are found to be significantly affected by the exit
turbulent disturbances. In the present study, overall, they are lower for the initially laminar jets than
for the initially disturbed ones. The level decrease varies from a few dB up to 15 dB, depending on
the tones, which can change the frequencies of the dominant tones and the numbers and azimuthal
structures of their associated feedback modes. For Mach numbers 0.75 and 0.8, for instance, the
dominant tone frequencies are approximately two times lower for the initially laminar jets than for
the other ones, yielding a better agreement with experiments of the literature in the former case.
For a Mach number of 1.1, as a second example, the dominant tone is associated with the axi-
symmetric third feedback mode in the laminar case but with the helical fifth feedback mode in the
disturbed case. The differences in the tone amplitude are finally discussed by estimating the power
gains of the shear-layer instability waves between the nozzle and the plate using linear stability
analysis for the axisymmetric mode. In most cases, at the frequency of a specific tone, the higher the
gain, the stronger the acoustic tone.
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Introduction

Intense acoustic tones are known to be produced by high-speed jets impinging on a flat plate. They
have been first noticed for high subsonic jets in many experimental works, such as those of Marsh,1

Preisser,2 Neuwerth3 or Ho & Nosseir.4,5 They were later found to be emitted by supersonic jets, as
shown in the experiments of Norum,6 Krothapalli et al.7 and Henderson et al.8–10 and in the
simulations of Dauptain et al.11 and Gojon et al.,12–14 for example. Similar tones are also observed
for jets impinging on edges15 and perforated or inclined plates.16–19 The tone frequencies exhibit a
staging behaviour with the nozzle-to-plate distance, which has led Powell15 to attribute their
generation to aeroacoustic feedback loops establishing between the nozzle and the plate. The
downstream component of the loops consists of the flow disturbances convected in the jet mixing
layers, related to Kelvin-Helmholtz instability waves. The upstream component is formed by
upstream-propagating guided jet waves,20 defined by specific dispersion relations and organized
into azimuthal and radial modes. The latter waves also play a role in other resonance phenomena,
such as in jet-flap interactions21,22 and screech noise generation.23–26 They are also responsible for
the production of acoustic tones in the near pressure fields of free jets.27–30

The properties of the feedback mechanisms in impinging jets are affected by the jet Mach
number. Ho & Nosseir4,5 observed experimentally that no feedback loop establishes for Mach
numbers lower than 0.7. In other experiments,3,20,31 only an axisymmetric feedback mode is found
for subsonic jets whereas both axisymmetric and helical feedback modes can be noticed for su-
personic jets. The influence of the Mach number on the feedback frequencies has also been in-
vestigated experimentally by Jaunet et al.32 and numerically by Varé & Bogey33 for jets at Mach
numbers varying between 0.6 and 1.3. The variations of the tone Strouhal numbers St = fD/uj with
theMach number in these two studies, where f is the frequency,D the nozzle-exit diameter and uj the
jet velocity, are shown in Figure 1 for the Mach numbers considered in this work. In both cases, a
staging behaviour of the tone frequencies with the Mach number is remarked. The tone frequencies
are located in the allowable frequency bands of the free-stream upstream-propagating guided jet
waves, as expected given that these waves close the feedback loop. However, except for Mach
numbers 1 and 1.1, they are significantly higher in the simulations than in the experiments. This
discrepancy was assumed to be due to differences in the nozzle-exit conditions which correspond to

Figure 1. Variations of the frequencies of the near-nozzle tones generated by jets impinging on a plate at a
distance of 8 nozzle radii from the nozzle with the Mach number: dominant tones in the LES of Varé &
Bogey33 for initially highly-disturbed jets, measurements of Jaunet et al.,32 (grey shading) allowable frequency
bands of the free-stream upstream-propagating guided jet waves.
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highly-disturbed ones in the simulations and were unknown in the experiments. Among the nozzle-
exit conditions, the state of the boundary layers at the nozzle exit may be of great importance.
Indeed, for free jets, the laminar or turbulent state of the nozzle-exit boundary layers strongly affects
the flow development and the noise generation mechanisms, as documented in many papers.34–37

For initially laminar jets, roll-ups of the shear layer and pairings of vortical structures occur, which is
not the case for initially turbulent jets. Strong pressure waves are radiated by these vortex pairings,
leading to higher noise levels compared with those for initially turbulent jets.

For impinging jets, despite the preceding studies, the influence of the initial state of the boundary
layer on resonance mechanisms is unfortunately still unclear. Therefore, the effects of this state on
the establishment of feedback loops between the nozzle and the plate and on the variations of the
tone properties with the Mach number, namely their frequencies, amplitudes and azimuthal
structures, need to be highlighted.

In the present work, the differences between the acoustic tones created by impinging jets with
laminar and highly-disturbed nozzle-exit conditions are investigated. For that, fourteen impinging
jets at Mach numbers varying between 0.6 and 1.3 are simulated using large-eddy simulations
(LES). The supersonic ones are nearly perfectly expanded. The jets are at a Reynolds number of 105

and they impinge on a plate located at the same nozzle-to-plate distance L as in the experiments of
Jaunet et al.,32 namely 8 nozzle radii r0. Half of the jets have initially laminar boundary layers and
the other half have highly-disturbed nozzle-exit boundary layers with a peak turbulent intensity of
9%. The first objective of this work is to compare the characteristics of the acoustic tones produced
by impinging jets for the two nozzle-exit conditions. For that purpose, the flow and sound fields are
described. The near-nozzle pressure spectra are examined to highlight the emergence of tones. The
contributions of the first two azimuthal modes to the pressure fields are investigated to determine the
azimuthal structure of the jets at the tone frequencies. The variations of the frequencies, amplitudes,
widths and prominence of the tones with the Mach number are detailed. Another aim of the work is
to study the influence of the initial flow conditions on the flow development of the jets by examining
velocity spectra in the shear layer. The last objective of this paper is to explain the variations of the
tones characteristics with the initial state of the jet mixing layer. To this end, the power gains of the
Kelvin-Helmholtz instability waves between the nozzle and the plate are computed at the tone
frequencies.

This paper is organized as follows. The jet parameters and the numerical methods used in the
LES are documented in the next section. The results of the simulations are then presented. Vorticity
and pressure snapshots, mean and turbulent flow fields and pressure spectra are first described. The
variations of the frequencies, amplitudes, widths and prominences of the tones with the Mach
number are shown for both initially laminar and highly-disturbed jets. The velocity spectra in the
shear layer are presented. The amplification rates of the shear-layer instability waves between the
nozzle and the plate are evaluated at the tone frequencies using linear stability analysis. Finally,
concluding remarks are given.

Parameters

Jet parameters

The parameters of the jets computed in this work are gathered in Table 1. The jets have a Reynolds
number ReD = ujD/ν of 10

5, where uj is the jet velocity,D the nozzle diameter and ν the air kinematic
viscosity. They originate at z = 0 from a cylindrical nozzle of radius r0 and length 2r0, and are at
ambient pressure and temperature p0 = 105 Pa and T0 = 293 K. They impinge on a plate located at
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L = 8r0 downstream of the nozzle exit, as in the experiments of Jaunet et al.32 At the nozzle inlet, a
Blasius laminar boundary-layer profile with a thickness of 0.15r0 is imposed for the velocity, as
done in previous simulations of free jets with tripped boundary layers.29 In the pipe, the boundary
layers are tripped or not, yielding highly-disturbed or fully laminar nozzle-exit boundary layers.
Seven jets are tripped by adding vortical disturbances uncorrelated in the azimuthal direction in the
boundary layer at z = �r0 to create velocity fluctuations at the nozzle exit, using a procedure
described in Bogey et al.38 They have been investigated in Varé & Bogey.33 The seven other jets are
untripped. For both exit boundary-layer states, the jets have Mach numbers of M = 0.6, 0.75, 0.8,
0.9, 1, 1.1 and 1.3. The supersonic jets are nearly ideally expanded. For all jets, the nozzle-exit mean
velocity profiles look like each other. They are similar to the nozzle-inlet boundary-layer profile of
momentum thickness δθ = 0.018r0, close to that in the experiments of Zaman.34 They are rep-
resented in Varé & Bogey.33

The profiles of root-mean-square (r.m.s.) axial velocity fluctuations at the nozzle exit are
presented in Figure 2. In all cases, the turbulent intensity reaches a peak value near the nozzle wall.
For the untripped jets in Figure 2(a), the peak value increases with the Mach number, from 0.25% at
M = 0.6 up to 1.45% atM = 1.3, while for the tripped jets in Figure 2(b), it is equal to 9% for all Mach
numbers, as intended. The nozzle-exit velocity fluctuations for the untripped jets are not zero as their
mixing layers are excited by upstream-propagating pressure waves.

Numerical parameters

The numerical methods used are similar to those in recent LES of subsonic18,33 and supersonic39,40

impinging jets. In the simulations, the unsteady compressible Favre-filtered Navier-Stokes
equations, namely the equations of conservation of mass, momentum and energy, are solved in
cylindrical coordinates (r, θ, z) using an OpenMP based in-house solver. A second-order, six-stage
Runge-Kutta algorithm41 is employed for time-integration and the spatial derivatives are computed
with eleven-point low-dispersion finite-difference schemes.42 At the end of each time step, a
selective filtering is applied to remove grid-to-grid oscillations.41 This filter also acts as a subgrid-
scale model by relaxing turbulent energy near the grid cut-off frequency, without affecting the scales
discretized by more than five points per wavelength.43 No-slip and adiabatic wall conditions are
imposed to the plate and nozzle walls. In order to handle possible shocks created by the jet im-
pingement in the jet potential core, a damping procedure using a dilatation-based shock detector and
a second-order filter is used to remove Gibbs oscillations in the vicinity of shocks for z ≥ 3r0.

44 The
radiation boundary conditions of Tam & Dong45 are implemented at the radial and lateral
boundaries of the computational domain. They are associated with sponge zones combining grid
stretching and Laplacian filtering to prevent significant spurious reflections.46 The method of
Mohseni & Colonius47 is applied to treat the singularity on the jet axis. The closest point to the axis
is located at r = Δr/2, where Δr is the radial mesh size near the jet axis. The azimuthal derivatives

Table 1. Parameters of the jets: jet tripping, Reynolds number ReD, Mach number M, boundary-layer
momentum thickness δθ(z = 0) and maximum turbulent intensity maxhu02

z i=uj at the nozzle exit.

Jet tripping ReD M δθ(z = 0)/r0 maxhu02
z i=uj

Yes 105 0.6–1.3 0.018 9%
No 105 0.6–1.3 0.018 ≤2%
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near the jet axis are evaluated with fewer points than permitted by the grid to increase the time step
of the simulations.48 More precisely, the effective azimuthal resolution near the origin of the polar
coordinates is reduced down to 2π/16. The time step is set to satisfy the Courant-Friedrichs-Lewy
stability criterion with acoustic Courant numbers of 1.1, 0.9, 0.8 and 0.7 for M = 0.6, 0.75, 0.8 and
M ≥ 0.9, respectively.

Computational parameters

The same radial and axial mesh grids are used for all simulations. They are detailed in Varé &
Bogey.33 The numbers of points in the radial and axial directions are equal to 559 and 1124. In the
azimuthal direction, there are 1024 points for the tripped jets and 256 points for the untripped jets,
which yields a total number of 640 and 160 million points, respectively. The grid extends out to
r = 15r0 in the radial direction and down to z = 8r0 in the axial direction. The radial mesh spacing is
equal to Δr = 0.014r0 on the jet axis and decreases down to Δr = 0.0036r0 at r = r0 in the shear layer.
It then increases up to a value of Δr = 0.075r0 for r > 6.2r0, which yields Strouhal numbers St
varying from 4.1 for M = 1.3 up to 8.9 for M = 0.6 for an acoustic wave with five points per
wavelength. The axial mesh spacing Δz is minimum and equal to Δz = 0.0072r0 at the nozzle exit,
and maximum and equal to Δz = 0.012r0 between z = 2r0 and z = 6r0. Farther downstream, the axial
mesh spacing decreases down to Δz = 0.0072r0 on the plate at z = 8r0. The extremum values of the
mesh spacings and the stretching rates are the same as in the study of Bogey,49 where a grid
convergency study was performed for a free jet with the same ejection conditions as the present
impinging tripped jet at M = 0.9.

The variations of the mesh spacings in the wall-normal direction Δr+ and Δz+ obtained on the
nozzle inner wall and on the plate in wall units, respectively, are presented in Figure 3 for the
untripped jets. The results for the tripped jets are not shown as they look like those for the untripped
jets. In the nozzle in Figure 3(a), for all jets, the mesh spacing Δr+ does not vary much with the axial
distance. It decreases with the Mach number, from 3 atM = 0.6 down to 2 atM = 1.3. These values
are higher than 1, indicating that the near-wall turbulence is not fully resolved, but they are
sufficiently small for turbulent structures to develop inside the nozzle.55 On the plate in Figure 3(b),
for all jets, the axial mesh spacing Δz+ reaches a maximum value near r = 2r0. This value is equal to
12 for M = 0.6 and decreases with the Mach number, down to 10.8 for M = 1.3. Farther from the

Figure 2. Nozzle-exit profiles of r.m.s. values of axial velocity for the jets with (a) untripped and (b) tripped
boundary layers at M=0.6, M=0.75, M=0.8, M=0.9, M= 1, M= 1.1 and M=1.3.
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center of the plate, the mesh spacing Δz+ decreases in all cases. It remains much higher than 1,
showing that the wall jet is not well resolved.50–53 However, the noise radiated by the wall jet can be
expected to be weaker than the noise created by the jet flow structures, due to the low wall jet
velocity compared with the jet exhaust velocity.

The results presented in this paper are obtained after simulation times of 500r0/uj for the tripped
jet at M = 1.3 and 1,000r0/uj otherwise. During the simulations, density, velocities and pressure
along the jet centerline at r = 0, along the nozzle-lip line at r = r0, on the surfaces at r = 15r0,
z =�2r0, z = 0 and on the plate at z = L are recorded at a sampling frequency enabling spectra to be
computed up to St = 12. Density, velocity components and pressure are saved for the azimuthal
angles θ = 0, 90, 180 and 270° at a halved frequency. The azimuthal Fourier coefficients of the
density, pressure and velocity fields are also computed up to the mode nθ = 4 for 0 ≤ r ≤ 15r0 and
0 ≤ z ≤ 8r0. The spectra are estimated from these recordings and they are averaged in the azimuthal
direction when possible.

Results

Snapshots of the flow and acoustic fields

Snapshots of the vorticity norm and of the pressure fluctuations obtained for the jets at Mach
numbers of 0.6, 0.8, 1.1 and 1.3 with untripped and tripped boundary layers are presented in
Figure 4 on top and bottom, respectively. For brevity, the results for the jets atM = 0.75, 0.9 and 1 are
not shown because they resemble those forM = 0.8 in the former case and forM = 1.3 for the latter
cases. In the vorticity fields, for the untripped jets, in Figure 4(a)–(d), roll-ups of the shear layer and
pairings of large coherent structures are observed from the nozzle exit down to z = 4r0 whereas for
the tripped jets in Figure 4(e)–(h), fine-scale turbulent structures are found near the nozzle exit,
indicating highly-disturbed mixing layers. In all cases, the shear layers spread with the axial distance
and they impinge on the plate, which creates a wall jet.

In the pressure fields, for the tripped jets for M ≥ 0.8 in Figure 4(f)–(h), strong low-frequency
pressure waves originating from the jet impingement area on the plate dominate in the sound field.
Their wavefronts are periodically spaced, indicating a tonal radiation. They also propagate in the

Figure 3. Variations of (a) the radial mesh spacing Δr+ on the nozzle wall and (b) the axial mesh spacing on the
plate, in wall units, for the untripped jets at M = 0.6, M = 0.75, M = 0.8, M = 0.9, M = 1,

M = 1.1 and M = 1.3.

Varé and Bogey 347



upstream direction inside the jet column. For the untripped jets atM = 1.1 and 1.3 in Figure 4(c) and
(d), pressure waves similar to those for the corresponding tripped jets are observed. However, their
amplitudes are lower than for the tripped jets, suggesting a weaker resonance. For the untripped jets
atM = 0.6 and 0.8 and the tripped jet atM = 0.6 in Figure 4(a), (b) and (e), high-frequency pressure
waves are seen to be produced near the plate and the wall jet and to propagate in the upstream
direction. The sound radiation does not appear to be tonal in the three cases.

Mean flow fields

The centerline mean axial velocity, the shear-layer momentum thickness and the nozzle lip-line axial
turbulent intensity obtained between the nozzle exit and the plate are shown in Figure 5. In
Figure 5(a) and (d), for all jets, the centerline mean velocity remains close to the exit velocity down
to z = 6.5r0 and falls down to zero on the plate. For the supersonic jets, small oscillations are noticed
at the nozzle exit, due to the presence of weak shock cells. For M ≥ 1.1 for the initially laminar jets
and forM ≥ 0.9 for the initially disturbed jets, oscillations of higher amplitude are also observed for
z ≥ 4r0, suggesting that they are related to compression cells created by the jet impingement on the
plate.

In Figure 5(b) and (e), for given exit boundary-layer conditions, the shear-layer thicknesses are
similar for all Mach numbers. However, they are significantly different in the tripped and the
untripped cases. The mixing layer starts to spread at z = 2r0 for the untripped jets in Figure 5(b) and
at z = 0 for the tripped jets in Figure 5(e). Then, the shear-layer thickness grows almost linearly down
to z ≈ 6.5r0. The shear-layer growth rates are lower for the tripped jets than for the untripped ones,
which is consistent with the results obtained for free jets.36 Near the plate, in all cases, the shear-
layer thickness increases due to the formation of a wall jet.

Regarding the turbulent intensities, for the untripped jets they are very low down to z = r0 and
then quickly increase up to about 20% at z = 3r0 in Figure 5(c). This increase is related to the vortex
pairings occurring in the shear layer. Farther downstream, the levels do not vary much down to
z = 7r0 and finally fall to zero on the plate. For the tripped jets, the axial turbulent intensities sharply
rise between the nozzle exit and z = 2r0 in Figure 5(f). Then, they do not vary much down to z = 7r0,
taking values between 13% forM = 0.9 and 16% forM = 0.6, and finally collapse to zero on the plate.
The peak values of the axial turbulent intensity along the nozzle-lip line are significantly lower for the
tripped jets than for the untripped ones, as in free jets.

Near-nozzle pressure spectra

The pressure spectra obtained at z = 0 and r = 1.5r0 near the nozzle are displayed in Figure 6 for the
jets at M = 0.6, 0.8, 1.1 and 1.3 as a function of the Strouhal number. The spectra for the jets at
M = 0.75, 0.9 and 1 are not shown because they show the same trends as those forM = 0.8 in the first
case and those for M = 1.3 in the two last cases. For all Mach numbers, the broadband levels are
approximately 5 dB higher for the untripped jets than for the tripped ones. For M = 0.6, in
Figure 6(a), no tones are clearly seen in the spectra, indicating the absence of marked resonance
phenomena. For M = 0.8 in Figure 6(b), a tone appears 15 dB higher than the broadband levels at
St = 0.51 for the tripped jet but not for the untripped one. In the latter case, the peak level is located at
a lower Strouhal number of St = 0.37. For higher Mach numbers in Figure 6(c) and (d), peaks
emerging by more than 10 dB are found for both tripped and untripped jets. Their frequencies are
similar in the two cases. They are equal to St = 0.29, 0.46 and 0.66 forM = 1.1 in Figure 6(c) and to
St = 0.35 and 0.51 for M = 1.3 in Figure 6(d). For M = 1.1, the dominant peak changes with the
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Figure 4. Snapshots in the (z, r) plane of vorticity norm in the flow and of pressure fluctuations outside for the
(top) untripped and (bottom) tripped jets at (a,e)M = 0.6, (b,f)M = 0.8, (c,g)M = 1.1 and (d,h)M = 1.3. The
color scales range from 0 to 15uj/r0 for vorticity, from black to yellow, and between (a,b,e,f) ± 0.005p0 and
(c,d,g,h) ± 0.01p0 for pressure, from black to white.
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nozzle-exit condition. Indeed, it is located at St = 0.29 for the untripped jet and at St = 0.46 for the
tripped one. Regarding the tone amplitudes, in most cases, they are higher for the initially highly-
disturbed jets than for the initially laminar jets.

The variations of the frequencies of the dominant peaks with the Mach number are plotted in
Figure 7, alongside with those in the experiments of Jaunet et al.32 For M = 0.9, 1 and 1.3, the
frequencies of the dominant peak are very similar for the untripped and tripped jets. For the other
Mach numbers, however, they differ. The peak level frequencies for the untripped cases are higher
for M = 0.6 and lower for M = 0.75, 0.8 and 1.1 than in the tripped cases. Regarding the tone
frequencies in the experiments of Jaunet et al.,32 they are similar to those for the untripped jets for
M = 0.75 and 0.8, to those for the tripped jet forM = 1.1 and to those for both jets forM = 1. These

Figure 6. Sound pressure levels (SPL) at z = 0 and r = 1.5r0 for (a) M = 0.6, (b) M = 0.8, (c) M = 1.1 and
(d) M = 1.3; untripped and tripped jets.

Figure 5. Variations of (a,d) the centerline mean axial velocity huzi/c0, (b,e) the shear-layer momentum thickness
δθ/r0 and (c,f) the axial turbulent intensity hu0

zu
0
zi

1=2
=uj at r = r0 for the (top) untripped jets and (bottom) tripped

jets; M = 0.6, M = 0.75, M = 0.8, M = 0.9, M = 1, M = 1.1 and M = 1.3.
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results suggest that the discrepancies observed between the LES and the experiments are due to
differences in the nozzle-exit conditions.

The tones are produced by feedback loops establishing between the nozzle and the plate. To
predict the feedback frequencies, the feedback period is usually approximated as the sum of two
characteristic times,4 namely the time of convection of the flow structures from the nozzle exit down
to the plate and the time of propagation of the acoustic waves travelling upstream at the ambient
speed of sound, yielding

f ¼ Nhuci
Lð1þMcÞ (1)

where huci is the mean convection velocity between the nozzle and the plate, Mc = huci/c0 is the
convection Mach number and N is an integer representing the order of the feedback mode. The
integer N corresponds to the number of coherent structures between the nozzle and the plate. Each
tone frequency can thus be related to an integer N, given in what follows.

Azimuthal decomposition of the pressure spectra

The contributions of the first two azimuthal modes to the spectra at z = 0 and r = 1.5r0 are presented
in Figure 8 for M = 0.6, 0.8, 1.1 and 1.3, as previously. The dominant tone is found for the helical
mode nθ = 1 for the tripped jet at M = 1.1, and for the axisymmetric mode in all other cases. For
M = 0.6 in Figure 8(a) and (e), the Strouhal number of the dominant peak differs with the nozzle-exit
conditions. It is equal to 0.83 for the untripped jet and to 0.32 for the tripped one. For M = 0.8 in
Figure 8(b) and (f), peaks are found for nθ = 0 at the same Strouhal numbers St = 0.37, 0.45, 0.51 and
1.2 for the tripped and untripped jets. The dominant peak frequency however differs. For the
untripped jet, the peak at St = 0.37 is slightly higher than the other peaks, whereas for the tripped jet,
the dominant peak emerges strongly by 20 dB from the broadband levels at St = 0.51. For nθ = 1, a
peak is observed at St = 0.8 for the two jets. ForM = 1.1 in Figure 8(c) and (g), the contributions of

Figure 7. Variations of the near-nozzle peak Strouhal numbers with the Mach number: dominant peaks in the
LES for the untripped and tripped jets; measurements of Jaunet et al.32 for L = 8r0.
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the two azimuthal modes to the spectra are similar for the two initial flow conditions. The tones at
St = 0.29 and 0.66 are linked to the mode nθ = 0 and the tone at St = 0.46 is related to the mode nθ = 1.
They are more intense for the tripped jet than for the untripped one. Moreover, the dominant tone is
found at St = 0.29 for the untripped jet but at St = 0.46 for the tripped jet, for nθ = 0 and nθ = 1,
respectively. In this case, the dominant jet oscillation mode changes with the nozzle-exit conditions.
Finally, forM = 1.3 in Figure 8(d) and (h), in both cases, the dominant peak at St = 0.51 is associated
with the mode nθ = 0 and secondary peaks are noticed at St = 0.2 for nθ = 0 and around St = 0.35 for
nθ = 1. The peaks are stronger by 5 to 15 dB for the initially highly-disturbed jet than for the other jet.

The peak Strouhal numbers in the near-nozzle spectra for the first two azimuthal modes are
plotted in Figure 9 as a function of theMach number. For nθ = 0, in Figure 9(a), the peak frequency is

Figure 9. Variations of the peak Strouhal numbers in the near-nozzle pressure spectra with the Mach number for
(a) nθ = 0 and (b) nθ = 1: untripped and tripped jets, (grey shading) allowable frequency bands of the free-
stream upstream-propagating guided jet waves; equation (1) with N varying from 1 to 9 and huci = (2/3)uj.

Figure 8. Sound pressure levels (SPL) at z = 0 and r = 1.5r0 for (top) untripped and (bottom) tripped jets at
(a,e) M = 0.6, (b,f) M = 0.8, (c,g) M = 1.1 and (d,h) M = 1.3; full signal, nθ = 0 and nθ = 1.
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about three times higher in the untripped case than in the tripped case forM = 0.6. ForM = 0.75 and
0.8, on the contrary, the peak frequencies are significantly lower in the first case. For higher Mach
numbers, they are similar for the two initial flow conditions. For nθ = 1 in Figure 9(b), the peak
frequencies are also the same for the tripped and untripped jets at all Mach numbers.

The frequency ranges of the free-stream upstream-propagating guided jet waves with a non-
negligible amplitude on the nozzle lip line estimated using a vortex-sheet model29,30 are indicated.
Each band is associated with a radial mode of the guided jet waves, whose order nr increases with the
frequency. For nθ = 0, the dominant tones lie in the band of the first radial mode for M ≤ 1.1 and of
the second radial mode for M = 1.3. For nθ = 1, they are all located in the band of the first radial
mode. In particular, for nθ = 0 and nr = 1 in Figure 9(a), the dominant tones are close to the mode
cutoff frequency for the jets emitting intense tones, namely for all jets atM ≥ 0.9 and for the tripped
jets at M = 0.75 and 0.8, as observed for the near-nozzle tones of free jets.29 In contrast, they are
far from the band upper limit for the untripped jets at M = 0.75 and 0.8 and the tripped jet at
M = 0.6 generating no tones. For the untripped jet atM = 0.6, however, the peak frequency is near the
band limit, suggesting that the small peak at St = 0.83 in the pressure spectrum is produced by a
weak resonance.

In Figure 9, the frequencies predicted by equation (1) for different N are also plotted. For
both azimuthal modes, the peak frequencies fall close to the frequencies curves thus obtained. For
nθ = 0 for the tripped jets, the mode order is equal to N = 3 forM = 0.6, jumps to N = 6 forM = 0.75,
then as the Mach number increases, it decreases down to N = 3 at M = 1.1 and finally it is equal to
N = 6 forM = 1.3. These changes in the feedback mode order is explained by the closure of the loops
by the guided jet waves.33 Indeed, the values of N vary so that the tone frequencies stay in the bands
of the guided jet waves. Notably, for nθ = 0, the feedback mode N rises from N = 3 at M = 1.1 to
N = 6 atM = 1.3 as the tonal frequency switches from the first radial mode of the guided jet waves to
the second radial mode.

To quantify the changes in the peak properties with the nozzle-exit conditions, the variations of
the amplitude, width at half maximum and prominence of the near-nozzle tones with the Mach
number for nθ = 0 are displayed in Figure 10. The prominence is estimated as the difference between
the peak level and the first minimum value reached for higher frequencies.29 In Figure 10(a), the
peak levels are similar for the untripped and tripped jets for M = 0.6 and M = 1.1. For the other jet
velocities, they are higher by 7 to 15 dB for the tripped jets. In Figure 10(b), the peak widths are
slightly larger for the tripped jets than for the untripped jets forM ≤ 0.8 andM = 1.3. On the contrary,
for the other Mach numbers, the peaks are two to three times thinner for the tripped jets.

Figure 10. Variations of (a) the amplitude, (b) the width and (c) the prominence of the dominant near-nozzle
tones with the Mach number for nθ = 0: untripped jets, tripped jets.
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In Figure 10(c), for M = 0.6, the peak at St = 0.83 in the spectrum for the untripped jet is found to
emerge more strongly than the hump at St = 0.33 in the spectrum of the tripped jet. For higher Mach
numbers, the peaks are more prominent for the highly-disturbed jets than for the initially laminar
jets, which is most likely due to higher broadband levels in the latter case.

Shear-layer velocity spectra

To compare the development of the jet flow structures for the two different nozzle-exit conditions,
the spectra of the radial velocity fluctuations in the shear layer at r = r0 between the nozzle exit
and the plate are represented in Figure 11 for M = 0.6, 0.8, 1.1 and 1.3. For the untripped jets at
M = 0.6 and 0.8 in Figure 11(a) and (b), two spots of strong levels are visible. The first spot is found
near the nozzle around z = 2r0 for Strouhal numbers between 1.5 and 2. These frequencies are close
to that of StD = 1.77, corresponding to the frequency Stθ = fδθ(z = 0)/uj = 0.016 predicted for the most
amplified Kelvin–Helmholtz instability waves at the nozzle exit using linear stability analysis.54 The
second spot lies between z = 2r0 and 4.5r0 and around the first subharmonic of the initial most
unstable frequency. Therefore, it results from the pairings of vortical structures in the shear layer.
For the highly-disturbed jets at the M = 0.6 and 0.8 in Figure 11(e) and (f), the velocity spectra
strongly differ from those for the initially laminar jets. Only one large spot is visible for z ≥ 4r0 and
for St ≤ 1, farther downstream and at frequencies lower than the high-energy spots for the untripped
cases. This spot can be related to the formation of large coherent flow structures in the shear layers.
For M = 0.8 in Figure 11(f), two stripes are also observed at St = 0.51 and its first harmonic,
indicating the development of flow structures at the feedback frequencies.

For the supersonic jets, in Figure 11(c), (d), (g) and (h), the highest levels are located along thin
lines starting at z ≈ 2r0 and extending down to the plate. These lines are found at the Strouhal
numbers of the dominant tones in the pressure spectra, highlighting an effective and persistent
forcing of the shear-layer flow structures by the upstream-propagating guided jet waves. Some

Figure 11. Power spectral densities of the fluctuations of radial velocity normalized by the jet velocity at r = r0
between the nozzle and the plate for the (top) untripped and (bottom) tripped jets for (a,e) M = 0.6,
(b,f) M = 0.8, (c,g) M = 1.1 and (d,h) M = 1.3, Stθ = 0.016 and 0.08. The color scale is 6 dB higher for the
untripped jets than for the tripped ones and spreads over 3 dB, from white to black.
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differences between the results for the two initial flow conditions can be pointed out. First, for
M = 1.1, the frequencies of the strongest levels are equal to St = 0.66 for the untripped jet in
Figure 11(c) but to St = 0.46 for the tripped jet in Figure 11(g). Second, forM = 1.3, a high intensity
line is observed at the first harmonic of the dominant frequency St = 0.51 for the highly-disturbed jet
in Figure 11(h), which is not the case for the other jet in Figure 11(d).

Spectra of the radial velocity fluctuations and the contributions of the first two modes to these
spectra estimated near the nozzle and near the plate forM = 0.6, 0.8, 1.1 and 1.3 are presented. The
spectra obtained near the nozzle at r = r0 and z = 0.4r0 are plotted in Figure 12. For all jets, they are
dominated by broad humps and narrow peaks. The humps are found near the most unstable
frequencies calculated using linear stability analysis near the nozzle exit. They are visible for the full
signals and for nθ = 0 and 1 for the untripped jets, but only for nθ = 0 and 1 for the other jets. The
peaks are located at the same frequencies as those in the near-nozzle pressure spectra, highlighting a
forcing of the flow by upstream-propagating guided jet waves.30 They emerge more sharply for the
tripped jets, suggesting a stronger excitation of the flow by the upstream-propagating waves in
this case.

The spectra of the velocity fluctuations obtained near the plate at r = r0 and z = 7r0 are presented
in Figure 13. Their levels are higher for the initially laminar jets than for the other ones, in agreement
with the stronger shear-layer velocity fluctuations in Figure 5(c) and (f). They all display a low-
frequency hump around St = 0.5 due to the presence of large-scale flow structures. Tones also appear
in the spectra for the same Mach numbers, frequencies and azimuthal modes as in the near-nozzle
velocity spectra, showing that flow structures develop at the feedback frequencies from the nozzle
down to the plate. However, the tone emergence significantly differ for the two initial flow
conditions. In particular, the tones are more prominent in the tripped jets than in the untripped ones,
suggesting a stronger resonance for the first jets. ForM = 0.8 andM = 1.3 in Figure 13(b), (f) and (d),
(h), the harmonics of the dominant tone for nθ = 0 can also be seen for the tripped jets but not for the
untripped ones, supporting the latter claim.

Figure 12. Power spectral densities of the fluctuations of radial velocity at r = r0 and z = 0.4r0 for the (top)
untripped and (bottom) tripped jets for (a,e)M = 0.6, (b,f)M = 0.8, (c,g) M = 1.1 and (d,h)M = 1.3, full
signal, nθ = 0 and nθ = 1, Stθ = 0.016.
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Power gains of the Kelvin-Helmholtz instability waves between the nozzle and the plate

Finally, the total amplification rates of the instability waves between the nozzle and the plate are
computed to discuss the origin of the differences of the amplitude of the near-nozzle tone with the
state of the nozzle-exit boundary layer. For that, as done in a recent work,33 an inviscid spatial
stability analysis is performed from the hyperbolic-tangent velocity profile54:

uzðrÞ
uj

¼ 1

2

�
1� tanh

�
1

2

ðr � r0Þ
δθðzÞ

��
(2)

where δθ(z) is the shear-layer momentum thickness. The LES mean velocity profiles are not used
directly because they contain strong flow oscillations near the plate, making the linear stability
analysis difficult. As in previous investigations,55,56 the compressible Rayleigh equation is solved
with a shooting technique,57 employing the Euler method for the integration step and the secant
method for the search of the complex wavenumber. For a given Strouhal number St, the growth
rates �ki of the instability waves, where ki is the imaginary part of the wavenumber, are first
evaluated at z = 0 for a hyperbolic-tangent profile of thickness δθ(z = 0). The growth rates for the
other axial locations are deduced from these results using a scaling with the shear-layer thickness.54

Since the wavenumbers of the damped waves with ki ≥ 0 are not accurately estimated by the solving
of the Rayleigh equation,57 their imaginary parts are set to zero.

The growth rates �kir0 obtained for nθ = 0 between z = 0 and 8r0 are presented in Figure 14 for
the jets atM = 0.6, 0.8, 1.1 and 1.3. The spatial variations of the growth rates are similar for all jets.
Near the nozzle, the rates are highest for Strouhal numbers higher than 1. Then the most unstable
frequencies decrease with the axial distance due to the shear-layer thickening.56,58 They are reduced
down to St = 0.5 at z = 2r0 and they reach Strouhal numbers lower than 0.2 near the plate. Therefore,
at high frequencies, the instability waves grow over a very short distance to the nozzle exit whereas
at low frequencies, they are amplified all over the nozzle-to-plate distance. For both untripped and

Figure 13. Power spectral densities of the fluctuations of radial velocity at r = r0 and z = 7r0 for the (top)
untripped and (bottom) tripped jets for (a,e)M = 0.6, (b,f)M = 0.8, (c,g) M = 1.1 and (d,h)M = 1.3, full
signal, nθ = 0 and nθ = 1.
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tripped exit boundary layers, the growth rates decrease as the Mach number increases, because the
jet flow is more stable for higher Mach numbers.54,57 However, differences can be noticed between
the two initial flow conditions. For instance, downstream of the nozzle, the growth rates for
St ≥ 0.5 remain high over a longer distance for the untripped jets than for the tripped ones, typically
of 2r0 in the first case and r0 in the second. This can be due to the slower spreading of the mixing
layer near the nozzle in the untripped jets, illustrated in Figure 5(b) and (e). On the contrary, for
z ≥ 4r0 and St ≤ 0.5, the growth rates are lower for the untripped jets than for the tripped ones.

To quantify the amplification of the instability waves between the nozzle and the plate, the
growth rates of the Kelvin-Helmholtz waves are integrated between z = 0 and L, as done in previous
works,30,33,59–62 giving the power gain A:

AðStÞ ¼ exp

�Z L¼8r0

0

�kiðSt, zÞdz
�

(3)

The power gains Auntrip and Atrip obtained for the untripped and tripped jets at the frequencies of
the near-nozzle tones for nθ = 0 are provided in Table 2. For each Mach number, the highest gain
value is shown in bold. ForM = 0.6, the gain is computed at the Strouhal number St = 0.83 at which

Table 2. Peak Strouhal numbers St and power gains Auntrip and Atrip of the shear-layer instability waves between
the nozzle and the plate for the untripped and tripped jets at these frequencies, for nθ = 0.

M 0.6 0.75 0.8 0.9 1 1.1 1.3

St 0.83 0.61 0.51 0.40 0.31 0.29 0.51
Auntrip (St) 566 180 117 55 39 37 74
Atrip (St) 212 226 185 104 137 106 37

The strongest power gains at a given Mach number are written in bold.

Figure 14. Instability growth rates �kir0 for nθ = 0 as a function of the axial position z and of the Strouhal
number St for the (top) untripped and (bottom) tripped jets and at (a,e) M = 0.6, (b,f) M = 0.8,
(c,g) M = 1.1 and (d,h) M = 1.3, most unstable frequencies. Contour lines for the levels 0, 0.5 and 1 are
drawn in black. The colorscale ranges from 0 to 3, from white to red.
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there is a peak for the untripped jet but not for the tripped one. The value of the gain is higher in the
first case than in the second case, which is consistent with the above. For Mach numbers between
0.75 and 1.1, the power gains at the tone frequencies are higher for the initially disturbed jets than for
the other ones. The shear-layer instability waves at the feedback frequencies are thus more amplified
between the nozzle and the plate in the first case, which can explain the stronger tones in the near-
nozzle pressure spectra. For M = 1.3, the highest power gain is obtained for the untripped jet.
However, the near-nozzle acoustic tone is weaker for this jet than for the tripped jet. The reason for
this mismatch is unclear. It can be due to uncertainties in the calculation of the gain, in particular the
facts that a hyperbolic-tangent velocity profile is used and that the damping rates of the evanescent
instability waves are not taken into account when �ki < 0.

Conclusion

In this paper, the differences between the acoustic tones generated by impinging jets with
laminar and highly-disturbed nozzle-exit conditions have been investigated using LES for Mach
numbers varying between 0.6 and 1.3. These tones are produced by feedback mechanisms
establishing between the nozzle and the plate. Their amplitudes are higher for the highly-
disturbed jets than for the initially laminar ones. These variations in the tones amplitudes with
the nozzle-exit conditions can change the dominant peak frequency and its azimuthal mode. For
instance, for M = 1.1, the strongest tone is associated with an axisymmetric mode for the
untripped jet and with the first helical mode for the tripped one. Moreover, forM = 0.75 and 0.8,
the dominant peak frequency is about two times lower for the initially laminar jets than for the
highly-disturbed ones, yielding frequencies closer to those in the experiments of Jaunet et al.32

in the first case. The initial flow conditions can thus explain some of the discrepancies in the
tonal frequencies between previous simulations and the experiments. However, these dis-
crepancies remain forM = 0.9 andM = 1.3 whether the jet is tripped or not. They may be related
to differences in the nozzle geometry, as a cylindrical nozzle is used in the simulations whereas a
convergent nozzle is employed in the experiments. They may also be due to other nozzle-exit
conditions, such as the shear-layer thickness or the shape of the nozzle-exit profiles. Therefore,
in future works, it would be relevant to investigate the influence of these conditions on the
frequencies of the tones emitted by impinging jets.
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