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ABSTRACT

The influence of the nozzle-exit boundary-layer
thickness on the noise produced by initially laminar
subsonic impinging jets is investigated using large-eddy
simulations. For that purpose, six round jets at Mach
numbers of 0.6 or 0.9, with nozzle-exit boundary-layer
thickness equal to 0.05rg, 0.1rg or 0.2ry, where rq is
the pipe-nozzle radius, are considered. They impinge
on a plate located at 61y from the nozzle-exit plane.
For the jets at a Mach number of 0.9, the near-nozzle
pressure spectra exhibit tones, at similar frequencies in
all cases. However, for a thicker boundary layer, the
dominant tone is nearly 30 dB stronger. The gain in
amplitude of the shear-layer instability waves developing
at its frequency between the nozzle and the plate also
increases for thicker boundary layers. This indicates that
the rise of the peak amplitude is the result of a higher
amplification of the shear-layer instability waves. For the
jets at a Mach number of 0.6, a large low-frequency hump
and weak narrow peaks are found in the near-nozzle
pressure spectrum for the thickest boundary layers, while
no peaks are observed in the other cases. This suggests
that impinging jets at Mach number lower than 0.65 can
become resonant as their boundary layers are thicker.
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1. INTRODUCTION

Strong acoustic tones are produced when highly subsonic
or supersonic jets impinge on a plate [1-5]. Numerous
studies have shown that these tones are due to aeroacoustic
feedback loops establishing between the jet nozzle and
the plate. The feedback loops consist of downstream-
propagating shear-layer instability waves and upstream-
travelling acoustic waves. Their different parts are
detailed in the recent review by Edgington-Mitchell [6].

The downstream part of the feedback loops is well
known. It involves large-scale coherent structures which
are formed through the amplification of shear-layer
instability waves along the jet mixing layers. Tam
& Ahuja [7] and, afterwards, many authors [8,9]
demonstrated that the upstream-travelling waves closing
the feedback loops are acoustic modes of the jets. These
modes have been first studied in detail by Tam & Hu [10]
by modeling jets as annular vortex sheets of infinite
length. They are only allowed in narrow frequency bands
and share similarities with duct modes. The waves are
mainly confined inside the jet column and are thus called
guided jet waves in recent papers.

The effects of the Mach number and of the
nozzle-to-plate distance on the tone frequencies have
been documented in previous studies [3,11]. For
a jet at a given Mach number, the tone frequency
decreases as the nozzle-to-plate distance increases, and
suddenly increases discontinuously for certain nozzle-
to-plate distances [1,4], exhibiting a mode staging
phenomenon typical of those observed in resonant flows
with feedback loops.  For jets at Mach numbers
lower than 0.65, no tones are found in the acoustic
spectra [5, 11], whereas this is the case for jets at higher
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Mach numbers. The tone frequencies decrease as the
Mach number increases [3,11]. For impinging jets at
a given Mach number, Tam & Ahuja [7] showed that
the mean tone frequency, determined by averaging the
tone frequencies obtained for different nozzle-to-plate
distances, corresponds to the lowest frequency of the
least-dispersed guided jet waves. The latter frequency
increases as the Mach number decreases, which allowed
Tam & Ahuja [7] to explain the absence of tones for
impinging jets at Mach numbers lower than 0.65 by
pointing out that, for these Mach numbers, the lowest
frequency of the least-dispersed guided jet waves is too
high compared with the frequency of the most amplified
shear-layer instability waves between the nozzle and the
plate.

The tone frequencies obtained in two separate
experiments for a given nozzle-to-plate distance also
differ in some cases. For example, for a jet at a Mach
number of 0.8 impinging on a plate located at four nozzle
diameters from the nozzle-exit plane, Jaunet et al. [3]
reported a tone at a frequency lower than the one measured
by Panickar & Raman [8]. In some cases, differences are
also found between the tone frequencies obtained in high-
fidelity numerical simulations and in experiments. This
can be observed, for instance, for the tone frequencies
reported recently in the numerical study by Varé &
Bogey [11] and those measured by Jaunet er al. [3].
The differences are often attributed to the nozzle-exit
conditions (boundary-layer profile and initial turbulence
level), not always known in the experiments. For free
jets, it has been found, for instance, that the nozzle-exit
conditions have a strong influence on the flow and noise of
the jets [12,13]. In particular, the frequency and growth
rate of the shear-layer instability waves developing near
the nozzle of jets with laminar boundary layers decrease
for thicker boundary layers [12,19].

To the best of the authors’ knowledge, the effects
of the nozzle-exit conditions on the noise produced by
impinging jets have not been described yet. They are,
however, likely to be significant. Indeed, since the
properties of the shear-layer instability waves vary with
the nozzle-exit conditions in free jets [12,13,19], the
gain in amplitude of the instability waves between the jet
nozzle and the plate, and consequently, the amplitudes of
the tones found in impinging jets, are also expected to vary
with the nozzle-exit conditions. Furthermore, for a jet at a
Mach number lower than 0.65, the frequency of the shear-
layer instability waves and of the least-dispersed guided
jet waves are closer to each other for thicker boundary
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layers, which could enable the establishment of feedback
loops.

Given the above, the influence of the nozzle-exit
boundary-layer thickness on the noise generated by
subsonic impinging jets is investigated in the present
study. The first objective is to estimate the dependence
of the tone frequencies and amplitudes on the nozzle-
exit boundary-layer thickness for an impinging jet at
a Mach number of 0.9. The second objective is to
evaluate the effects of the boundary-layer thickness on the
amplification of the shear-layer instability waves between
the nozzle and the plate. A third objective is to determine
whether feedback loops can happen for jets at a Mach
number lower than 0.65.

The study is conducted by analyzing the flow and
noise of six initially laminar impinging round jets at
Mach numbers of 0.6 or 0.9 computed using large-eddy
simulations. The jets impinge on plate located at 6
nozzle radii from the nozzle-exit plane. Their nozzle-exit
boundary layers have thicknesses ranging from 0.057¢ to
0.2r¢, where rg is the nozzle radius. In what follows,
results are provided after a brief description of the
simulation parameters and numerical methods. The jets
at a Mach number of 0.9 are studied in a first part and
those at a Mach number of 0.6 in a second part.

2. PARAMETERS AND METHODS
2.1 Jets parameters

Jets at Mach numbers M = wu;/cy = 0.6 and 0.9,
where u; is the jet velocity and cg is the ambient speed
of sound, impinging on a flat plate located at 6ry from
the nozzle-exit plane, are considered. At the nozzle-exit,
at z = 0, they exhaust from a straight round nozzle into
ambient medium at pressure py = 10° Pa and temperature
Ty = 293 K. The nozzle-exit boundary-layers are fully
laminar and have thicknesses dgy, equal to 0.057, 0.17¢
or 0.27¢, as reported in Table 1. The jet Reynolds number
isequal to Re = u; D Jv = 10°, where v the air kinematic
viscosity and D = 2r is the nozzle diameter.

Table 1. Jet parameters: Mach number M = u;/cg
and nozzle-exit boundary-layer thickness dpr..

M 06 06 06 09 09 09
Sgr/ro 005 0.1 02 005 0.1 02

AN

Associozione
Italiana
di Acusfica



forumacusticum 2023

2.2 Numerical methods

The large-eddy simulations are carried out using
the same framework as in previous impinging jet
simulations [9,14]. They are performed by solving
the unsteady compressible Navier-Stokes equations in
cylindrical coordinates (r, 6, z) using low-dispersion and
low-dissipation explicit schemes. Fourth-order eleven-
point centered finite differences are implemented for
spatial discretization and a second-order six-stage Runge-
Kutta algorithm is used for time integration [15]. A
sixth-order eleven-point centered filter [16] is applied
explicitly to the flow variables at the end of each
time step to remove grid-to-grid oscillations without
affecting the wavenumbers accurately resolved, and also
to dissipate the kinetic turbulent energy near the grid
cut-off frequency. The singularity at » = 0 is treated
using extra mesh points by applying the method of
Mohseni & Colonius [17]. To increase the time step,
the derivatives in the azimuthal direction are computed
at coarser resolutions than permitted by the grid. Near
the plate, for z > 3rg, to avoid the development of
high amplitude Gibbs oscillations that can be found near
a shock, a shock-capturing filtering procedure based on
a shock detector and a second-order filter with reduced
errors in the Fourier space is applied to the velocity,
pressure and density fluctuations [16]. Non-centered
finite differences and filters are used near the pipe walls
and the grid boundaries. The radiation conditions of
Tam & Dong [18] are applied at the boundaries to avoid
significant reflections. A sponge zone combining mesh
stretching and Laplacian filtering is also implemented
at the boundaries. No-slip and adiabatic wall boundary
conditions are imposed to the plate and the pipe walls.

2.3 Computational parameters

The jets are simulated using the same grid, containing
N, = 559 points in the radial direction, Ny = 256
points in the azimuthal direction and N, = 1122 points
in the axial direction, yielding a total number of points of
160 millions. It extends radially out to » = 15r(, and
axially from z = —10ry down to the plate, at z = 6r,
excluding the sponge zone which is between z = —20rq
and z = —10r. In the radial direction, 96 points are
used between » = 0 and r = r. The mesh spacing Ar
is minimum in the shear layer, at r = 7y, where it is
equal to Aryi, = 0.0036rg. It increases from r = rg
up to r = 6.2r¢g where Ar = 0.075r¢, then is constant
up to r = 15rg. The latter mesh spacing leads to a
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Strouhal number of St = fD/u; = 5.9, where f is
the frequency, for an acoustic wave discretized by five
points per wavelength. In the axial direction, the mesh
spacing Az is minimum and equal to Az, = 0.0072r¢
at the nozzle exit. It increases down to z = 2ry, where
Az = 0.12rg, then is constant down to z = 4rg, and
finally decreases and reaches Az, again at the plate.
The time step is given by At = 0.7Armin/co. In all
simulations, the signals of density, velocity and pressure
have been recorded at several locations during a time
varying from 17007 /u; to 24007 /u; depending on the
jet, after a transient period of 500ro/u;. The Fourier
coefficients of the first five azimuthal modes ng = 0 — 4
of the flow variables have also been stored. The sampling
frequency enables to compute spectra up to St = 6.4.
The spectra have been averaged in the azimuthal direction
when possible.

2.4 Linear stability analysis

A linear stability analysis is carried out to estimate the
variations of the growth rate of the shear-layer instability
waves with the Strouhal number. It is performed
using the mean flow fields obtained from the large-eddy
simulations, with the same techniques as in a previous
study by Bogey & Sabatini [13]. For this purpose, the
mean flow fields are first interpolated on a uniform grid
which extends radially out to » = 37¢ and axially from
the nozzle-exit down to the plate, with mesh spacings
Ar = 0.00005r¢ and Az = 0.05r¢. The compressible
Rayleigh equation is then solved for the axisymmetric
mode using a shooting technique [19] for all axial
positions. Downstream of the near-nozzle mixing layers,
typically between z = 1.5r and z = 3rg, the solutions
diverge at axial positions which depend on the jet Mach
number and the boundary-layer thickness. To evaluate
the growth rates at the axial positions where the solutions
diverge and further downstream, the growth rates are then
approximated using the values obtained at the position
of the last converged solution assuming that they scale
with the momentum thickness. The growth rates of the
damped waves are not evaluated accurately by solving the
Rayleigh equation [19]. However, results obtained by
Tam & Morris [20] indicate that the growth rates vary
approximately linearly with the Strouhal number above
the frequency of the neutral shear-layer instability waves.
In the present work, the growth rates of the damped waves
are therefore approximated using linear extrapolation.
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3. RESULTS
3.1 Jets at a Mach number of 0.9
3.1.1 Vorticity and pressure snapshots

To illustrate the influence of the nozzle-exit boundary-
layer thickness on the jet development and acoustic
radiation, snapshots of vorticity norm and pressure
fluctuations are presented for the three jets at M = 0.9
in figure 1. In the vorticity fields, vortex rolling-ups and
pairings are observed in all cases. They occur closer to
the nozzle exit as the boundary-layer thickness decreases,
which leads to a faster development of the mixing layers
for the jet with thinner boundary layers.

In the pressure fields, the levels increase for a thicker
nozzle-exit boundary layer. For the jet with the thinnest
boundary layers in figure 1(a), the pressure field has
no clear organization and exhibits both low- and high-
frequency waves. For the two jets with the thickest nozzle-
exit boundary layers in figures 1(b,c), in contrast, low-
frequency acoustic waves originating from the plate are
observed. They are characterized by regularly spaced
wavefronts symmetrical with respect to the jet axis.
Therefore, the jets with dg;, > 0.1rg produce a strong
tonal axisymmetric noise.

3.1.2 Near-nozzle pressure spectra

The pressure spectra computed at z = 0 and = 1.5r( are
plotted as a function of the Strouhal number in figure 2.
In all cases, numerous peaks emerge at frequencies which
are very similar for the three nozzle-exit boundary-layer
thicknesses. The strongest peaks are obtained at Strouhal
numbers St ~ 0.32, 0.41, 0.68 and 0.82. The dominant
peak, at St ~ 0.41, is associated with the axisymmetric
mode and is named A;. It emerges from the broadband
noise by 11 dB for dg;, = 0.05rg, and much more
strongly, by more than 26 dB, for égr, > 0.1rg.
Moreover, the amplitude of this peak strongly increases
for a thicker nozzle-exit boundary layer. It increases by
20dB between g, = 0.05rg and dgr, = 0.1rg, and by
8 dB between dg;, = 0.1r¢ and dgr, = 0.2ry. For the
jets with gy, > 0.17¢, peaks at the frequency of the first
two harmonics of the strongest peak are also observed for
St ~ 0.82 and 1.23. Their amplitudes are higher for a
thicker boundary layer. The peak at St ~ 0.32 is also
associated with the mode ng = 0 and is named A,. It
emerges strongly from the broadband noise for the jets
with dg;, = 0.05rg and 0y, = 0.2ry, and more weakly
for the jet with dpr, = 0.1rg. Its amplitude increases by
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Figure 1. Snapshots in the (z,7) plane of vorticity
norm in the flow and of pressure fluctuations outside
for the jets at M = 0.9 with (a) dg, = 0.0571,
(b) ogr, = 0.1r¢ and (c) o, = 0.2r9. The color
scales range between +20u;/ro for vorticity, and
between £0.02pq for pressure, from blue to red.
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4dB between ég;, = 0.05rp and dg;, = 0.1y, and by
14 dB between dg;, = 0.1rg and dgy, = 0.2rg. The third
peak, at St ~ 0.68, is associated with the first helicoidal
mode and is named H;. Its amplitude increases by 5dB
between dgr, = 0.05r¢ and dg;, = 0.17g, and decreases
by 3dB between g1, = 0.1r¢ and dgr, = 0.2ry.

The lowest cut-off frequencies of the free-stream
upstream-propagating guided jet waves for ng = 0 and
ng = 1 are also indicated in figure 2. In agreement with
previous studies [3,9,11], the frequencies of the peaks
A; and H; are very close to these frequencies, for ng = 0
and ny = 1, respectively. This is not the case for the peak
As, which may explain why this peak is less strong than
the peak A;.

3.1.3 Power gains of the shear-layer instability waves

The tone amplitudes are likely to vary with the gain in
amplitude of the shear-layer instability waves developing
between the jet nozzle and the plate at the tone
frequencies. In an attempt to explain the variations of the
sound levels with the boundary-layer thickness, this gain
is thus estimated. It is approximated by

zZ2
G (St) = exp (/ —k; (2, St) dz) ) (1)
z1

where —k; (z,St) is the growth or decay rate of the
shear-layer instability waves obtained by linear stability
analysis, and z; = 0.1rg and z; = b5.5r¢ are arbitrary
integration bounds. The variations of the gain with
the Strouhal number are presented in figure 3. In all
cases, the gain is higher and then lower as the Strouhal
number increases. It reaches a maximum at St ~ 0.8
for ogr, = 0.05rg, at St ~ 0.7 for dg;, = 0.1rg,
and at St ~ 0.5 for dg, = 0.2rg. The values
obtained at the frequencies of the peaks A; and A,
shown in figure 3, increases for a thicker nozzle-exit
boundary layer. Therefore, the amplification of the shear-
layer instability waves developing at the tone frequencies
between the nozzle and the plate is stronger for thicker
boundary layers. This suggests that the increase of
the amplitudes of the two dominant peaks is due to a
stronger amplification of the shear-layer instability waves.
Moreover, in all cases, the gain at the frequency of the
peak A; is higher than the gain at the frequency of the
peak A,, indicating that the instability waves developing
at the frequency of the peak A; between the nozzle and
the plate are more amplified than those propagating at the
frequency of the peak A,. This can explain why the tone
Aj is stronger than the peak As.
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Figure 2. Sound pressure levels (SPL) at z = 0
and r = 1.5rg for the jets at M = 0.9 with
ogr, = 0.057, ogr, = 0.1ryp and
oL, = 0.2rg, and Strouhal numbers of the
lowest cut-off frequency of the free-stream upstream-

propagating guided jet waves for —-— ng = 0 and
—-—ng =1.
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Figure 3. Power gains of the instability waves
between z = 0.1rg and z = 5.5ry obtained by
linear stability analysis for the jets at M = 0.9 with
5BL = 0.057“0, (5BL = 0.17“0 and
5BL = 0.2r9.
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3.2 Jets at a Mach number of 0.6
3.2.1 Vorticity and pressure snapshots

Snapshots of vorticity norm and pressure fluctuations are
displayed for the jets at M = 0.6 in figure 4. In all
cases, the pressure fields do not show a clear organization
and exhibit high-frequency acoustic waves of similar
amplitudes. In the vorticity fields, vortices appear in the
jet shear layers, very close to the nozzle, at z ~ 0.5rg
for égr, = 0.057, at z ~ rq for dgr, = 0.1rg, and at
z ~ 2rq for g, = 0.2r9. Farther downstream, vortex
pairings occur. They are located near the nozzle exit
for the jets with dg;, < 0.1rg, and near the plate for
the jet with g, = 0.2r9. For égy, < 0.1rg, small-
scale vortices are observed downstream of the pairings,
indicating that the mixing layers transition to a turbulent
state. In contrast, for the jet with the thickest boundary
layers, only large-scale vortical structures resulting from
the shear-layer rolling-up and vortex pairings are seen to
impinge on the plate.

3.2.2 Near-nozzle pressure spectra

The pressure spectra computed at z = 0 and r = 1.5r( are
plotted as a function of the Strouhal number in figure 5.
For the jet with the thinnest boundary layers, the spectrum
is relatively flat, while, for the other jets, a large low-
frequency hump is observed around St ~ 0.5. The hump
amplitude is about 10 dB higher for égr, = 0.2r( than
for 0g;, = 0.17g. In addition, for dg;, = 0.2r(, peaks
weakly emerge at Strouhal numbers St ~ 0.35, 0.5 and
0.77, indicated by dashed lines. They are associated with
the axisymmetric mode. The lowest frequency of the
least-dispersed guided jet waves, which corresponds to
St ~ 1, also shown, is significantly higher than the peak
frequencies.

3.2.3 Standing wave patterns

If the peaks are due to feedback loops, upstream-
propagating waves and downstream-travelling waves
should lead to constructive and destructive interferences
at specific locations in the flow. To determine if
such interferences occur, the pressure levels at the
three peak frequencies for the axisymmetric mode are
shown in the (z,7) plane in figure 6 for the jet with
op, = 0.2rg. In all cases, spots of high energy
regularly spaced in the axial direction are observed
on both sides of the jet mixing layers, indicating that
upstream-propagating waves and downstream-travelling
waves result in constructive interferences. The number
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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 jets at M = 0.6 with (a) dg, = 0.057,
(b) 5BL = 0.17‘0 and (C) 5BL = 0.27‘0. The
color scales range between +20u;/ro for vorticity,
and £0.005pq for pressure, from blue to red.
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Figure 5. SPL at z = 0 and » = 1.5rg for

the jets at M = (.6 with o, = 0.057,

5BL = 0.17‘0 and 5BL = 0.27”0,
and Strouhal numbers of ----- the peaks for
0L, = 0.2r¢ and —-— the lowest frequency of the

least-dispersed guided jet waves.
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Figure 6. SPL for the jet with g, = 0.2r¢ for
ng = 0 at (a) St = 0.35, (b) St = 0.5 and
(¢) St = 0.77. The color scale range between
minimum and maximum values, from blue to yellow.
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of spots increases with the frequency. Two spots are
observed for St = 0.35, four for St = 0.5 and six for
St = 0.77. For St = 0.5 and St = 0.77 in figures 6(b,c),
the first and the last spot in the axial direction are found
near the nozzle and near the plate, indicating that feedback
loops are established between the nozzle and the plate.
At these frequencies, the spots below and above the
mixing layers are very similar, suggesting that the waves
propagating upstream below and above the shear layers
travel with the same phase velocities. For St = 0.5, the
levels are not particularly high near the jet axis, where
the amplitudes of the guided jet waves associated with the
axisymmetric mode reach their maximum values [10]. In
contrast, for St = 0.77, the levels are high near the jet
axis. These results suggest that the feedback loops are
closed by sound waves for St = 0.5 and by guided jet
waves for St = 0.77.

4. CONCLUSION

In this paper, the influence of the nozzle-exit boundary-
layer thickness on the noise produced by initially laminar
high subsonic impinging jets has been investigated using
large-eddy simulations. Jets at Mach numbers of 0.6 and
0.9, with nozzle-exit boundary-layer thicknesses ranging
from 0.057g to 0.2r¢, have been considered. For the jets
at M = 0.9, tones have been found in the near-nozzle
pressure, at similar frequencies in all cases. The amplitude
of the dominant tone is nearly 30 dB stronger for a
thicker boundary layer. Results obtained from a linear
stability analysis indicate that the rise of the amplitude
of the dominant tone is due to a stronger amplification
of the shear-layer instability waves developing at the
tone frequency for a thicker boundary layer. For the
jets at M = 0.6, weak peaks are found in the near-
nozzle pressure spectrum of the jet with the thickest
boundary layers, whereas no peaks are observed for the
other jets, suggesting that impinging jets can become
resonant as their boundary-layer thickness increases. The
results provided in this paper thus show that the boundary-
layer thickness may significantly increases the noise
produced by impinging jets. However, the influence of the
boundary-layer thickness on the noise generated is likely
to vary with other jet parameters, such as the nozzle-to-
plate distance and the state of the boundary layers. In
future studies, it may therefore be interesting to study
the effects of the boundary-layer thickness on the noise
produced by impinging jets with non-laminar boundary
layers and for different nozzle-to-plate distances.
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