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Large-eddy simulations are performed to investigate the properties of the screech and
impingement tones produced by screeching jets impinging on a flat plate. The jets have a
nozzle-exit Mach number M, = 1, a fully expanded Mach number equal to M; = 1.13 or 1.20
and a stagnation temperature equal to the ambient temperature. The nozzle-to-plate distance L
varies between 5r¢ and 16r(, where r is the jet nozzle-exit radius. The corresponding free
Jjets generate axisymmetric screech modes Al and A2 for M; = 1.13 and 1.20, respectively.
For the impinging jets, screech and impingement tones can both be found. The screech tones
are dominant and coexist with impingement tones for nozzle-to-plate distances L > 10r(
for M; = 1.13 and L 2 12r( for M; = 1.20. For shorter distances, the impingement tones are
stronger than the screech tones, whose amplitude becomes significantly weaker as the jet nozzle
exit is closer to the plate. The impingement tones belong to the axisymmetric or the first helical
mode. For a given Mach number, their frequencies exhibit a staging phenomena and their
amplitudes fluctuate over a range of 30 dB as the nozzle-to-plate distance varies. The amplitudes
are low when the nozzle-to-plate distance encompasses an integer number of the shock cells
in the corresponding free jets, and high when it encompasses a half-integer number of cells.
The stand-off shock near the plate is close to the last shock of the shock-cell network in the
former case, whereas it is far in the latter. This suggests that the stand-off shock is involved in
the near-plate generation mechanism of the upstream-propagating components of the feedback
loops in impinging non-ideally expanded jets.

I. Introduction

Non-ideally expanded supersonic jets can be subject to an aeroacoustic resonance phenomenon causing the production
of an intense tonal noise named screech. This phenomenon was first discovered by Powell [1} 2] and then studied by a
large number of authors as highlighted in the reviews of Raman [3} 4] and more recently of Edgington-Mitchell [S]]. They
showed that in screeching jets an aeroacoustic feedback loop establishes between the nozzle and the shock cells in the
jet potential core, and involves downstream-propagating Kelvin—Helmbholtz instability waves and upstream-propagating
acoustic waves. The screech resonance phenomenon is organized into modes, namely the axisymmetric modes Al
and A2, the flapping modes B and D, and the helical mode C, whose presence depends on the jet Mach number. They
are characterized by a specific azimutal structure and feedback frequency. For each mode, the generated noise is radiated
in far-field and has a specific directivity which differs between the fundamental and the harmonic tones [6} [7]. In
the case of impinging jets, a strong tonal noise can also be generated [3]], even if the jet is ideally expanded [8} 9] or
subsonic [10]. This tonal noise is also produced by an aeroacoustic feedback loop similar to that of the screech, but
establishing between the nozzle and the plate [9, [11].

Recently, for both screech [12,[13] and impingement resonance [9, [14]], it was shown that the upstream component
of the feedback loops consists of upstream-propagating guided jet waves. These waves are mainly confined inside
the jet potential core, have a weak but non-negligible amplitude just outside, and only exist over narrow frequency
bands [[14}[15]. For screech resonance, the mechanism which produces the upstream-travelling component is known
to be the interactions of instability waves with the first shock cells in the jet potential core [} 2| [16], most probably
occuring at the shock tips [3} 15]. For nozzle-to-plate resonance, multiple noise production mechanisms have been
reported in the literature, including the impact of large-scale coherent structures on the plate [17]], the oscillation of the
wall-jet boundary [18], the wall-jet shocklet [19] and the leakage of the stand-off shock through the jet shear layer [20].
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Several resonant modes can simultaneously exist for a given Mach number in screeching and impinging jets. They
are due to different feedback loops establishing in the flow [3]], each with its own azimutal structure, upstream- and
downstream-propagating disturbances and downstream noise production mechanism [21]]. In the case of underexpanded
impinging jets, screech and nozzle-to-plate resonance can coexist in the flow [22} 23]]. Triadic interactions can occur
between screech and impingement modes [24}25]], and also between impingement modes [26], thus generating additional
tones. In the case of rectangular underexpanded jets, Norum [27] observed that, for Mach numbers between M; = 0.98
and 1.95 and nozzle-to-plate distances between L = 4 and 17 nozzle widths, the frequencies of the dominant impingement
tones are close to the screech frequency of the corresponding free jet, when a screech tone is present. In the case of round
ideally expanded jets with a Mach number M; = 1.5, Krothapalli et al. [28]] found that the impingement tone frequencies
are scattered around the screech frequency of the corresponding underexpanded jet. For round underexpanded jets
with Mach numbers between M; = 1.36 and 1.56 and nozzle-to-plate distances between L = 3r¢ and 107y, Henderson
et al. [18]] reported the absence of tones over wide ranges of nozzle-to-plate distances depending on the Mach number,
for5.4 < L/ro < 7atM; = 1.56 for example, and noted that there is no tone when the plate is located in a compression
region of the shock-cell network of the corresponding free jet. Numerous authors then studied the configurations
of Henderson et al. [[18] using large-eddy simulations. Dauptain et al. [29] obtained, for M; = 1.56, tones for L = 4.16r
but not for L = 8.32r(. For the same Mach number, Gojon and Bogey [30]] found tones for L = 4.16r¢, 5.6r¢ and 9.32r¢
but not for L = 8.32r, in agreement with Henderson et al. [18]]. More recently, Jia and Gao [31] reported, for a nozzle-
to-plate distance L = 4.16r( and for Mach numbers between M; = 1.19 and 1.76, no tones for 1.38 < M; < 1.49, but
tones are present for M; = 1.56, in agreement with Henderson et al. [18]]. Finally, in their experimental study, Mancinelli
et al. [25] observed a ”competition phenomenon” between screech and impingement resonances as the nozzle-to-plate
distance varies between L = 6r¢ and 20r¢, for Mach numbers between M; = 1 and 1.5. More precisely, when the plate
is very close to the nozzle, for L < 4rg, no screech tone can be found. However, as the nozzle-to-plate distance increases,
screech tones appears. For example, screech tones belonging to mode Al are observed for L ~ 8r¢ at M; ~ 1.1. When
the nozzle-to-plate distance is sufficiently large, for L > 20r, impingement tones do not appear and only screech tones
emerge.

In the present work, underexpanded supersonic jets impinging on a flat plate are computed using large-eddy
simulations (LES) to investigate the properties of screech and impingement tones in such jets. More precisely, the aim
is to study the coexistence and the properties of the screech and impingement tones as the nozzle-to-plate distance
varies. Another objective is to characterize and explain the presence or absence of tones that may be observed for
certain ranges of nozzle-to-plate distance. The jets have a nozzle-exit Mach number of M, = 1 and ideally expanded
Mach numbers equal to M; = 1.13 and 1.20, yielding underexpanded supersonic jets generating screech modes Al
and A2. Their stagnation temperature is equal to the ambient temperature, leading to cold jets, and their diameter-based
Reynolds number is close to Rep =~ 4 x 10°. The nozzle-to-plate distance varies between L = 5rg and 16ry. Thus, the
jets are similar to those studied experimentally by Mancinelli et al. [25]], and they have smaller Mach numbers than those
in Henderson et al. [[18]]. To identify the effects of the plate on screech noise, free jets are also simulated for the two Mach
numbers. The main flow features are examined using snapshots of vorticity and pressure fluctuations. Acoustic spectra
with azimutal mode decompositions are computed in the near-nozzle region to characterize the tones. The variations
of the tone frequencies with the nozzle-to-plate distance are described and compared with the screech frequencies in
the free jets and with the predictions provided by an aeroacoustic feedback loop model in an impinging jet to discuss
the nature of each tone. The variations of the amplitudes of the dominant tones as a function of the nozzle-to-plate
distance are then addressed. Mean pseudo-schlieren fields are provided to visualize the shocks, and determine their
positions. Finally, links between the ranges of nozzle-to-plate distances where the tones can or cannot be observed and
the positions of the plate and the shocks are sought.

This paper is organized as follows. In section[[I] the jet initial conditions are defined, and the large-eddy simulation
methods and parameters are documented. Results are presented in section [III].

II. Methods and parameters

A. Jet parameters

The jets have ideally expanded Mach numbers M; = u;/c; equal to 1.13 and 1.20, a temperature 7; = To/(1 +
Ms (y—1)/2) and aReynolds number Rep = u;D/v; ~ 4x 10°, where u j» ¢j and v; are the ideally expanded jet velocity,
the sound speed and the kinematic viscosity, D is the nozzle diameter, y = 1.4 is the isentropic coeflicient and Ty is the
ambient temperature. The Mach numbers were chosen to consider jets generating screech tones of modes Al and A2. The
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flow originates at z = 0 with a Mach number of 1 from a straight pipe nozzle of radius ro = D /2 = 6 mm and length 10ry,
whose lip is 0.15r¢ thick, into an ambient medium at rest at pressure po = 10° Pa and temperature Ty = 295 K. Thus,
the jets are cold, underexpanded at the nozzle exit and have a total temperature equal to the ambient temperature. The
flow impinges on a flat plate perpendicular to the jet axis located at a distance z = L from the nozzle varying between 5rg
and 16r(. The jet Mach numbers and the nozzle-to-plate distances used for each LES are represented in figure[I] The
nozzle-to-plate distance ranges from L = 5rg to 16r¢ for M; = 1.13 and from L = 7r¢ to 14ro for M; = 1.20.
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Fig.1 Jet Mach numbers M; and nozzle-to-plate distances L.

In the pipe, at z = —2r¢, a Blasius laminar boundary-layer profile of thickness dpr, = 0.1r( is imposed for the axial
velocity, radial and azimuthal velocities are set to zero, pressure is equal to po(1 + M? (y=1/2)/(1 +(y -1)/2)
and temperature is equal to 7p/(1 + (y — 1)/2) outside the boundary layer. The temperature within the boundary
layer is determined using a Crocco—Busemann relation. The boundary layers are tripped at z = —0.5r( leading to
weakly disturbed flow conditions at the exit with a peak turbulent fluctuations intensity close to (u’,u’, 121y =3 %,
where u, is the axial turbulent velocity fluctuation and (.) is the time averaging operator. To illustrate the nozzle-exit
conditions, the radial profiles of mean and root-mean-squared values of axial velocity obtained at the nozzle-exit for
Mach numbers M; = 1.13 and 1.20 and for nozzle-to-plate distances L = 8r¢, 10rg and 12rg are represented in ﬁgure@
In figure 2a), the profiles of mean axial velocity have a similar shape. They differ from the Blasius profile imposed
inside the pipe due to the expansion occurring at the nozzle exit since the jet is underexpanded. In figure 2(b), the
profiles of root-mean-squared axial velocity are nearly superimposed. The turbulent intensities are significant in the
boundary layer and reach a peak value equal to 3 % of u, as expected.
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Fig. 2 Radial profiles of (a) mean and (b) rms axial velocity at z = 0 for the impinging jets for (solid lines) M; =
1.13 and (dotted lines) M; = 1.20 for (red) L = 8ry, (blue) L = 10r¢ and (green) L = 12rg ; - - - - Blasius laminar
boundary layer for 6gy, = 0.1r.
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B. Numerical methods and parameters

The large-eddy simulations have been carried out by solving the three-dimensional filtered compressible Navier—
Stokes equations in cylindrical coordinates (r, 8, z) based on low-dissipation and low-dispersion explicit schemes [9}[32].
Spatial derivatives are computed using a fourth-order eleven-point centered finite difference scheme, time integration
is performed using a second-order six-stage Runge—Kutta algorithm and grid-to-grid oscilations are removed using a
sixth-order eleven-point centered filter [33]]. The filtering is used as a subgrid-scale high-order dissipation model relaxing
turbulent energy at wavenumbers close to the grid cutoff wavenumber while leaving larger scales mostly unaffected [34].
Non-centered finite difference schemes and filters are employed near walls and grid boundaries [35]]. To remove Gibbs
oscillations around the shocks, a shock-capturing method based on a conservative adaptative second-order filtering is
employed [36]. Near the axis, the singularity is taken into account by using the method of Mohseni and Colonius [37]]
and the time-step restriction is reducing by computing the azimuthal derivatives at a coarser resolution [38]. At the grid
boundaries, radiation conditions [39] are applied along with sponge zones combining grid stretching and Laplacian
filtering. In the pipe, the tripping of the boundary layers is performed by adding random low-level vortical disturbances
uncorrelated in the azimuthal direction [32]. No co-flow is imposed.

The meshes are similar to those used in previous work on free [[13|40] and impinging [[17,20] jets. In the radial
direction, the meshes are identical and extend up to r = 15r¢, excluding the sponge zone spreading up to 20r( for the
free jets and up to 30r( for the impinging jets, and contain n, = 528 and 587 points, respectively. The radial mesh
spacing is minimal and equal to Ar = 0.0036r( at r = r¢, and is equal to Ar = 0.075ry between r = 6.4r¢ and 15r,
allowing to propagate acoustic waves up to a Strouhal number Stp = fD/u; = 5, where f is the frequency, using 5
points per wavelength. In the azimutal direction, the mesh spacing is constant and ng = 512 points are used. In the axial
direction, the meshes extend from z = —10r to z = L in the impinging cases and to z = 50r in the free cases, excluding
the sponge layers spreading down to z = —20r for all cases and up to z = 120r¢ for the free case. The number of points
varies between n, = 893 for L = 5rg and n, = 1682 for L = 16r( in the impinging cases, and is equal to n, = 2571 in
the free cases. Overall, the meshes contain between 268 and 695 million points.

The simulations were performed using an in-house MPI-CUDA solver running on multiple GPU nodes. They are
first run for a time 7 = 400r(/u ; to evacuate the transient regime, and then for a time 7' = 20007 /u; to obtain converged
accoustic spectra. The computational cost is around 600 GPU hours for a free jet and around 250 GPU hours for an
impinging jet with L = 5rg.

II1. Results

First, to describe the screech tones occurring without flat plate, the acoustic spectra obtained in the near-nozzle
region of the free jets at Mach numbers M; = 1.13, 1.15 and 1.20 are represented in figure 3| The spectra are calculated
for the full pressure signals and their decomposition along the first three azimutal modes. For M; = 1.13 and 1.20,
in figures [3[(a,c), an axisymmetric screech tone is dominant in the spectra. It emerges above the broadband noise by
more than 35 dB at a Strouhal number Stp ~ 0.639 for M; = 1.13 and at Stp ~ 0.589 for M; = 1.20. Its first harmonic
is also observed, at Stp ~ 1.218 and 1.178, respectively. The tone is emitted by a screech modes A1 in the first case
and a screech mode A2 in the second case. For M; = 1.15, in figure b), screech tones Al and A2 both exist. They
emerge at Stp =~ 0.618 and 0.679 by approximately 20 dB, respectively. This is expected due to the staging phenomenon
occuring between the two modes when the Mach number varies between M; = 1.13 and 1.20 [4, 5]. In addition to
the screech tones, weaker peaks appear for the three Mach numbers. They either belong to the axisymmetric mode,
at Stp ~ 0.274 and 1.14 for M; = 1.13 and at Stp ~ 0.250 and 0.981 for M; = 1.20 for instance, or to the first helical
mode, at Stp ~ 0.476 and 0.807 for M; = 1.13 and at Stp ~ 0.435 and 0.981 for M; = 1.20 for example. These peaks
may be the signature of the freestream upstream-propagating guided jet waves [41] or may be due to secondary screech
resonances.

To illustrate the main flow features of the impinging jets, snapshots of vorticity and pressure fluctuations in
the (r, z) plane are provided in figure ] for the nozzle-to-plate distances L = 8rg, 9r¢ and 10r( and for the jet Mach
numbers M; = 1.13 and 1.20. In all cases, the mixing layers thicken downstream of the nozzle and transition to
turbulence. They impinge on the flat plate, before the closing of the potential core, and then generate a wall-jet which
spreads radially over the plate. Strong pressure fluctuations are observed in all cases, especially in the jet potential core.
Large-scale coherent structures develop in the mixing layers and in the wall-jet as a succession of under- and over-pressure
spots. Outside the jet, high-frequency noise is observed. More strikingly, near the jet, upstream-propagating wavefronts
with a characteristic wavelength in all cases are clearly observed, indicating that tonal noise is produced. For M; = 1.13,
in figures Eka—c), the wavefronts are symmetrical with respect to the jet axis. For M; = 1.20, in figure Ekd—f), the fronts
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Fig. 3 Acoustic spectra obtained at r = 1.5r¢ and z = 0 for the free jets with (a) M; = 1.13, (b) M; = 1.15 and
() M; =1.20: full spectra, ng =0, ng =1 and ng =2.

are symmetrical for L = 8rg and 12ry and antisymmetrical for L = 10ry. The degree of emergence of the wavefronts also
greatly varies. Tey are very strong for M; = 1.20 and L = 10r in figure Eke), moderate for M; = 1.13 in figures Eka—c)
and weak for M; = 1.20 and L = 12r in figure E[f).

In order to characterize the shock-cell network, the mean pressure profiles obtained along the jet axis for the
impinging jets for nozzle-to-plate distances from L = 8ry to 12ry with an increment AL = r are represented in
figure Eka) for M; = 1.13 and in figure Ekb) for M; = 1.20. The mean pressure profiles obtained for the corresponding
free jets are also represented. In all cases, the mean pressure is constant and higher than the ambient pressure in the
nozzle, for z < 0, because the jets are underexpanded. Downstream of the nozzle-exit, for z > 0, the mean pressure
oscillates around the ambient pressure, yielding a succession of compression and expansion regions which forms
the shock-cell network. For the free jets, the amplitudes of the oscillations decrease with the axial position. For the
impinging jets, the mean pressure varies as for the free jets far from the plate. Near the plate, the mean pressure increases
between z =~ L — 1.5rp and L up to the jet stagnation pressure. It can be noted that, for the impinging jet with L = 9rg
and M; = 1.20, the mean pressure profile differs significantly than that for the free jets between z ~ 3r¢ and 8rj. As it
will be shown in figure[7[e), this is due to the presence of a very intense tone for ng = 1 yielding strong large coherent
structures at the tone frequency in the mixing layers, whose convection makes the shock-cell network oscillate.

The lengths of the shock cells obtained for the free jets considered in figure [5]are represented in figure[6] The shock
cells are numbered in ascending order with increasing axial position. The shock-cell lengths predicted using the model

of Harper-Bourne and Fisher [42]
L = l.lD,/M? -1 (1

are also indicated. The lengths of the shock cells vary between Ly ~ rg and 1.3r¢ for M; = 1.13 and between Ly =~ 1.1r¢
and 1.6r¢ for M; = 1.20. They are similar to the lengths predicted by the model. For the free jets, for M; = 1.13, the
shock-cell lengths increase from the first to the third cell and then decrease. For M; = 1.20, they increase from the first
to the second cell and then decrease. For the impinging jets, they are similar to those for the free jets, especially for the
cells that are far from the plate. For M; = 1.20 and L = 9ry, in particular, the shock-cell lengths differ significantly
from the those for the other jets.

Regarding the noise generated by the impinging jets, the acoustic spectra computed in the near-nozzle region for
Mach numbers M; = 1.13 and 1.20 and for nozzle-to-plate distances L = 8rg, 9y and 10r¢ are represented in ﬁgure
along with the contributions of the first three azimutal modes. The spectra obtained for the corresponding free jets are
also shown. Several tones are found for all impinging jets for modes ng = 0 and 1. For M; = 1.13, in figures a—c), the
dominant tones are obtained for the axisymmetric mode. For L = 10ry, in figure[7[c), its frequency and amplitude are
similar to those of the screech tone A1 obtained for the free jet, suggesting that it is of the same nature. For L = 8rg
and 9ry, in figures[7|(a,b), the dominant tones have a lower frequency and a slightly higher amplitude than those of the
screech tone Al of the free jet, suggesting that it is produced by a feedback machanism different from that occuring
for L = 10rg. For M; = 1.20, in figures d—f), the dominant tones seem more sensitive to the nozzle-to-plate distance
than for M; = 1.13. For L = 8r, in figure d), the dominant tone is axisymmetric and is found at a frequency very
close to that of the screech mode A2 of the free jet, but its amplitude is slightly higher. For L = 9ry, in figure [/[e),
the dominant tone is helical and emerges by more than 35 dB from the broadband noise at Stp =~ 0.435. A strong
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Fig. 4 Snapshots of pressure fluctuations and vorticity in the (r, z) plane for the impinging jets for (a—c) M; =
1.13 and (d-f) M; = 1.20 and for (a,d) L = 8ry, (b,e) L = 9r¢ and (c,f) L = 10r ; the color scale spans from blue
to red over +2000 Pa for pressure and from black to white, from 0 to 20u; /r, for vorticity.
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Fig.5 Mean pressure profiles along the jet axis for (a) M; = 1.13 and (b) M; = 1.20 for - - - - free jets, impinging
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first harmonic belonging to the second helical mode is also observed. No tone with a frequency close to that of the
screech tone A2 of the free jet can be found. For L = 10r, in figure f), the tones are at least 20 dB lower in amplitude
compared to the tones in the two previsou figures. Again, no tone with a frequency close to that of the screech tone A2
appears.
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Fig. 7 Acoustic spectra obtained at r = 1.5r¢ and z = 0 for the impinging jets at (a—¢c) M; = 1.13 and (d-
) M; = 1.20 for (a,d) L = 8ry, (b,e) L = 9r¢ and (c,f) L = 10r¢: total, ng =0, ng = 1and
ng = 2 ; - - - - full spectra for the corresponding free jets.

The frequencies of the tones for ng = 0 and 1 are represented as a function of the nozzle-to-plate distance in
figure @a) for M; = 1.13 and in figure Ekb) for M; = 1.20. They are compared with the screech frequencies for the
corresponding free jets, equal to Stp = 0.639 for M; = 1.13 and to Stp = 0.589 for M; = 1.20. They are also compared
with the predictions given by the feedback loop model

nu.D

Stp = —MeD
b Luj(uc/camb"' 1)

@)

for the nozzle-to-plate resonance, assuming downstream-propagating Kelvin—Helmholtz instability waves with a con-
vection velocity u. = 0.7u; and acoustic waves propagating upstream at the ambient speed of sound c,mp between the
nozzle and the plate, n being the mode number. For the two Mach numbers, the frequencies of most of the tones are in
agreement or very close to the predictions provided by Eq. (2), indicating that these tones result from nozzle-to-plate
resonances. A few exceptions are for the dominant axisymmetric tones at Stp = 0.64 for L 2 11r, in figure[8{a), and
at Stp = 0.59 for L > 13ry, in figure [B[b). Their frequencies are in agreement with the free-jet screech frequencies,
suggesting that they are screech tones. Hence, the ”competition phenomenon” between screech and impingement tones
reported by Mancinelli et al. [25] is also found in the present simulations. For the two Mach numbers, the dominant
tone exhibits a staging phenomenon when the nozzle-to-plate distance increases. For M; = 1.13, in figure Eka), the
dominant tone for L < 10ry is axisymmetric and close to the free-jet screech frequency except when staging occurs.
The staging happens for L = 7rg, 8.25r¢ and 9.5r¢ from modes n = 5t0 6, n = 6 to 7 and n = 7 to 8, respectively. In
particular, for L = 7r( and 8.25r(, the dominant tone is associated with the first helical mode. Hence, the staging occurs
for nozzle-to-plate distances separated by a length AL =~ 1.25r(, which is close to the shock-cell length reported in
figure Eka). For M = 1.20, in figure @b), the dominant tone exhibits a staging phenomenon between axisymmetric and
first helical modes for L < 12rg. Jumps from a first helical to an axisymmetric mode as the nozzle-to-plate distance
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increases occur at L =~ 8rg, 9.5r¢ and 11.25r¢. These nozzle-to-plate distances are separated by a length AL ~ 1.5r,
which is also close to the shock-cell length reported in figure [f[b).
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Fig. 8 Tone frequencies obtained at r = 1.5r¢ and z = 0 for (a) M; = 1.13 and (b) M; = 1.20 for (red) ng = 0
and (blue) ny = 1 as a function of the nozzle-to-plate distance L ; the marker is filled when the tone is dominant ;
--------- predictions from Eq. @) ; - - - - screech frequency for the free jets.

The amplitudes of the dominant tones for M; = 1.13 and 1.20 are represented as a function of the nozzle-to-plate
distance in figure 9] The nature of the tones, the axial positions of the shocks and the amplitude of the screech tones
in the free jets are also indicated. For the two Mach numbers, the amplitude of the dominant tone fluctuates strongly
with the nozzle-to-plate distance. When the dominant tone is an impingement tone, for L < 10ry in figure Of(a) and
for L < 12rg in figure[9[b), its amplitude oscillates roughly between 150 and 175 dB. It reaches a minimum when the
plate is close to a position of a shock in the free jet, i.e. when it is located in a compression region in the potential core.
On the contrary, the dominant tone amplitude reaches a maximum when the plate is located between two consecutive
free-jet shocks, i.e. when it is located in an expansion region. These two behaviors are in agreement with those reported
by Henderson et al. [[18]] for an underexpanded supersonic jet at the Mach number M; = 1.56 and for the nozzle-to-plate
distances between L = 3rg and 10ry. When the dominant tone is a screech tone, for L > 10r¢ at M; = 1.13 and
for L 2 12ry at M; = 1.20, its amplitude does not vary much and converges to the amplitude of the free-jet screech
tone as the nozzle-to-plate distance increases. For M; = 1.13, the dominant tones are axisymmetric in most cases, but
they can be associated with the first helical mode when their amplitudes are low. For M; = 1.20, the dominant tones
are most associated with the first helical mode, but they can be axisymmetric when their amplitudes decrease with the
nozzle-to-plate distance.

Mean pseudo-schlieren fields calculated in the (r, z) plane for the impinging jets at M; = 1.13 are represented in
ﬁgurefor L = 6rg, 6.25r¢, 6.5r¢, 6.75r0, Tro, 7.25r¢, 7.75r¢ and 8.25r¢. They correspond to the norm of the gradient
in the (7, z) plane of the mean density. The axial positions of the last shocks of the shock-cell networks and of the
stand-off shocks are indicated. The axial positions of the shock tips of the corresponding free jets are also represented.
In all cases, a succession of shock cells is observed between the nozzle and the plate in the jet potential core. No Mach
disk is observed, due to the low Mach numbers considered. Far from the plate, the axial positions of the shocks coincide
with those for the free jets. Near the plate, the mixing layers are deviated away from the jet axis as the jets impinge on
the plate. A stand-off shock is also present in front of the plate. Between L = 6ry and 7.25r, in the first six figures, the
amplitude of the dominant tone describes an oscillation period as reported in figure 9(a). For L = 6r(, in figure[I0[a),
when the amplitude of the tone is low, the plate is near the fifth shock in the free jets, and the stand-off shock is close to
the last shock of the impinging jet, which is the fourth shock. For L = 6.25r¢, 6.5r and 6.75r in figures [I0[b—d), when
the amplitude of the dominant tone is approximately 25 dB higher compared to L = 6r, the plate is located downstream
of the fifth shock in the free jets, and the distance between the stand-off shock and the last shock increases with the
nozzle-to-plate distance. For L = 7ry in figure [I0fe), when the amplitude of the tone is low again, a fifth shock appears
in the impinging jet. The distance between the last shock, which is now the fifth shock, and the stand-off shock is then
much lower compared to L = 6.75r¢. For L = 7.25r in figure[I0(f), when the amplitude of the tone is still low, the
plate is located slightly downstream of the sixth free-jet shock and the distance between the last shock and the stand-off
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Fig. 9 Dominant tone amplitudes obtained at r = 1.5r¢p and z = 0 at (a) M; = 1.13 and (b) M; = 1.20 for
® nyp = 0 and ® ny = 1 as a function of the nozzle-to-plate distance L 5 -------- axial positions of the shocks for the
corresponding free jets ; - - - - amplitudes of the free-jet screech tones.

shock is slightly higher compared to L = 7ry. For L = 7.75r¢ and 8.25r¢, in the two last figures, the amplitude of the
tone reaches respectively a maximum and a minimum value as reported in figure[9(a). The distance between the last
shock and the stand-off shock is higher for L = 7.75r( than for L = 8.25r(. Furthermore, the plate is located between
the sixth and the seventh shocks in the free jets for L = 7.75r¢, and near the seventh shock for L = 8.25r(. These results
show that, when the amplitude of the tone is high, the plate is located between two successive shocks in the free jets and
the stand-off shock is far from the last shock in the impinging jets. On the contrary, when the amplitude of the tone is
low, the plate is close to a shock in the free jets and the stand-off shock is close to the last shock in the impinging jets.

Mean pseudo-schlieren fields calculated in the (7, z) plane for the impinging jets at M; = 1.20 are represented
in ﬁgurefor L = Try, 7.57r9, 8rg, 8.25r¢, 8.579, 9rg, 9.5r¢ and 10ry. The axial positions of the last shocks of the
shock-cell network, of the stand-off shocks and of the free-jet shocks are also indicated. In all cases, a shock-cell network
is present in the jet potential core and a stand-off shock is observed in front of the plate, as for M; = 1.13 in ﬁgureﬂ;ﬁ}
Between L = 7ry to 8.5r¢, in figures[TT[a—e), the amplitude of the tone describes an oscillation period, as reported in
figure[9(b). Between L = 8.5r¢ to 10r(, in figures[IT[e-h), it completes a second oscillation period. When the amplitude
of the tone is low, for L = 7rg, 8.25r¢, 8.5r¢ and 10r¢, in figures a,d,e,h), the distance between the last shock of the
shock-cell network and the stand-off shock is small, and the plate is close to the position of a shock in the free jets. On
the contrary, when the amplitude of the tone is high, for L = 7.5r¢, 8rg, 9r9 and 9.5r¢, in figures @b,c,f,g), the distance
between the last shock and the stand-off shock is large, and the plate is located between two consecutive shocks in the
free jets. These trends are the same as those noted for M; = 1.13 in figure

The mean axial positions of the last shock in the shock-cell network for the impinging jets at M; = 1.13 and 1.20
are represented as a function of the nozzle-to-plate distance in figure The axial positions of the shocks in the free
jets are also indicated. For the two Mach numbers, the axial position of the last shock increases with the nozzle-to-plate
distance, but is always very close to the position of a shock in the free jets. As the nozzle-to-plate distance increases, the
position of the last shock jumps from the position of a free-jet shock to the position of the next one in the network when
the plate crosses a free-jet shock for M; = 1.13 in figure ['I;Z[a), and when it reaches the middle between two consecutive
free-jet shocks for M; = 1.20 in figure b).

The distances between the stand-off shock and the plate obtained for the impinging jets at M; = 1.13 and 1.20
are represented as a function of the nozzle-to-plate distance in figure[I3] The distances are normalized by the lengh
of the local free-jet shock cell near the plate. The positions of the shocks in the free jets are also indicated. The
normalized distances between the stand-off shock and the plate vary between 0.8 and 1.2 for M; = 1.13 in figure [Eka),
and between 0.6 and 1 for M; = 1.20 in figure b). For M; = 1.13, they exhibit sharp peaks when the plate is close
to the position of a free-jet shock, for instance for L = 8ry and 9.25r. For M; = 1.20, between L = 6r¢ and 10r,
the distances fluctuate in a saw-tooth manner, increasing smoothly with the nozzle-to-plate distance when the plate is
located between two free-jet shocks but decreasing sharply when it crosses the position of a shock. This is in agreement
with the observations of Henderson et al. [18]], who also reported, for the impinging jets at M; = 1.56, a jump of the
stand-off shock close to the plate when the plate reaches a free-jet shock as the nozzle-to-plate distance increases.

The distances calculated between the last shock of the shock-cell network and the stand-off shock for the impinging
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Fig. 10 Mean pseudo-schlieren fields in the (r,z) plane for M; = 1.13 for (a) L = 6ry, (b) L = 6.25ry,
(¢) L = 6.5rg, (d) L = 6.75r¢, () L = Try, (f) L = 7.25r¢, (g) L = 7.75r¢ and (h) L = 8.25r( ; mean axial
positions of -------- the shocks for the corresponding free jet and of - - - - the last and - - - - the stand-off shocks in
the impinging jets.
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Fig. 11 Mean pseudo-schlieren fields in the (r, z) plane for M; = 1.20 for (a) L = 7r, (b) L = 7.5r¢, (c) L = 8r,
(d) L = 8.25r¢, (e) L = 8.5ry, (f) L = 9ry, (g) L = 9.5r¢ and (h) L = 10r( ; mean axial positions of --------- the
shocks for the corresponding free jet and of - - - - the last and - - - - the stand-off shocks in the impinging jets.
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Fig. 12 Mean axial positions of the last shock in the shock-cell network for (a) M; = 1.13 and (b) M; = 1.20 as a
function of the nozzle-to-plate distance ; -~~~ mean axial positions of the shocks in the free jets.
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Fig. 13 Distance between the stand-off shock and the plate for (a) M; = 1.13 and (b) M; = 1.20 as a function of
the nozzle-to-plate distance 5 -------- mean axial positions of the shocks for the free jets.
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jets at M; = 1.13 and 1.20 are represented as a function of the nozzle-to-plate distance in figure E} They are also
normalized by the length of the local free-jet shock cell near the plate. The positions of the free-jet shocks are also
indicated. For the two Mach numbers, the distances between the last shock and the stand-off shock range between 0.1
and 1. This range is wider than the one for the distance between the stand-off shock and the plate, in figure
For 6rg < L < 10rg at M; = 1.13 and for 8r¢9 < L < 12rg at M; = 1.20, the distances between the last shock and the
stand-off shock vary in a saw-tooth manner, increasing smoothly with the nozzle-to-plate distance when the plate is
located between two shocks but decreasing sharply when it crosses a shock in the free jet.
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Fig. 14 Distance between the last shock in the shock-cell network and the stand-off shock for (a) M; = 1.13 and
(b) M; = 1.20 as a function of nozzle-to-plate distance ; ------- mean axial positions of the shocks for the free jets.

Finally, to track the links between the shock positions and the tone amplitude, the amplitudes of the dominant
tones for the impinging jets at M; = 1.13 and 1.20 are represented in ﬁgure as a function of the distance between
the last shock of the shock-cell network and the stand-off shock, normalized by the free-jet shock cell length around
the plate. For each jet, the value of the nozzle-to-plate distance is indicated above the marker. For the two Mach
numbers, the amplitude of the dominant tone is overall higher when the distance between the last shock and the stand-off
shock is larger. The amplitude is around 150 dB when the distance between the last shock and the stand-off shock is
below 0.3L; joc, but is around 170 dB when the distance is above 0.6Lg joc-
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Fig. 15 Amplitudes of the dominant tones obtained at r = 1.5r¢ and z = 0 for (a) M; = 1.13 and (b) M; = 1.20
as a function of the distance between the stand-off shock and the last shock in the shock-cell network ; the
nozzle-to-plate distance is specified above each marker.

IV. Conclusion
The tones produced by screeching jets impinging on a flat plate for Mach numbers M; = 1.13 and 1.20 and
nozzle-to-plate distances between L = 5rg and 16rg have been investigated using large-eddy simulations. The screech
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tones are dominant and coexist with impingement tones for nozzle-to-plate distances higher than L > 10rg and 12r,
for M; = 1.13 and 1.20. For shorter distances, the impingement tones are stronger than the screech tones, whose
amplitude becomes significantly weaker as plate is closer to the jet nozzle exit. When the stand-off shock is located
close to the last shock of the shock-cell network, the impingement tones are weak. When this occurs, the plate is also
located close to the position of a shock of the corresponding free jet. On the contrary, when the stand-off shock is far
from the last shock in the impinging jet, the impingement tones are strong.

In this study, the amplitudes of the dominant impingement tones are linked to the distance between the stand-off
shock and the last shock of the shock-cell network. This link suggests that the stand-off shock is involved in the
near-plate mechanism producing the upstream-propagating components of the feedback loops establishing in impinging
non-ideally expanded jets. This mechanism may be the interactions of the large-scale coherent structures convected in
the mixing layers with the stand-off shock, producing noise similarly as for the screech resonance. The weakening of the
impingement tones observed when the stand-off shock is very close to the last shock of the shock-cell network suggests
that the noise-producing mechanism is less efficient in this case due to the proximity between the two shocks. Future
work will be dedicated to identifying more precisely what causes the fluctuations in the amplitudes of the dominant
impingement tones as the nozzle-to-plate distance varies. Such work could include a discussion on the near-plate noise
generation mechanism of the feedback loop. Equivalent ideally-expanded impinging jets could also be simulated to
investigate the effects of the presence or absence of a shock-cell network on the nozzle-to-plate resonance.
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