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We study the generation of tones by ideally expanded round jets impinging on a flat
plate. Data from large-eddy simulations performed for different nozzle-to-plate distances
are explored, and we consider closure of the aeroacoustic feedback loop responsible for
the tones by guided jet modes. Allowable frequency ranges for resonance, underpinned
by the existence of modes with upstream-directed group velocities, are computed using
two different models: a cylindrical vortex-sheet model, and a locally parallel stability
model which considers a finite-thickness velocity profile. It is shown that inclusion of a
finite-thickness velocity profile consistent with the mean flow in the vicinity of the plate
improves the agreement between observed tones and model predictions. The frequencies
of the largest tones found in the data are found to fall within, or very close to, the
frequency limits of the finite-thickness model, correcting discrepancies observed with the
vortex-sheet model. The same trend is observed in comparisons with experimental and
numerical data gathered from the literature. Pressure eigenfunctions of the stability model
are in good agreement with upstream-traveling disturbances educed from the data at the
tone frequencies. This provides further evidence for the involvement of guided jet modes
in the resonance mechanism.

DOLI: 10.1103/PhysRevFluids.9.083904

I. INTRODUCTION

It is known that high-subsonic and supersonic jets impinging on a wall are characterized
by intense acoustic tones. Following the seminal work of Powell [1], the properties of such
tones have been widely studied experimentally [2—12] and, more recently, numerically [13-17]
for different Mach numbers and nozzle-to-plate distances. For subsonic and ideally expanded
supersonic impinging jets, the tones are generated by an aeroacoustic feedback mechanism, which
involves hydrodynamic disturbances convected downstream that impinge on the plate and excite
upstream-traveling waves. The latter are reflected by the nozzle, exciting the downstream-traveling
disturbances and closing the loop. For nonideally expanded supersonic impinging jets, they seem to
be associated in some cases to the same feedback loop [18], and in other cases to a feedback loop
happening only when a Mach disk forms just upstream from the plate, leading to “silence zones”
with no tonal noise observed for some nozzle-to-plate distances [19-21].

There is a relatively well-established consensus that the downstream-traveling hydrodynamic
disturbances are underpinned by the Kelvin-Helmholtz instability [22]. The nature of the upstream-
traveling waves, on the other hand, has been a subject of debate. In the models of Ho and Nosseir
[23] and Powell [5], the loop is closed by free-stream acoustic waves (propagating outside of the jet
column), which gives rise to simple models to predict the tone frequencies, based on hydrodynamic
and acoustic phase speeds, and the nozzle-to-plate distances. Later, Tam and Ahuja [24] proposed
an alternative model, in which the feedback is provided by upstream-propagating neutral waves
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that have a spatial support inside the jet. Unlike free-stream acoustic waves, they are dispersive and
travel with a phase velocity that is slightly below the ambient speed of sound. Their existence was
first postulated by Tam and Hu [25], who showed that their spatial characteristics could be obtained
from a cylindrical vortex-sheet model. Tam and Norum [26] then extended this model to planar jets.
Gojon et al. [13] and Bogey and Gojon [14] used these models to investigate the origin of tones
observed in large-eddy simulations (LES) of ideally expanded planar and round jets, respectively,
impinging on flat plates. The vortex-sheet models provided a fairly good prediction for the frequency
and azimuthal or spanwise organization (axisymmetric or helical) of a number of tones. However,
several tones lie outside of the allowable frequency range of existence for those modes predicted by
the vortex sheet, and their origin remained unexplained.

Upstream-traveling waves supported by the jet are now known to participate in other resonant
phenomena. For instance, they are involved in the resonance observed in the potential core of
subsonic jets [27] and in the tonal dynamics of jet-flap interaction [28] noise. They are also key
elements in screech resonance, as demonstrated numerically for round and planar screeching jets by
Gojon et al. [29,30], and experimentally by Edgington-Mitchell et al. [31] and Mancinelli et al. [32]
in round jets. Furthermore, Mancinelli ef al. [32] showed that a prediction model that considers the
upstream-traveling jet modes as a closure mechanism provides much better agreement with experi-
mental data compared to that of free-stream acoustic waves, over a broad range of Mach numbers.

Some of the difficulty in making accurate predictions comes from the lack of knowledge about
the reflection coefficients of downstream- and upstream-traveling waves at the plate and the nozzle,
as pointed out by the authors, which requires the addition of a free parameter in the model. Another
source of inaccuracy in the model may come from the assumption of an infinitely thin shear layer.
Despite being able to capture the general trends, vortex-sheet-based prediction models do not
produce a perfect collapse with numerically observed tones in the frequency—Mach number plane
[13,14]. It was recently shown by Mancinelli ez al. [33] that the inclusion of a finite thickness leads to
significant improvements in screech-frequency predictions. They also showed that a finite-thickness
model is required in order to capture temperature effects on screech generation. In light of this, and
given the similarities in the dynamics of resonance loops of screeching and impinging jets, in this
work we consider a finite-thickness model, based on local stability analysis, to identify allowable
frequency ranges for resonance in impinging jets. We revisit the LES of ideally expanded round
impinging jets by Bogey and Gojon [14] and Gojon and Bogey [15], for which vortex-sheet-based
resonance predictions were recently made [34]. These predictions revealed mismatches regarding
the frequencies and spatial structures of the upstream-traveling waves computed from the model
and those educed from the LES for some of the tones. We show that considering the shear layer
profile in the vicinity of the plate, consistent with the velocity field of the LES, extends the eligible
frequency ranges for resonance and corrects those mismatches to a great extent.

The remainder of the paper is organized as follows: Sec. II introduces the LES database and pro-
vides details of the numerical methods used, Sec. III presents the vortex-sheet and finite-thickness
models, and Sec. IV presents the comparison between LES and model predictions and is followed
by concluding remarks in Sec. V.

II. DATABASE

We consider LES databases of ideally expanded round jets that originate from a straight pipe
nozzle of diameter D = 2R = 0.002 m, whose lip is 0.05D thick, in an ambient medium at tempera-
ture 7Ty = 293 K and pressure py = 10° Pa. Four nozzle-to-plate distances were simulated: L = 3D,
4D, 5D, and 6D. These cases will be referred respectively as Jetideal3D, Jetideal4D, Jetideal5D,
and Jetideal6D. At the nozzle exit, the jets are ideally expanded, and have a Mach number of
M;=U;/a; = 1.5, and a Reynolds number of Re; = U;D/v = 6x10*, where U; = 427.3 ms™!
is the jet exit velocity, a; the speed of sound at the jet exit, and v the kinematic viscosity. The ratio
of total to ambient temperature for all cases is Tp/T = 1, yielding 7;/To = 0.69 at this Mach
number. Figure 1 illustrates a snapshot of density and pressure fields for the Jetideal3D case.
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FIG. 1. Instantaneous fields for the Jetideal3D case. Left: Isosurface of density at 1.3 kgm™3, colored by
the Mach number showing the jet column and impingement, pressure fluctuation fields in the plane 6 = 0°, and
close to the flat plate (x-constant plane). Right: Contours of density in the jet and pressure fluctuations outside
of the jet. The color scale ranges from 1 to 2 kgm™> for the density and from —5000 to 5000 Pa for the
fluctuating pressure.

The unsteady compressible Navier-Stokes equations are solved in cylindrical coordinates (r, 8, x)
using an explicit six-stage Runge-Kutta algorithm for time integration and low-dissipation and
low-dispersion explicit 11-point finite differences for spatial derivation [35,36]. At the end of each
time step, a high-order filtering is applied to the flow variables to remove grid-to-grid oscillations
and to dissipate subgrid-scale turbulent energy [37-39]. The cylindrical meshes contain between
202 and 240 million points. The minimal axial mesh spacing, equal to Ax/D = 0.00375, is
located near the nozzle lip and the flat plate, and the maximal axial mesh spacing, equal to
Ax/D = 0.015, is located between the nozzle and the plate. The minimal radial spacing is equal
to Ar/D = 0.00375 at r = D/2, and the maximal radial spacing, excluding the sponge zone, is
Ar/D = 0.03 for 2.5D < r < 7.5D. The maximum mesh spacing of Ar/D = (.03 allows acoustic
waves with Strouhal numbers up to St = fD/U; = 5.3 to be well propagated in the computational
domains, where f is the frequency. Numerical details can be found in Ref. [14], and the flow field
is discussed in greater detail in Ref. [15]. Figure 2 shows a sound pressure level (SPL), computed
as 201og,o(p/ prer), With pres = 2% 1073 Pa, at x/D =0 and r/D = 1 for the Jetideal3D case, as a
function of the Strouhal number. The spectrum is characterised by several tones that rise, at some
frequencies, orders of magnitude above the broadband noise level. Pressure spectra computed in the
near acoustic fields of the other simulated cases (not shown) display similar features. The Strouhal
numbers of the dominant tones in each database are displayed in Table I. The azimuthal organisation
of the pressure field at the tone frequency (either axisymmetric or helical), verified through an
azimuthal Fourier decomposition of the signal, is also indicated.

III. MODELS

In this section, we present prediction models for possible frequency ranges of resonance. We
assume that the feedback loop involves a downstream-traveling Kelvin-Helmholtz wave and an
upstream-traveling guided jet mode. Here we focus on the characterization of the latter, as it is
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FIG. 2. SPL at x/D = 0 and r/D = 1 as function of the Strouhal number St = fD/U; for the Jetideal3D
case. See Table I for the corresponding frequencies of the tones St; to Sty.

the one delimiting the allowable frequency range for resonant loop to occur. It appears in families
of waves organized by azimuthal wavenumber m and radial order n, depending of the number of
antinodes in their radial structure. Resonance is only possible in limited frequency ranges where
such modes are propagative (neutral). For supersonic jets, this region is delimited by the saddle
and branch points of their dispersion relation [24]. Two models are used to compute the dispersion
relations of those modes: an infinitely thin (vortex-sheet) model used in a previous study of these
impinging jets [29] and a spatial stability model based on the Euler equations.

We emphasize that our goal is not to provide a model that predicts the tonal frequencies exactly.
This would require a wavenumber-matching criterion that involves knowledge of the reflection
coefficients at the nozzle and plates [18,32,33], which are generally unknown. Moreover, designing
an accurate tone-prediction model presumes tracking the tones in the frequency—Mach number
plane (as done in the above-mentioned screech studies), which requires data at a large number
of jet operating conditions. These two aspects are beyond the scope of this work; here we focus
on computing eligible frequency ranges for resonance. In particular, we wish to assess whether
inclusion of a finite shear-layer thickness can provide a possible explanation for some tones observed
in the data that were found to be inconsistent with a vortex-sheet model [14,34].

A. Cylindrical vortex-sheet model

The dispersion relations using a vortex sheet model for a round jet introduced in this section fol-
low the initial derivation provided in Ref. [40] and also used later in Ref. [25]. The model considers
the streamwise evolution of a small-amplitude disturbance wave in an infinitely thin shear layer
(see Fig. 3). The disturbance is assumed to be initiated by a localized excitation of frequency

TABLE 1. Strouhal numbers of the main tones emerging in the acoustic spectra. Axisymmetric and helical
oscillation modes are denoted by A and H, respectively. The dominant tone for each case is emphasized in
bold.

Sty St, Sts Sty
Jetideal3D 0.26 (H) 0.345 (H) 0.455 (A) 0.57 (H)
JetidealdD 0.205 (A) 0.29 (H) 0.365 (A) 0.445 (A)
Jetideal5D 0.165 (A) 0.29 (H) 0.375 (A) 0.44 (A)
Jetideal6D 0.175 (A) 0.255 (H) 0.305 (H) 0.38 (A)
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FIG. 3. Perturbed motion of a round jet bounded by a vortex sheet.

w, giving rise to an instability wave. This excitation can be produced by external forcing when
acoustic waves generated by turbulent structures impinging on the flat plate can travel upstream
up to the nozzle exit, for instance. The static pressure is assumed to be constant throughout the
flow. The instability wave and its acoustic field will be assumed to satisfy the linearized inviscid,
compressible equations of motion. The three-dimensional vortex-sheet model is considered in the
cylindrical coordinate system (r, 8, x) centered at the axis of the jet with the x axis pointing in the
streamwise direction, as depicted in Fig. 3. Assuming homogeneity of the flow in the streamwise and
azimuthal directions and in time, pressure fluctuations outside and inside of the jet and the radial
displacement of the shear layer take the form

pext(xv r, Q,I) ﬁext(r) .
Pin(x, 1, 0,1) | = | Pin(r) |EFm0=en, (1)
¢(x,0,1) 13

where the subscripts int and ext refer to the small-amplitude disturbances superimposed on the mean
flow inside and outside the jet, & is the streamwise wavenumber, m is the azimuthal wavenumber,
w is the angular frequency, p is the pressure, { represents the vertical displacement of the shear
layer, and = denotes the Fourier transform. Substituting the pressure fluctuations inside and outside
the jet from Eq. (1) in the linearized continuity, momentum and energy equations of a compressible
inviscid fluid lead to the following set of equations:

82pext 2 1 a2pext 32Pext . .
o7 ao(ﬁ 20 P ) =0 outside of the jet, (2)
Wint 2P of 1 3*pie . 0*Pint . .
? + U, W —4aj rjw W =0 inside of the jet, (3)

and the compatibility conditions at the interface between the jet region and region at rest
(r/D = %0.5),

po or  ar?’ pj ar a2
where p and U; are the density and jet velocity, and ag and a; are the speed of sound in the field
at rest and in the jet, respectively. The mathematical solution of Eq. (2) that satisfies the outgoing
wave or boundedness condition as » — oo involves two square-root functions in the complex
k plane. Square-root functions are multivalued functions. As such, they are not allowed in a
physical solution unless they are first made single valued mathematically. In order to obtain such
single-valued solutions, branch points and branch cuts need to be inserted in the complex k plane to
ensure that boundary conditions are satisfied (boundedness of the eigenfunctions) for any point
k in the complex k plane and also to make sure that the branch cuts do not interfere with the

—1 Ipex 92 1 Ipin 0 0
P 0%C P _ 95 08 @

Pint = Pext, I 9y
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inverse k contour. For the pressure disturbance distribution outside of the jet, the solution is
explicitly provided with the corresponding choice of branch. Inside of the jet, the equation is solved
numerically, but a careful choice of branch must be done, as detailed in the work of Tam and Burton
[41]. To ensure single-valued solutions, the branch cuts of nex and 7, are taken to be [25]

—1r <arg(new) < 37, 0 < arg(min) < 7, (5)
where nex = (K — @?/a3)"/? and 1 = (0 — Ujk)z/sz — k)72, Tam and Hu [25] obtained the
following solution for the pressure disturbances in the jet and dispersion relation, D:

. D Jm(ni tr)

A gp(D) n

Pint = Hm <”’ext_>—» (6)
2 Jm("]int%)

Mext D o - D Dint g D\ , D
Dl by = I\ Mine H() ext’5 _—H() ext = |V, m— | =0, (7
(w, k) Do? (77 t2> m (177 12> pj(a)—Ujk)2 1 1n 5 m n 5 (7)

where J,() is the Bessel function of order m and H{"() is the mth-order Hankel function of the
first kind, and ()’ denotes the derivative. It can be noted that m = 0 refers to the first axisymmetric
mode and m = 1 to the first azimuthal mode (helical). Eigenmodes of the vortex-sheet model are
defined as frequency-wavenumber pairs that satisfy Eq. (7) for a given m. In order to find dispersion
relations for the guided jet modes, we set real values for w and find the associated values of k.

B. Locally parallel stability model

The stability model considers the compressible Euler equations for flow fluctuations (in a
Reynolds-decomposition sense), linearized about the mean flow. Under the assumption of par-
allel flow, all streamwise derivatives of mean quantities are neglected, d()/dx = 0. Using the
axisymmetry of the jet, we can also set it = [U,(r),U, =0,0s =0], p = p(r), and T =T (7).
The density and temperature profiles are obtained based on the mean velocity profile using the
Crocco-Busemann relation. Furthermore, the same normal-mode ansatz used for the pressure in the
previous vortex-sheet model is assumed for all flow variables, leading to the following system of
equations:

- 0p on, @, imd
— iwp + Uikp + oty + 5 ity + o + 2 4 20} =,
or or r r

— U, 1 O
5(—;@@ + ikU (i + u) = —M—(iﬁkT + iTkp),
Y

ar f

p(—iwi, + U, ikil,) ! ‘3T+T85+Ta’3ABT

—iwi, (ki) = — _ - sy B
P My \Por T ar T 9 Por
_ | o

B(—iwig + Usikig) = — @imT + Timp),

M;jyr
ho— A aT — o, 0, imi

5[—in YUK + 8,5 + (y — DT (lku R ””“0)] —0, @®)

or ar r r

where y is the specific heat ratio. We solve a spatial stability problem, wherein a real w is set and
the system is cast into the form of an eigenvalue problem,

(—wIl + Ap)§ = kA4, )

where Ay and A; are matrices that group k° (terms not dependent on k) and k' terms (depending
linearly on k), respectively. The radial direction is discretized using Chebyshev collocation points.
We found that 500 points were sufficient to attain converged eigenvalue spectra. The domain is
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FIG. 4. Example of mean flow fits. Circles correspond to the mean numerical profiles, computed at x/D =2
and x/D =5, and the solid and dashed lines correspond to fitted profiles.

extended to the far field by mapping the original domain r € [—1, 1] to r € [0, oo[ using a function
proposed by Trefethen [42] that concentrates most points in the sheared region. The boundary
conditions are dependent on the azimuthal wavenumber, as described in Maia et al. [43]. Once
the eigenvalue problem is solved, pressure eigenfunctions can be reconstructed through the ideal
gas state equation using the mean flow, density, and temperature perturbations:

pT +Tp

2

p=
The mean flow profiles that served as input to the model were based on the numerical data, and
fitted with the hyperbolic tangent profile from Michalke [44],

T, =051+ tann ( X (B_" 11
o5 "

where 6g is the shear-layer thickness. The latter is determined from a least-squares fit of the
computed mean flows. Figure 4 shows examples of fits based on the mean profiles computed at
x/D =2 and x/D = 5. These are the positions where stability analyses are carried out for cases
L =3D and L = 6D, as will be explained shortly. The analytical function is seen to provide a
very good fit for the data at x/D = 2. At x/D =5, a slight mismatch occurs in the outer region.
This, however, has negligible impact on the stability results, since the region of high shear is well
represented by the analytical profile.

Unlike the previous model, which is solved directly for neutral modes, solution of the eigenvalue
problem given by Eq. (9) yields the entire stability spectrum. The characteristics of such spectra, and
those of the main mechanisms of the hydrodynamic and acoustic nature associated with it, have been
extensively discussed previously [45]. Figure 5 shows examples of stability eigenspectra computed
for m = 0 and velocity profile with R/6g = 5, at Strouhal numbers in the vicinity of a saddle point.
The spectra possess four branches: two branches lying on the real axis, consisting of acoustic modes
propagating downstream and upstream, and two branches of evanescent modes, one with positive
group velocity and another with negative group velocity. Two sets of discrete modes can be seen
in Figs. 5(a)-5(c), belonging to two different radial orders (which was determined by inspection of
the number of antinodes in their respective eigenfunctions). One of these sets has negative group
velocity (upstream traveling) and the other has positive group velocity (downstream traveling). The
sign of the group velocity, dw/dk, (with k, the real part of the streamwise wavenumber), can be
determined by a complex-frequency analysis; this is not shown here for conciseness. Waves belong-
ing to the former group are known as guided jet modes, and are those involved in the aeroacoustic
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FIG. 5. Local stability spectra for the axisymmetric m = 0 mode at different Strouhal numbers in the
vicinity of a saddle point. Computations correspond to a velocity profile with R/6g = 5. k, and k; are the
real and imaginary parts of the complex streamwise wavenumber. The red asterisk marks the branch point.

loop. The downstream-traveling discrete modes are known as ductlike modes, given their similarity
to acoustic modes of a cylindrical soft duct, as discussed in Ref. [27]. We have verified that their
eigenfunctions indeed correspond to those issuing from eigenanalysis of a soft-walled duct. This is
not shown here for brevity. As the Strouhal number decreases from Figs. 5(a) to 5(c), the modes
approach the real k axis. They reach the real axis at the saddle point, at St &~ 0.736. With decreasing
Strouhal number below this point, the downstream-traveling mode moves toward —oo, whereas the
upstream-traveling mode gradually approaches the branch of acoustic modes, until it finally reaches
the branch point, which is marked in red in the figure.

The dispersion relations of such modes for different radial orders are then constructed by varying
St and tracking the real part of their wavenumbers as they become propagative (k; = 0).

IV. RESULTS

In the following, we compare dispersion relations of the different models and we assess to what
extent they are consistent with the tones observed in the LES database. For the finite-thickness
models, the velocity profile close to the reflection point is necessary. While in screeching jets
the reflection point is often located between the fourth and the sixth shock cell [32,33,46], for
ideally expanded impinging jets the natural choice is to consider the reflection to occur at the plate.
Figure 6 displays the streamwise evolution of the shear-layer thickness for the four simulated cases.
In the close vicinity of the plate, the mean profile is significantly distorted, as can be seen in the inset
of Fig. 6(b). There is a sudden change in the slope of the R/0g parameter around 1D upstream of the
plate, followed by a sharp increase in its immediate vicinity. This is accompanied by a strong decay
of the jet centerline velocity (not shown). In order to avoid strong mean flow distortion effects on
the stability characteristics, we consider shear-layer thicknesses computed at streamwise positions
1D to 1.2D upstream of the plate. This leads to the values R/6g = 5, 3.5, 2.5, and 2.5 for the cases
Jetideal3D, Jetideal4D, Jetideal 5D, and Jetideal6D, respectively.

Figure 7 shows examples of dispersion relations of the guided jet waves, computed for azimuthal
wavenumbers m = 0, 1 and R/0r = 5. Downstream-traveling modes are represented by the red
squares and upstream-traveling modes by blue circles. Notice that this distinction is based on the
sign of their group velocity, dw/dk, which can be inferred from the slope of the curves in the k,-St
plane. In this Strouhal number range, neutral modes of three different radial orders exist for the
axisymmetric mode, while two different radial orders are visible form = 1. Then (n =1,2,3...)
is the radial mode number characterizing the number of antinodes (maximum oscillation points) of
the pressure distribution of the wave in the radial direction (visible, for example, in the eigenvectors).
The vortex-sheet solution is also displayed for comparison. Inclusion of the shear-layer thickness on
the stability model clearly modifies the dispersion relations of the upstream-traveling modes. Two
main effects are noticeable: a decrease in the Strouhal numbers of the saddle and branch points, and
a widening of the Strouhal number range where these modes are propagative.
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FIG. 6. Streamwise evolution of the shear-layer thickness in the four simulated cases: (a) Jetideal3D,
(b) Jetideal4D, (c) Jetideal5D, and (d) Jetideal6D. The inset in (b) displays a zoom of the vicinity of the
plate. Black dashed lines represent the values of R/6g considered for each case.

0.8tm=20 s

w/k, = —ay
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FIG. 7. Dispersion relations of the upstream-traveling (blue circles) and downstream-traveling (red
squares) guided jet modes for azimuthal modes m =0 and m =1 and R/6g = 5. Solid black lines are
vortex-sheet solutions based on Eq. (7). Saddle and branch points of different radial orders (denoted n) for
the finite-thickness model are indicated by S(m, n) and B(m, n), respectively. The diagonal dashed line marks
the sonic line.
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FIG. 8. Allowable frequency ranges for resonance, delimited by the saddle and branch points of the
dispersion relation. Gray-shaded regions are frequency ranges predicted by the finite-thickness stability model,
and the dashed red lines correspond to the limits of the vortex-sheet model. The branch and saddle points of the
vortex-sheet model for different azimuthal wavenumbers and radial orders, which delimit the frequency ranges,
are indicated by Sys and By, respectively. The limits of the finite-thickness stability model are computed for (a)
R/6r =5, (b) R/6r = 3.5, and (c) R/0r = 2.5. The blue circles correspond to tones observed in the LES and
the tone denoted by the pink circle in (a) is the result of a nonlinear interaction between an axisymmetric and
a helical mode, as demonstrated in Appendix A. The other symbols correspond to experimental and numerical
points found in the literature for the same nozzle-to-plate distances used in the LES. The dominant tone (or the
two most dominant tones, when available) in each database are indicated with solid symbols.

These dispersion relations were used to compute allowable frequency ranges for resonance,
delimited by the saddle and branch points of different radial orders. They are presented in Fig. 8 for
jet Mach numbers in the range M; = 1.0-2.0 and azimuthal modes m = 0, 1. The tones observed
in the LES data at M; = 1.5 are represented by solid blue circles. Cases L = 3D and L = 4D
are modeled with R/0g = 5 and R/6g = 3.5, respectively, following the results shown in Fig. 6,
and are shown in Figs. 8(a) and 8(b). Tones observed for L = 5D and 6D, on the other hand,
are displayed together in Fig. 8(c), since the shear-layer thickness was found to be almost the
same in both cases (R/0g = 2.5). In order to make the assessment of the model as extensive as
possible, tonal frequencies observed in other experimental [6,8,9,11] and numerical [17] studies of
ideally expanded round impinging jets are also shown for comparison. These databases cover the
same range of nozzle-to-plate distances used in the present study, and the experimental/numerical
data points are compared to predictions made with R/0g = 5, 3.5, 2.5, following the same criteria
described above for the current LES.
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Some considerations must be made regarding the comparison with data from previous studies.
First of all, the underlying hypothesis in this comparison is that, if the nozzle-to-plate distance is
the same, the shear-layer thickness at the reflection point is also the same. This might not be strictly
true, as the jets issue from different nozzle geometries, with possibly different jet Reynolds numbers.
However, the vast majority of these studies were conducted at M; = 1.5 and display tones whose
frequencies are fairly close to each other, and close to those observed in our database. This suggests
that the shear layers have comparable thicknesses. Second, the frequency ranges of existence of
upstream-traveling modes are sensitive to the jet temperature [33]. Therefore, this comparison is
only possible because in all these studies the jet stagnation temperature is quite similar. Finally, in
the experimental results of Refs. [6,8,9,11], the pressure field is not Fourier decomposed in azimuth
as in the present study (and also in the numerical study of Varé and Bogey [17]), and the azimuthal
nature of the tones (axisymmetric or helical) is not indicated. Therefore, in order to perform the
comparison with the stability models, we have made an ad hoc separation of the experimental data
points into m = 0 or m = 1 tones according to their proximity to the LES data: if the frequency
of the experimental tone is close to an m = 0 LES tone, it is assigned as axisymmetric; if it is
close to an m = 1 LES tone, it is assigned as helical. The justification for this assumption comes
from the similarity in the jet exit conditions and nozzle-to-plate distances, as discussed above. A
few experimental points were found to be quite far from the LES data. In that case, they have
been assigned a wavenumber in a more arbitrary way, based on their proximity to the vortex-sheet
solution. Additionally, we have also tried to split all the experimental data points based on their
agreement with the vortex-sheet solutions. Apart from minor differences, the trends are quite similar
to those shown in Fig. 8, and are not shown here for conciseness.

Figure 8 reveals that the discrepancy between the vortex-sheet and finite-thickness models clearly
becomes more pronounced as the shear-layer thickness is increased. The allowable frequency ranges
are gradually widened with decreasing R/0g, and the saddle and branch points are progressively
shifted to lower Strouhal numbers. Many of the observed tones are inconsistent with the allowable
frequency ranges of the vortex-sheet model. But with the inclusion of a finite thickness consistent
with the reflection location, all the LES points are either well within the limits predicted by the
model or very close to them. The tone represented by the pink dot in Fig. 8(a), which is well
off the allowable ranges for any of the models, was found to result from a nonlinear interaction
between an axisymmetric and a helical tone, as shown in Appendix A via a bispectral mode
decomposition [47]. It is therefore not generated by a fundamental instability mechanism. The vast
majority of experimental and numerical points from the literature are also more consistent with the
finite-thickness model. There are some exceptions, notably the m = 1 nondominant peaks reported
by Varé and Bogey [17], which are well off the model predictions. One possible explanation for this
mismatch is that these tones also are generated by nonlinear interactions. But apart from the few
discrepancies, overall, the observed trends indicate that accounting for a finite-thickness shear layer
is necessary for accurate tone predictions in impinging jets, analogous to what was recently observed
for the screech phenomenon [33].

Apart from the tone frequency, the radial structure of the modeled waves was also compared
to that of upstream-traveling perturbations issuing from the LES. The latter are educed following
the procedure laid out by Ferreira et al. [34], wherein the pressure field is Fourier transformed
in time and in the streamwise direction at different radial positions between r/D = 0 and 0.5,
producing frequency-wavenumber diagrams. The radial structure of the upstream-traveling waves
is then extracted by averaging, at each radial position, the Fourier coefficients of a few stream-
wise wavenumbers around the sonic line (w/k = ap), at the tone frequency. This averaging is
done because the wavenumber resolution of the Fourier transform is quite poor, due to the short
nozzle-to-plate distance that sets the wavenumber discretization. Therefore, averaging over a few
wavenumbers around the sonic line helps obtain smoother profiles. Notice that the contribution
from the wavenumber predicted from linear stability theory is contained in that average. The
radial profiles educed for the Jetldeal3D database are compared in Fig. 9 to eigenfunctions of
the vortex-sheet and stability models, computed at the Strouhal numbers of three dominant peaks.
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FIG. 9. Comparison between stability eigenfunctions of the upstream-traveling jet mode (solid blue lines),
vortex-sheet model based on Eq. (6) (dash-dotted black lines), and LES pressure data (dashed red lines),
computed at frequencies corresponding to the three dominant peaks identified in the case Jetldeal3D. The
curves are normalized by their maximum values.

For the tones at St = 0.455 and St = 0.57, the eigenfunctions of both models are in reasonable
agreement with the LES. For the first helical tone at St = 0.345, the eigenfunction from the
finite-thickness model provides a much better agreement with the data, which further reinforces
the necessity of taking the shear layer structure into account for an accurate modeling of the
guided jet modes. Slight mismatches occur, which is expected, due to the averaging procedure
mentioned above. The strongest mismatch is around the dip (at /D = 0.38) in the structure of
the St = 0.57 tone. Such dips result from phase jumps in vortical structures and are difficult
to observe correctly in the data due to the stochastic background turbulence that distorts those
structures. This mismatch can be corrected, to a great extent, by extracting the organized part of the
pressure field using proper orthogonal decomposition [48]. This is, however, outside the scope of
this work. But overall, the agreement between models and data is reasonable, which provides further
evidence that upstream-traveling guided jet waves are indeed involved in the resonance mechanism.

The present work follows previous modeling studies that consider locally parallel frameworks
to model guided jet modes [17,18,29,31-33]. This framework provides good approximations for
these waves, even when shocks are present, which allows it to be used to predict tone frequencies
in screeching jets. Furthermore, it has been shown in the work of Mancinelli e al. [33] that, in
order to accurately predict frequency tones at different Mach numbers, the finite thickness of the
shear layer at the downstream reflection point should be taken into account, which clearly points to
an advantage of finite-thickness stability models over the classic vortex-sheet model. At the point
where the guided jet wave is excited (the downstream reflection point), it should exist as a neutral
discrete mode (or, at the very least, as an evanescent wave); otherwise the resonant loop is not
possible. But in most cases, when an infinitely thin shear layer is considered at that location, the
guided jet mode does not exist as a discrete wave at the resonance frequency. This can be clearly
seen in the results of the present study. Notice that several tones shown in Fig. 8 are below the
branch point of the vortex sheet, which means that, at the tone frequency, they are absorbed in the
continuous branch of acoustic free-stream modes. Accounting for the shear-layer thickness allows
us to reconcile the guided jet waves with the observed tones, which, in in our view, highlights the
importance of correctly modeling the jet dynamics at the downstream reflection point.

However, the following consideration should be made: As the guided jet mode travels upstream,
it encounters increasingly thinner shear layers. When it reaches the upstream reflection point (the
nozzle exit) the shear layer is quite thin, and if we choose this position to compute the characteristics
of the guided modes, the results of the finite-thickness model would then be quite similar to those
of the vortex-sheet model, leading to mismatches with the data, as observed in previous studies.
This apparent conundrum seems to indicate that the resonance frequencies are governed rather by
the downstream reflection point. This remains an open question for the moment, but we can make
the following conjecture: in order for the guided jet mode not to lose its support when traveling
upstream, and eventually close the loop at the nozzle, it must “see” an average shear layer between
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the plate and the nozzle whose thickness is compatible with its existence. In Appendix B we explore
the validity of this hypothesis by considering a streamwise-averaged mean flow of the L = 3D case.
The results show that the frequency bands of waves associated with the spatially averaged flow are
also close to the tones observed. This suggests that this “average shear layer” could be considered
as a surrogate for the shear layers at the upstream and downstream reflection locations, avoiding
the choice of one or the other to perform tone predictions. Of course this streamwise-averaged flow
scenario is just a rough approximation of the dynamics of these waves between the nozzle and the
plate. A more accurate representation of their behavior as they travel upstream can be obtained
with a global stability calculation, as done by Hildebrand and Nichols [49]. In the present work we
choose to carry out the main analyses at the downstream reflection position, for consistency with
recent works that consider finite thickness models for screeching jets [33].

V. CONCLUSIONS

The origin of resonance tones in ideally expanded round impinging jets has been investigated. We
hypothesize that resonance is underpinned by a downstream-traveling Kelvin-Helmbholtz instability
and upstream-traveling guided jet modes, as done in previous studies [13,16—18,34]. In these
studies, the allowable frequency bands for resonance, dictated by the propagative character of the
upstream-traveling waves, are predicted with vortex-sheet models. Vortex-sheet predictions were
able to partially explain a number of observed tones, but many tones fell outside the allowable
frequency bands predicted by the model [15,34], and the origin of the discrepancy remained
unexplained.

Motivated by a recent study that revealed that accurate tone-frequency predictions in screeching
jets requires accounting for a finite-thickness shear layer [33], here we explore finite-thickness
models in the prediction of allowable resonance ranges on the impinging jet problem. We revisit LES
databases of ideally expanded supersonic jets impinging on flat plates, with different nozzle-to-plate
distances [14,15]. Mean-flow information in the vicinity of the plate is used as input to stability
models. Finite-thickness models predict wider allowable frequency bands for resonance whose
upper and lower limits are shifted to lower frequencies. These trends become progressively more
pronounced as the shear layer thickens. All of the main tones observed in the LES data are found
to fall within, or very close to, the frequency ranges obtained with the finite-thickness models,
improving on vortex-sheet predictions. That improvement is substantiated by comparison with data
from the literature: the finite-thickness model, tuned with the shear-layer thickness educed from the
LES, was also found to be consistent with a number of tones observed in past experimental and
numerical studies carried out with the same range of nozzle-to-plate distances. Furthermore, the
radial structure of the upstream-traveling waves computed with the finite-thickness stability model
is found to be in good agreement with upstream-traveling disturbances educed from the present LES
data, providing further evidence of the involvement of these waves in the resonance mechanism in
ideally expanded impinging jets.

The advantage of using a locally parallel framework is that its eigenvalue spectrum is more
easily interpretable than that issuing from a global analysis, which makes it easier to identify and
track the guided and duct modes in the frequency-wavenumber plane. Also, as mentioned above, the
locally parallel framework has been shown in numerous studies to provide good approximations for
these waves in screeching jets. However, the global analysis can be useful to overcome limitations
of the local analysis. For instance, it can provide a more complete description of the guided jet
mode dynamics as it travels from the downstream to the upstream reflection point. This has the
benefit of avoiding the choice of a single position to perform tone predictions, as discussed above.
Furthermore, the global framework is also more suitable for shock-containing impinging jets [49],
as in that case multiple reflection mechanisms (at the plate and the shocks) can coexist, making
the local analysis more ambiguous. Future work will address global stability analysis to study tone
generation in underexpanded impinging jets.
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Finally, the results of the present study can serve as guidance and departure points for more
refined tone-prediction models in impinging jets. Future models should consider the true structure
of the jet shear layer in the vicinity of the plate. They should also address the phase-matching
criteria between downstream- and upstream-traveling disturbances, which is necessary for exact
tone-frequency predictions at different Mach numbers. This requires knowledge of reflection coeffi-
cients at the nozzle and plate. This can be achieved, for instance, via Wiener-Hopf techniques [50],
or data-driven approaches that involve projection of flow data into stability eigenbases [51].
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APPENDIX A: NONLINEAR INTERACTION OF TONES

In this section we apply the bispectral mode decomposition (BMD) to the Jetideal3D database,
with the purpose of explaining tones that fall outside the allowable frequency range of upstream-
traveling modes. BMD is a technique developed to study nonlinear triad interactions and coherent
structures associated with them [47]. The method performs a maximization of an integral measure
of the bispectrum, which, for a pair of frequencies f; and f;, takes the form

b(fi, fi) = E[ /Q q;oq; o QZH} = E[qf, Wawn | = E[(a7,, @r)]. (A1)

where q is a fluctuating field of a given state variable and E[ ] represents the expected value. The
hats ™ denote Fourier transformation in time, computed with the Welch method, asterisks ( )* denote
scalar complex conjugation, and ()¥ the transpose conjugate operator. € is the spatial domain, and
the inner product of the right-hand term is expressed as

(qi, q) = // q;q2 dxdf dr = q}Wqq, (A2)

where W is a matrix containing numerical quadrature weights. q is a vector containing realizations
of state variables. Here o denotes a Hadamard product, and the notation

Gror = Q(x, fi) o Q(x, f1) (A3)
denotes the pointwise product of two realizations of the flow at frequencies f; and f;. All Fourier
realizations at a given frequency fj are arranged into a matrix of the form Q; = [(A],((l)(]j;) e (A],((M”*)]
and a bispectral matrix is defined as

| A A
B, fi, /1) = 7 Qe WQi+1, (A4)
Nl

where Q1 = Q; o Q;. The complex mode bispectrum is obtained by solving the following opti-

mization problem:

a”Ba
afla

a; = arg max , (AS)
where a; are optimal expansion coefficients. This problem is solved by computing the numerical
radius A; of B. The reader is referred to Ref. [47] for details about the numerical procedure.
The maps of A(fk, f;) illustrate regions of the spectrum where there is significant quadratic
phase coupling between different frequencies, generating a third component, f;, which follows the
triad f; = fx + f;. The method uses flow data available in the entire domain, as opposed to classic
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FIG. 10. Complex mode bispectrum based on (a) pressure, (b) density, and (c) streamwise velocity. The
white circles mark the frequencies of the three largest fundamental peaks, St; = 0.455 (axisymmetric), St, =
0.345 (helical), and St, = 0.57 (helical). The pink circle highlights the production of a tone due to the triad
2St, — Stz & St;. The generated tone can be observed in pressure spectra of case Jetideal3D, as shown in
Fig. 2, and corresponds closely to the frequency St;.

bispectral analysis, which considers pointwise data. BMD also provides sets of modes associated
with the formation of a given triad, but here we focus only in the complex bispectrum, A (f, fi)-

Figure 10 shows the complex bispectrum computed with pressure, density, and streamwise
velocity signals, separately for the Jetideal3D case. The three spectra display a similar grid pattern,
produced by the self-interaction of the fundamental tones (originated from the resonant cycle) and
their sum-and-difference combinations. Local maxima appear at the intersection of frequencies
forming resonant triads. Three of the largest tones observed for this case are at St, = 0.345,
St; = 0.455, and St4 = 0.57 (see Table I and Fig. 2); they correspond to fundamental tones
generated by the resonant cycle, and are highlighted by white circles along the St, = 0 line. The
pink circles highlight the triad formed by the first harmonic of St, and Sts, i.e., 2St, — St3 =~ St;
(a little margin is expected due to spectral leakage). The third frequency generated in this triad
corresponds closely to the frequency of the first major tone identified in the pressure spectrum. As
discussed in Sec. IV, this tone falls outside of the allowable frequency range for the existence of the
upstream-traveling modes (see Fig. 8 for the m = 1 mode) and therefore does not correspond to a
fundamental frequency of the resonant cycle. The presence of a local maximum at the intersection
of 2St; and St; reveals that the St; tone most likely issues from the nonlinear interaction of two
fundamental modes, which explains the mismatch with the linear model. The mode bispectrum
reveals a number of other sum and difference interactions between St, and St that give rise to
higher-frequency tones observed in the pressure spectrum of Fig. 2.

APPENDIX B: GUIDED MODES OF A STREAMWISE-AVERAGED MEAN FLOW

In this section we present dispersion relations for the guided jet modes obtained with a spa-
tially averaged mean flow. First, we performed the streamwise average between x/D = 0 and
x/D = 3 for the L = 3D case. The shear layer obtained with this averaged flow profile was then
used to compute the R/6 parameter for the analytical mean flow, Eq. (11), yielding a value of
R/6 = 10, which is then used to perform a stability analysis. We recall that, for the m = 1 azimuthal
mode, one of the observed tones is found to be well predicted by the finite-thickness model with
R/6 = 5, but it is clearly off with respect to the vortex-sheet model [see Fig. 8(a)]. Figure 11 shows
the dispersion relation of the streamwise-averaged mean flow at M; = 1.5 and m = 1 compared
to that obtained with the vortex-sheet model and with the finite-thickness model close to the plate
location. The dispersion relation of the averaged mean flow falls between the other two, as expected.
Furthermore, the frequency of the second tone (which is inconsistent with the vortex sheet) is quite
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kD

FIG. 11. Dispersion relations of the neutral guided jet modes for azimuthal mode m = 1. Solid black lines
are vortex-sheet solutions. Blue and red circles correspond neutral with R/6r = 5 and the yellow points are
the neutral waves obtained with the streamwise-averaged mean flow profile (R/6g = 10). Branch points of
the different models are highlighted, respectively. The diagonal dashed line marks the sonic line. Horizontal
dashed lines represent the frequency of the tones observed in the LES data.

close to the branch point associated with R/0 = 10. This suggests that this streamwise-averaged
mean flow could be used as a “typical” profile representing a compromise between the downstream
and upstream reflection points. This would allow avoiding the choice of one reflection point or the
other to perform tone predictions.

Similar results can be obtained for other nozzle-to-plate distances and for the m = 0 mode.
Moreover, notice that for the other cases explored in the present work (L = 4D, 5D, 6D) the value
of R/6k associated with the spatially averaged mean flow would be even closer to that obtained at
the plate, as it varies very little for x/D > 2 (see Figs. 6(b), 6(c) and 6(d)).
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