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We study the dynamics of a rounded subsonic impinging jet. We investigate this prob-
lem by solving the compressible linearised Navier—Stokes equations around a laminar
baseflow, with a normal form issued from a weakly-nonlinear approach and by means of
axisymmetric time-stepping simulations. The linear stability analysis shows the existence
of a family of global modes for every Mach number, which are supported by a non-local
feedback loop. In order to get an insight to the core of the instability mechanisms, we
propose a non-local decomposition of the structural sensitivity and the endogeneity con-
cepts. The use of these sensitivity maps allows us to differentiate two distinct instability
mechanisms. The instability is always initiated by a shear layer instability. Nonetheless,
the closure of the feedback differs. At large Mach number, the production of divergence
lies inside the jet, and it is responsible for the backward propagation of the guided jet
mode. On the other hand, at low Mach number, the wavemaker of the instability is
along the region where the module of the linearised Lamb vector is largest. Therefore,
indicating that the closure mechanism is a pressure wave issued from a vortical source.
We also provide a qualitative description of the tonal and broadband noise by means
of the normal form of the bifurcation. Based on a phenomenological reasoning, we also
suggest a stochastic model which accounts for the low coherence of the sources of sound
at low Mach number. Such a model reproduces reasonably well the sound pressure level
measured from time-stepping simulations.

1. Introduction — Aim of the study

It has been established that intense acoustic tonal sound is generated by the im-
pingement of a high subsonic or supersonic jet onto a wall. Early experimental studies
carried out by many researchers, including Powell (1953, 1961), Wagner (1971), Neuwerth
(1974), Preisser (1979), Ho & Nosseir (1981); Nosseir & Ho (1982) observed that the
frequency varies with the distance to the solid boundary, and it is organised in stages.
Furthermore, the dynamics of the jet, for instance pressure in the near-field and in the far-
field, were found to peak at particular frequency for high subsonic Mach numbers and to
be broadband for low Mach numbers (Nosseir & Ho 1982). The staging phenomenon led
Powell (1953) to conjecture that the self-sustained mechanism was a two-stage process,
which involves the vortical structures convected downstream and the acoustic waves
propagating upstream from the solid boundary to the nozzle. Similar feedback loops have
been also observed in supersonic impinging jets. The establishment of the feedback loop
has been studied experimentally by Norum (1991) and numerically by Gojon et al. (2016);
Bogey & Gojon (2017) for ideally expanded supersonic jets. Similarly, for underexpanded
jets, there is experimental evidence of the existence of the loops by Risborg & Soria
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(2009); Buchmann et al. (2011); Mitchell et al. (2012) and numerical by Dauptain et al.
(2012); Gojon & Bogey (2017a). Ho & Nosseir (1981) proposed a simplified frequency
selection criterion, assuming the wave propagating upstream to be a free-stream acoustic
wave propagating outside the jet. Nevertheless, later studies established that the feedback
loop is closed by a guided jet wave propagating mostly inside the jet (Tam & Ahuja
1990). Tam & Ahuja (1990) proposed a theoretical model for the frequency selection.
The model considers a Kelvin-Helmholtz mode with a constant frequency and guided
jet waves classified by their radial and azimuthal structure with different dispersion
relations. The authors conjectured that the loop is closed by the Kelvin-Helmholtz mode
and the least-dispersive guided wave. Following this reasoning, they concluded that tonal
noise does not exist below a cut-off Mach number because the frequency of the guided
waves does not match the frequency of the Kelvin-Helmholtz mode. Particularly, the
properties of the guided waves, allow us to explain the frequencies and the axisymmetric
or helical nature of the acoustic tones (Gojon et al. 2016; Bogey & Gojon 2017; Jaunet
et al. 2019; Varé & Bogey 2022a,b). These guided waves are involved in other resonance
phenomena, for examples in screech generation mechanism, as studied by Gojon & Bogey
(20170); Edgington-Mitchell et al. (2018); Mancinelli et al. (2019); Edgington-Mitchell
(2019) or in jet-plate interactions, as recently investigated by Jordan et al. (2018); Tam
& Chandramouli (2020); Varé & Bogey (2022a). They also play a role in the generation
of acoustic tones near the nozzle (Towne et al. 2017; Brés et al. 2018; Bogey 2021) and
in the upstream acoustic far field of free jets (Bogey 2022).

The paper aims to rationalize previous experimental results on the sound emission
from a jet impinging on a perpendicular flat surface at large subsonic Mach numbers.
We have several objectives. First, we analyse the properties of the feedback loop, by
means of a Helmholtz-Hodge decomposition that allows a global decomposition of the
flow perturbations and a local decomposition into the underpinned waves of the baseflow,
i.e., we measure the relative magnitude of the acoustic and hydrodynamic components of
the global mode. It results that for a sufficiently large Reynolds number, there is always a
global unstable mode. However, at low and large Mach numbers of the jet, the mechanisms
responsible for the closure of the feedback mechanism are distinct. In particular, that
connects with the cut-off criterion of Tam & Ahuja (1990) for the existence of tonal
or broadband noise. Tam & Ahuja (1990) conjectured that below the cut-off M, ~ 0.6
high acoustic sound emissions are not possible because the Strouhal of the first guided
wave does not match the Strouhal of the Kelvin-Helmholtz instability. Such a conclusion
has been widely used in literature to justify the existence of broadband noise emissions
below the cut-off Mach number. However, we will show that the feedback mechanism
responsible for high acoustic tonal emissions at high subsonic Mach numbers, also exist
at low Mach numbers, even at the incompressible limit for the laminar jet, nonetheless
distinct closure mechanisms cause the instability. This is shown following a three-step
approach:

(i) Determine the linear global mode associated to the feedback mechanism at every
Mach number.

(ii) Determine the nature of the feedback-loop at low and high Mach numbers. We
introduce a novel decomposition of the structural sensitivity map.

(iii) Perform a wave decomposition of the feedback global mode into Kelvin-Helmholtz

and guided waves.
Such a process allows us to unveil the instability core of the feedback-loop and to analyse
the physical mechanisms supporting the instability. In addition, the wave decomposition
allows us to determine the local characteristics in terms of waves of the loop, e.g., the
reflection coefficient at neutrality.
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Furthermore, we analyse the nonlinear dynamics of the impinging jet flow configuration.
Specifically, we will show that the frequencies involved in the feedback process are mostly
determined by geometrical features and the velocity of propagation in the medium, i.e.
Mach number and convective velocity. The eigenvalues associated to the global modes are
found to form a discrete arc, with a nearly constant frequency distance Aw. Furthermore,
performing the expansion of the flow into base flow and harmonic contributions,

a(x,t) =qo(x)+ Zszl [Arqa,e™ " +ce]+ ... (1.1)

where the higher harmonics and the zeroth-harmonic modification of the meanflow
have been omitted. With such an ansatz, we have carried out a normal form reduction
approach (Sierra-Ausin et al. 2022; Sierra et al. 2020b) to determine the reduced-order
equation that governs the dynamics of the feedback mechanism, the normal form in polar
coordinates Ay = rye!®* is as follows

,,;], = 1y ()\j + Z]kv l/jkT]%) + Fres(ra!p)

7/.}j F¢g (I‘,W). (12)

The vector r = [ry,...7y—1]7 with r; for j = 1,... N is the vector of (real) amplitudes
proportional to each normalized global mode that characterizes the amplitude of the limit
cycle, and ¥ = [¢)1,...9n]7T is the vector of resonant phases, where each resonant phase
is a function of an imperfect quantisation of the feedback modes ¥; = A¢p; — A¢p;_1 =
(51— @) — (¢j — dj—1). Herein, we treat the case with N = 3, and the vector fields Fy,
and Fi.s will be specified later on for this case. In the case of a perfect equi-distribution of
feedback modes (wy = kAw), the limit cycles would be in a perfect resonance. However,
nonlinear modulations of the frequency, which could be accounted by the disparity in
the amplitude of local sources of divergence of the velocity field perturbations or vortex-
sound responsible for the closure of the feedback-loop.

In addition, in order to model the broadband behaviour characteristic of low Mach
number flows, we propose a stochastic model which is based on a phenomenological
reasoning. It accounts for the low temporal coherence of the sources of sound at low
Mach number, which in turn induce a frequency mismatch in the frequency selection
criterion. The model is able to capture the qualitative features of low and large Mach
number flows.

The outline of the manuscript is as follows. First, the flow configuration and the numerical
approach are presented in section 2. Second, in section 3 we describe some basic properties
of the baseflow, and we show the main results of the linear stability study, highlighting
two mechanisms of closure of the feedback-mechanism. Third, in section 4 we carry out a
Helmholtz-Hodge decomposition in order to get a further insight into the hydrdodynamic-
acoustic feedback loop by means of a novel non-local structural sensitivity decomposition.
Therein, we also perform a weakly non-parallel decomposition of the global mode into
the waves supported by the baseflow with the aim of determining the reflection coeffi-
cient. Then, in section 5 we analyse the interaction between limit cycles by means of
axisymmetric time-stepping simulations and the normal form. Finally, in section 6 we
summarise the main findings of the study.
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Figure 1: Diagram of the domain. The physical domain, represented as a white area, is
complemented with a radial buffer layer, shown as a light grey shaded zone.

2. Numerical approach
2.1. Governing equations

Let us introduce the compressible Navier—Stokes equations as the governing equations
of motion of a perfect gas described in primitive variables q = [p, u,, ug, u., p, T]T7 and
the set of control parameters 1 = [Re, My,]T. These are formally expressed as

oq

o — Fla,n) with B = diag(1, L, p, 0), (2.1)
u-Vp+pV-u
pu-Vu—Vp+ V- z-7(u)
F(q,n) = - (v—=1)|pTV  -u— fy]\éf 7(u) : D(u)} —pu-VT + PYWReV2T , (22)

—pT +1+~yM2Zp

The geometric configuration used in the analysis of the acoustic radiation of a rounded
impinging jet is sketched in fig. 1. It consists of a pipe that is subdivided into two zones,
a first pipe with slip adiabatic walls and a second pipe of length L with no-slip adiabatic
walls. The physical domain, depicted as a white region in fig. 1 is complemented with
an absorbing boundary layer in the far-field, which is either a complex mapping region
(Sierra et al. 2020a) for the linear computations of section 2.2 or a sponge region (Fani
et al. 2018) for the nonlinear computations of section 2.3. In our formulation, the primitive
variables have been made dimensionless to

X t~Z zZ= 0 U T
X:E7 t = u' 07 p:~p’ u:7~u , T =—,
D D Plys Tz |2=0 Tgs
o B o (2.3)
_ p_p|fs _ uz|z=0 _ p|fsuz|z=0D
ﬁ|fsﬂz‘3:()7 (’YRgT‘fs)l/z’ H(T‘fS)

where R, is the ideal gas constant, @ |,—o denote the average value of the axial velocity
at the cross-section z = 0, and p|ss, P|ss,T|rs denote the values on the far-field or
free-stream. The Navier—Stokes equations eq. (2.1) are complemented with the following
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boundary conditions,

u, =1, u =0, T=(1-21M2) ond,

u, =0, u, = 0, VT -n=0 on 92y (2.4)

u =0, VT-n=0 on 02y ’
p=1, p=20, T=1 on 0Q2y.

The inlet boundary condition models the inflow from a reservoir with a constant total
temperature equal to unity. In such a way, the energy of the system is kept constant
for every Mach number M.,. The length of the pipe is a constant of the problem that
determines the height of the boundary layer, here we have chosen L = 2.5D. The flow
in the slip region is nearly constant, thus the length of this region is not an important
parameter of the problem. The location of the start of the absorbing layer is chosen to
be z_oo = reo = 15D. Finally, the distance between the nozzle end location (z = 0) and
the impinging wall is H, which is kept constant H = 5D.

2.2. Linear Navier—Stokes equations

The asymptotic linear stability of a steady-state qq is examined from the temporal
evolution of an infinitesimal perturbation, i.e. by performing the following expansion
q = qo + (e ! + c.c.) where ¢ < 1. The steady-state qq is said to be asymptotically
linearly stable if there is not an eigenvalue with a positive growth rate, in other words
for every eigenvalue w; < 0, otherwise it is said to be linearly unstable. The perturbation
q and its eigenvalue iw are determined by solving the following eigenvalue problem

—iwB|q,q + DF|q,(4,n) =0, (2.5)

The linear Navier—Stokes equations eq. (2.5) are complemented with the following ho-
mogeneous boundary conditions,

i, =0, i = 0, T=0 ond,
i, =0, iy =0, VI n=0 on d2uawu (2.6)
i, =0, VI -n=0 on 9082ip

p=0, p=0, T=0 ond2u.

In the following, we will also consider the adjoint eigenmode §f, which is a solution of
the adjoint eigenvalue problem

iwB|q,d" + DF'|g, (4", m) = 0. (2.7)

where * is employed for the complex conjugation. The boundary conditions of the adjoint
problem are the same as the direct, eq. (2.6). The adjoint modes are normalised by the
B—inner product, that is (qf,q)s = 1.

2.3. Time-stepping approach

The Navier—Stokes equations (eq. (2.1)) are evolved in time with a fully implicit time
integrator. We use a third order BDF scheme to integrate in time the state variable q.
The semi-discrete in time equations are as follows,

B[ g altnss) —3altn) + Salta 1) — 5alta-2)| = ~AF () ) (29)
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Each time-step, the nonlinear problem eq. (2.8) is solved with a Newton method,

[lTalB + AtDF\qZ(th)}éq =B [3Q(tn) - %q(tn—l) + %Q(tn—Q) — AtF(q (tni1),m)
a M (tas1) = (tay1) +da.

(2.9)
The assembling of the jacobian matrix DF|qe(, .,y is the most expensive step, and as it
is conventional, a frozen jacobian matrix is adopted all along the Newton method, that
is, DF|qe(tn+1) = DF|q(,)- Furthermore, provided that the time-step is not too large, the
jacobian matrix is kept constant for few time-steps, as long as the number of iterations
to convergence of the Newton method do not drastically grow.

2.4. Normal form reduction

In the following, we summarize the normal form reduction procedure, which is carried

out to study the interaction between distinct periodic orbits resulting from global
instabilities associated to the main feedback mechanism. A comprehensive explanation
is left to appendix B.
Near the onset of the bifurcation, dynamics can be reduced to the normal form. The
coefficients of the normal form are computed following a multiple scales expansion of the
solution q of eq. (2.1). The expansion considers a two scale development of the original
time t +— t + 27, here ¢ is the order of magnitude of the flow disturbances, assumed
small € < 1. Herein, we consider the small parameters €2 and ¢,,, which are a function
of the Mach number and Reynolds numbers at the far-field,

€22 = (MOZOC —M2)~c*ande, = (v.—v) = (Regl - Re’l) ~ g2,

The technique decomposes time into a fast timescale ¢ of the phase associated to the
self-sustained instabilities and a slow timescale related to the evolution of the amplitudes
z;(T), introduced in eq. (2.11), for ¢ = 1,2, 3. The ansatz of the expansion is as follows

a(t,7) = qp + eq(e)(t, 7) + e%q(eay (8, 7) + e3qqen) (¢, 7) + O(e?) (2.10)

In the following, we shall consider the normal form equation resulting from the interaction
of three modes identified by linear stability, that is,

qe)(t,7) = Zszl (zk(T)d(zk)(r, z)elwkt 4 c.c.) (2.11)
Note that the expansion of the LHS of eq. (2.1) up to third order is as follows

dq(e) 21 4(2) 3 a01(83) aq(@) 4
B——= B——= B——+B—~ 2.12
eB— = +¢ TR [ 5 TB 5 | +0("), (2.12)
and the RHS respectively,
F(q, 17) = F(O) + EF(E) + €2F(52) =+ €3F(63) + 0(54). (2.13)

Then, the problem truncated at order three is reduced to a low-dimensional system
governing the complex amplitudes z;(t). Herein we consider the case of N = 3, the
general case is briefly discussed in appendix B.5. The normal form is as follows,

21 = 21(A1 4 vz} 4 vaelzl3 4 vasl2l3) + x12373
Zp = za(Aa 4 v21|2]F + vaal2]3 + vasz3) + x2217223 (2.14)
23 :Zg()\3+l/31|2|%+I/32|Z|%+1/33‘Z|§) +X32%§1

where v, A\i, xx € C for k, ¢ = 1,2,3. The real part of the linear terms, named Ag,
correspond to the growth rate of the k** mode. Respectively, the imaginary part of \j, is
associated to the frequency variation of the k*® mode with respect to the frequency



Dynamics of a rounded laminar subsonic impinging jet 7
0.5 T

« 0.25¢

Figure 2: Spatial distribution of the Mach number for a baseflow at (a) Re = 2200 and
My =0.2, (b) My, = 0.6 and Re = 800. (c) Radial evolution of the Mach number (blue
for the profiles of (a) and red for (b)) from the nozzle exit (z = 0, represented with the
darkest colour) to z = 4D (light colour), with an equidistant step of a diameter.

of the neutral mode, i.e., with respect to the frequency wjy determined from linear
stability analysis. The terms vy are the third order self (k = ¢) and cross interaction
(k # £) coefficients. The resonant coefficients xj arise because of the quantization of
the eigenvalues in the spectrum at a nearly constant distance Aw, i.e. frequency gaps
Aw; = (wi+1 —w;) are nearly constant, see fig. 15 (a) in appendix B.5. In the analysis, we
consider that the imperfections in the frequency difference between two modes is small,
that is, (Aw;11 — Aw;) ~ 2. In this way, the term 23Z3 is nearly resonant with z1, or in
other terms wy — Awy ~ wy.

3. Linear global stability procedure — Parametric analysis
3.1. Baseflow properties

We define the baseflow as the steady-state solution of the Navier—Stokes equations
satisfying the boundary conditions listed in eq. (2.4). The baseflow is determined by two
dimensionless parameters, the Reynolds number (Re) based on the averaged velocity at
the nozzle exit and the Mach number (M) based on the averaged velocity at the nozzle
exit and the speed of sound at the far-field. Given this definition of the Mach number
based on the speed of sound at the far field (M), the actual Mach number of the flow
can be considerably larger, specially for M., € [0.5,0.6], where compressibility effects are
significant. Figure 2 reports the spatial distribution of the Mach number in the region
between the nozzle and the impinging wall. Figure 2 (¢) shows the radial evolution of
the velocity profile. Since we consider a laminar baseflow the boundary layer thickness
at the nozzle exit (darker velocity profile in the figure) is considerably larger than for a
turbulent mean flow profile, and it is around a tenth of the diameter.

3.2. Linear stability — Compressibility effects

We analyse the effects of the Mach number on the feedback mechanism. First, we
determine the dominant global linear modes for every subsonic Mach number, which
corresponds to My, € [0,0.6]. Figure 3 shows the neutral curves of linear stability of the
steady-state. We follow the evolution of the leading five modes, which are characterised
by a slow frequency evolution with respect to the Mach number and a nearly constant
frequency Aw distance between modes. At a given Mach number, the modes are charac-
terised by their axial wavenumber; the dominant modes at M., = 0.6, displayed in fig. 3
(g-1), are characterised by seven, six and eight half-wavelengths, respectively. Nonetheless,
such a characterisation is not constant with varying Mach number, the number of axial
wavelengths can vary up to a unit. The change of the axial wavenumber is a continuous
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Figure 3: Bifurcation diagram showing the neutral curves of stability and evolution of the
critical pulsation w, of the axisymmetric steady-state flow for a nozzle to wall distance
H/D = 5. Visualization of the critical eigenmode (real part of the axial velocity) with
overlaid steady-flow streamlines. Each visualization contains a superposed image of the
structural sensitivity map.

process and occurs within the interacting region between the axial and radial shear layers,
ie. 45D <z < H.

The primary instability corresponds to a Hopf bifurcation, leading to a periodic solution
with w = 3.7 (blue line in fig. 3) for M, < 0.49 and to frequency w = 4 (green line in
the figure) for My > 0.49. The mode switching happens in a codimension Hopf-Hopf
two point, which it has also been experimentally observed in Nosseir & Ho (1982), where
they also detected hysteresis-like behaviour between two modes.

The non-local feedback mechanism selects the frequency of the global mode for every
Mach number, however the strength of the feedback loop rapidly decreases with the Mach
number. This feature may be observed directly from the global modes by comparing the
ones obtained at large subsonic Mach number (M., = 0.6, M; ~ 0.9) represented by
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subfigures (g-i) and the ones for lower Mach numbers, see subfigures (a-f). Please note
that the amplitude of the modes is normalised in such a way that the perturbation energy
(Chu 1965) is unitary.

Figure 3 also displays, in an inset located at the upper left location of each subfigure, the
structural sensitivity, introduced by Giannetti & Luchini (2007) and defined herein in
section 4.1. The structural sensitivity highlights the spatial location where a generic
modification of the instability core produces the largest drift in the growth rate or
frequency of the mode. Therefore, it is hereafter considered as the core of the instability.
For large subsonic Mach numbers (0.5 < M, < 0.6) the structural sensitivity has
an extended compact support within the axial shear layer and the jet region. It is
intermittent, located at the axial position of the pulses in the axial shear layer of the
direct mode, excluding the region near the wall (H — D < z < H). Thus, suggesting that
the region near the wall does not play a dominant effect to the instability at large Mach
number. Tentatively, one can argue the following about the two types of peaks of the
structural sensitivity. The dominant peaks of the structural sensitivity at the shear-layer
correspond to the energy transfers between the baseflow shear and the perturbation. And
the large amplitude peaks within the jet may be the region where the vortical fluctuations
are transformed into acoustics via a coupling mechanism. It may be observed from fig. 4
(a) that the region of largest divergence of the mode matches with the spatial location
highlighted by the structural sensitivity. One can determine the production of fluctuating
divergence from the divergence of the linearised momentum equation, that is,

Cii" Civ P;iiv

5 — 75 _Vp-Vp

WV Gt ug - V(V i)+ V- (Lug - Vag) = — 0 V(V - ug) — =2 4 ~2 220
Po Po Po

= (V)™ s Vug + (Vuy)” s va)

oy,
1 .
+ ﬂv- (V-7(w)) (3.1a)
N—— —

div
Pb

Note that, eq. (3.1) can be written entirely in terms of velocity and density fluctuations,
if we assume that the pressure fluctuations are isentropic, i.e., M2 p = pTy. The module
of the convection term, hereafter referred to as C'3Y corresponds to the convection
of the divergence and density fluctuations by the baseflow. This term is displayed
in fig. 4 (b). The spatial support of C4"V lies within the jet region and the radial
shear layer. Nonetheless, despite the fact that it is supported at the location of the
maximum fluctuating divergence, one cannot associate this term as a source of divergence
production. It merely advects fluctuating divergence and density, that has been already
produced within the flow. The spatial support of term C%i"[l, displayed in fig. 4 (d),
mostly lies within the shear layer and in regions with non-zero divergence of the baseflow
(not shown). PV is the pressure source term whose spatial support lies in the shear
layer, in a region within the jet near the wall (H — D < z < H) and the region near
the nozzle exit. The largest local contribution to the fluctuating divergence is due to
this term. The other two production terms (C?JZ and PgV) are of small magnitude, and
their spatial support is not found within the region of the maximum of the divergence.
However, we have previously argued that the pressure, if we assume an isentropic process
at the perturbation level, plays a similar role to the one of the density. Tentatively, one



10 J. Sierra-Ausin, F. Giannetti, D. Fabre

5 5

0 2 4 0 50
4 C— 4 C—
3 3

=~ =~
2 2
1 1 y)
——— r
0 - S 0 L
-2 0 2 4 -2 0 2 4
z zZ
(a) (b)

5 5

0 50
4 4 0 50
3 3

=~ =~
2 2
1 1
nmmm——— [ -
0 = 0
-2 0 2 4 -2 0 2 4
z V4
(c) (d)

Figure 4: Module of the (a) divergence of the mode; (b) module of the term C%V in
eq. (3.1a); (c) module of the term PV in eq. (3.1a); (d) module of the term C%z in
eq. (3.1a).

may argue that the pressure serves to enforce the continuity condition, thereby inducing
a modification of the volume flux. In a similar way, by taking the material derivative of
the linearised continuity equation, it is possible to derive a generalised wave equation,
where the dominant source term is a term proportional to the fluctuating divergence
(not shown here). Then, we could say that in a second step, the divergence of the
mode induces an acoustic pulse that is propagated as a longitudinal density wave, and
therefore providing the closure of the feedback-loop.

On the other hand, for low subsonic Mach numbers (M, < 0.4), the structural
sensitivity has an extended support within the radial shear layer (2.5D < r < 5D).
In this case, the structural sensitivity has a thin continuous structure. To understand
the nature of the wavemaker at low Mach numbers, we write the linearised momentum
equation in the Crocco’s form (Rienstra & Hirschberg 2004),

—iwl 4 V- ((ug 04 L) — (@) =g x @ + 1 X wp, (3.2)

Po

where we have neglected the term —vﬁfﬁ , which is of small magnitude at low Mach

number. We can readily observe that theolinearised Lamb vector ug x @ + 0 X wy acts a
source term, and one could argue that it corresponds first to the region driving the hydro-
dynamic instability, and second to a source of sound, which is in turn, responsible for the
production of the backward propagating acoustic pressure that closes the feedback-loop
(Powell 1990; Howe 1975). Figure 5 displays the linearised Lamb vector, which is localised
within the radial shear layer and at the same spatial location as the structural sensitivity
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Figure 5: (a-b) Axial and radial components, respectively, of the real part of the linearised
Lamb vector ug x @ + @ X wy at My = 0.2 and Re = 2200. (¢) Module of the Lamb
vector, the arrows indicate the direction.

at low Mach numbers. Thus, providing a rationalisation to the nature of the wavemaker,
which in this situation is located along the vortex sheet near the impinging wall. For the
sake of consistency, please note that the Lamb vector at large Mach numbers also possess
a similar structure, that is, it is a thin-elongated structure along the vortex sheet (not
shown). However, the structural sensitivity does not have this kind of structure, thus
suggesting that vortex sound is not the dominant vortical-acoustic coupling.

4. Decomposition of the feedback mechanism

In order to gain a better understanding of the feedback process responsible for the
instability, we perform two types of decomposition. First, a Helmholtz-Hodge decompos-
ition of the global linear mode q, which allows distinguishing between the acoustic and
vortical4-entropic components of the flow. Additionally, such a decomposition allows us
to formulate a finer structural sensitivity concept. This decomposition of the structural
sensitivity highlights the space location where a vortical (resp. acoustic) modification in
the structure of the problem is able to produce the greatest drift in the eigenvalue of the
operator projected onto the acoustic or vortical component. The study is then pursued
with the analysis of the feedback-loop with the endogeneity map, which provides further
access to the relation between the growth rate or frequency of the mode in terms of
underlying the physical mechanisms. We finish the section with a decomposition of the
global mode in terms of the local waves underpinned by the baseflow, which allows us to
determine the reflection coefficient between the shear layer wave and the guided jet wave
at neutrality.

4.1. Decomposition of the linear perturbation

The linear perturbation q is herein decomposed into three components: acoustic,
hydrodynamic and entropic. There is a large literature in decomposition of acoustic
sources (Ewert & Schroder 2003; Spieser 2020) to compute acoustic propagation effects.
In our case, we follow the reciprocal reasoning, we adopt a monolithic computation of
the compressible flow, i.e. we do not decompose the flow in acoustic sources and acoustic
propagation, and we would like to unveil the feedback loop responsible for the instability
mechanism and the frequency selection.

For this purpose, we adopt a Helmholtz-Hodge decomposition (Schoder et al. 2020) of
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the perturbation velocity field into acoustic (potential) and hydrodynamic (solenoidal)
U =Uac + Upyg = Ve +V X ¥ (4.1)

applying divergence to eq. (4.1), the potential ¢.. is determined from the following Poisson
equation
Ap. =V -1 in 2
Vo, -n=1n-n on 02
The hydrodynamic component of the velocity is subsequently determined by subtracting
Upyd = 0 — Uac = 00— V.. Note that, the uniqueness of the Helmholtz decomposition is
subjected to the L?-orthogonality condition, in our case satisfied by the suitable boundary
condition of eq. (A 6), and the decay of the velocity field at the far-field (Schoder et al.
2020).
The pressure component of the mode q is determined from the momentum equation
1. .. . P 1 .
——Vp=iwh+a-Vuyg+ug-Va+ —ug-Vuy — =—V - 7(0), (4.3)
Po Po Re

(4.2)

from the decomposition p = Pac + Puya + Ps and applying the divergence operator to the
momentum equation, we obtain the following equations

1 ~ Vpo - VDac Mgo Dac . N N
—p—OApac + 7 -V- ( T (up - Vuo)g) = WV s+ V- (ug - Vige)
+ V- (ﬁac . Vuo) (4.4a)
1 Ve Viwa o (M2 Py _ A
" Apnya + po -V ( T, (uo - V) P ) = V- (up- Vi)

4V (Gnya - Vup) (4.4b)

with decay at the far-field » — oo. Details of the derivation are given in appendix A.1.
Finally, the entropic part of the pressure is recovered by subtracting the two other
components to the pressure of the mode p; = P — Pac — Pnya, Which accounts for the
dissipation effects of the viscous stress-tensor.

The other two components, temperature and density, are determined as follows. The
acoustic and hydrodynamic components are considered to evolve isentropically and are
directly determined from the pressure,

Tac = ("Y - 1)M§oﬁaca Thyd = (’Y - I)Mgoﬁhyda TS = T - Tac - Thyda (45)
A PO . A Po A A A -
Pac = Mzofopam Phyd = Mfc ?Ophyda Ps = P — Pac — Phyd- (46)

Let us illustrate the application of this decomposition to a particular example. For that
purpose, we have chosen the global mode (h) of fig. 3. Figure 6 depicts the components
of the density fluctuations p. The hydrodynamic density fluctuations pnyq, being only
hydrodynamic, resemble to the hydrodynamic pressure fluctuations, which result from a
Kelvin-Helmholtz instability of the shear layer, at low Mach numbers (Sierra-Ausin et al.
2022). The entropic component of the density ps, which is illustrated in (c), is localised
within the shear layer. In this component, one can perfectly appreciate the wavelength
and the number of nodes of forward wave composing the feedback loop, in this case the
forward wave has six nodes. The acoustic component of the density pac, depicted in (a),
is composed of a radiating part and the guided jet wave, which is localised within the
jet region. In this case, the guided jet wave is composed of two waves, i.e. it has four
nodes. From this decomposition, we can formulate a criterion for the frequency selection,
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Figure 6: Density decomposition of the global mode with St ~ 0.5 at criticality (Re =
900) at Mo, = 0.6 (Mode (h) in fig. 3. (a) Acoustic component of density pac. (b)
Hydrodynamic component of density pnyqa. (¢) Entropic component of density pg

similar to the Rossiter modes,
H/D H/D

St =
Uesinhyd Mz nac

1
s with UC,SL ~ §Ur:() (47)

such a criterion considers that the phase velocity of the hydrodynamic forward mode
corresponds to the inviscid approximation, that is, U, g1, takes the mean value between
the two velocities of the shear layer, and the guided jet wave is propagated back nearly at
the speed of sound of the far-field. Such a criterion provides a way to classify the global
modes from the number of half-wavelengths of the guided jet wave mode (n,.) and the
hydrodynamic mode (nnyq).

4.2. Non-local structural sensitivity decomposition

The global instability is caused by a feedback process between two travelling waves,
which impedes a direct local definition of the wavemaker or structural sensitivity. That
is, we can still formulate the concept of structural sensitivity, but it is no longer localised
in space, i.e., it displays a support all along the interacting path between the two
travelling waves. We briefly recall the concept of structural sensitivity, before introducing
an adequate decomposition of the wavemaker for global instabilities generated by non-
local feedback process. The adjoint equations are herein used to evaluate the effect of a
linear harmonic forcing H(q) = §(x — x9)PaCoP4q,

( — iwBlq, + DF|qO>€1 — H(q). (4.8)

Cy is a generic linear operator acting on q, and Py a diagonal matrix that selects the
type of forcing. In the following, we neglect mass injection to the system, and we simply
consider momentum forcing and a source of heat release, that is, Pg = diag(0,1,1,0,0).
The projection operator P is also a diagonal matrix that selects the dependency of the
forcing on the perturbation. The structural sensitivity tensor is therefore defined as

i6w = (Pud’, 6(x — x0)CoPqd) < ||Colll|Prél|2[[Padllzs = [[CollSs(xa).  (4.9)

that is, the structural sensitivity map is defined as Ss(xo) = ||Puq'||r2||Pgdl|r2. The
scalar field S, is then an upper bound function for the eigenvalue variation, and it can
be employed to determine locations where the feedback is stronger. Therefore, allowing
an identification of the regions where the instability mechanism acts. However, when it is
not localized within a small physical region, it does not clearly identify the wavemaker,
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but a possible interacting region between the components of the global mode.
Decomposing the mode g we can rewrite the harmonic forcing as H(q) = H(Qac + Qnyd +
Qs), which due to linearity of the forcing term on the eigenmode is simply expressed as

H((i) = H(dac) + H(dhyd) + H((]s) (410)

Thus, we have a first decomposition of the harmonic forcing H(q) from the splitting of the
state variable. However, the term H({q,.) is not necessarily a forcing term that uniquely
induces acoustic perturbations. Assume, for simplicity, that the previous forcing term
depends uniquely on the acoustic velocity, H(u,.), and it only acts on the momentum
equation, that is, we neglect mass or heat injection. The forcing term must be rotational-
free, i.e., V x H(u,.) = 0, otherwise it will induce vortical perturbations into the flow.
Therefore, H(q,.) should be interpreted as a generic forcing term that depends on the
acoustic perturbation. To determine the effect of the forcing, that is, which kind of
response induces, we decompose the forcing operator into H = H, + Hyyq + Hs as in
section 4.1. Following, this reasoning, we decompose eq. (4.11),

( - iWB|010 + DF|qo>éIac = Hac(dac) + Hac(dhyd) +H, ((is)v
( - i(")]3|010 + DF|qo)élhyd = thd(dac) + thd(qhyd) + thd(éls)» (411)
(- wBlq, + DFlq, )é = Ho(dae) + Ha(dnya) + Ha(@s).

The interpretation of the adjoint gf as a measure of the receptivity with respect to a
harmonic forcing allows us to decompose the adjoint in a similar manner to the way we
decomposed the global mode in section 4.1. In this manner, the adjoint variable serves
to project the forcing term onto each of the subspaces with the decomposed adjoint
at = al. + alyq + al. That is, Hae(@) = (afe, H(Q))Gae, Hiya(@) = (@], H(@)dnya
and H(q) = (!, H(q))qs. Then, we can rewrite eq. (4.11),

- iWB|010 + DF|010 + <qLC7H(qaC)> =+ <qlc7H(€lhyd)> + <él-:£c7 H(éli»)(iac =0
- i(“)B|QO + DF|q0 + <él;rlyd’ H(flac)> + <qjlyd7H((AIhyd)> + <él£ydaH((AIs)>)élhyd =0

- iWB|(10 + DFlQo + <(All; H(dac» + <qg7H(€1hyd)> + <qZ7H(QS)>)QS = 07
(4.12)
which exemplifies the role of the decomposed adjoint variable to project the structural
forcing perturbation onto the corresponding subspace.
An inspection of eq. (4.12) suggests the definition of a non-local structural sensitivity
matrix as

i6wf = (@}, 0(x — x0)Cody) < |Collllay (x0)]lllé; (x0)l| = [Col[SYF) (o),
|

: X R o 4.13)
SUk) (x) = |qL(x0)||||qj(x0)\| with j, k = ac, hyd,s. (

The new structural sensitivity provides information about the cross-interaction between
vortical and acoustic components of the flow. In the problem of the impinging jet, the
feedback loop is initiated by the hydrodynamic instability of the shear layer, which
induces an acoustic response. In turn, when acoustic wave impinges on the nozzle lip
promotes back the hydrodynamic instability, continuing the loop. With this novel defin-
ition, Séhyd’“) identifies the most sensitive region of the flow to vortical perturbations,
inducing an acoustic response. This first region can be named the wavemaker of the
hydrodynamic perturbations exciting an acoustic response, which in the case of the
impinging jet is expected to be located near the impinging wall and possibly near sharp
corners. The second (and third) wavemaker of interest corresponds to the excitation
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of a hydrodynamic response from hydrodynamic ( S{**"¥9) or acoustic perturbations

(Sgac’hyd)). Physically, S{"¥®"?% determines the hydrodynamic wavemaker, which in a
causal reasoning, could be argued to be the region initiating the feedback process. And
Sgac’h‘yd) determines the most sensitive region of the flow to an acoustic perturbation
inducing a hydrodynamic excitation, that is, the retro-action of the acoustic wave into
the hydrodynamic instability. Additionally, we introduce a further decomposition of the
non-local structural sensitivity map to account only for the forcing of the momentum
equation for a forcing term that depends uniquely on the velocity field, that is,

. N A N A~ ik
i) = (). 0(x = x0)Coty) < Collllaf(xo)l[118 (<o)l = 1ColISR (x0)s
SWa) (x0) = 1] (x0)]|[f;(xo0)|| with j, k = ac, hyd,s.

We are left with the decomposition of the adjoint eigenmode. Herein, we summarise
the decomposition, a detailed derivation is left to appendix A.2. We propose the following
decomposition for the adjoint velocity field,

al =al 4 +af. = Vol +V x ot
Agl =V-alin 0 (4.15)
V¢l -n =1 -nondf.

From eq. (4.9), we can interpret the adjoint variable as the sensitivity of the eigen-
value/eigenvector variations with respect to a linear harmonic forcing. In this sense,
corresponds to the sensitivity to vortical-free eigenvector variations with respect to a
generic linear harmonic forcing in the momentum equation. Similarly, ﬁLy q Should be
understood as the sensitivity to the dilation-free eigenvector variations with respect to a
generic linear harmonic forcing in the momentum equation.

When considering the adjoint variables, we prefer to consider the evolution equation of the
entropy fluctuations § instead of the energy equation, see appendix A for the introduction
of the linearised governing equations in entropy-form. The inclusion of a source term into
the entropy equation, for instance a source of heat release, induces a modification of the
entropy evolution. By definition, we defined hydrodynamic and acoustic modes to be
isentropic (we neglected the effects of viscous dissipation), thus &7 projects sources in
the entropy equation to sources of entropic nature, i.e., § = 81, a trivial decomposition.
Instead, source terms in the energy equation may induce modifications of the acoustic
and hydrodynamic components of the flow, and its decomposition is more cumbersome.
Finally, the decomposition of the adjoint of the continuity equation, ', is determined by
substituting the previously decomposed adjoint and entropy adjoint fields into the linear-
ised adjoint equations, which is left to appendix A.2. Overall, the adjoint is decomposed
as follows,

af = g+ af, = Vol +V x &', from eq. (4.15)

s o=l
pt = ple+ plya + AL, from eq. (A14)
Vv -af (4.16)
pro=pl. =
YMZ,
T =T +11 = vl + (8Tup - Vg — =—-—— Asy)
ac = 7s M2 Pr Re po

An important property of the adjoint-direct mode bases is the bi-orthogonality. The

pairs of primitive variables {O, 1, 3); (0,af, §)} are bi-orthogonal, but that is no longer
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Figure 7: (a-b) Map ST¥4) for the global mode of points (h) and (e) of fig. 3. (c-d)

Map SE,‘fi’hyd) for the global mode of points (h) and (e) of fig. 3.

true when considering the complete primitive variable {(ﬁ, a,5); (pf, at, 5) }7 that is, when
considering the continuity equation or the density variable. The set of bases lacks the bi-
orthogonality property when mass is injected to the system, which implies the existence
of an intrinsic coupling mechanism between the three components of the mode via the
continuity equation. Which, in turn, impedes the decomposition of the sources of mass as
acoustic, hydrodynamic or entropic. In the following, we will restrict ourselves to sources
in the momentum equation, that is, we use eq. (4.14) to analyse the response of the
system to body forces. Figure 7 displays two pairs of structural sensitivity pairs. The
first, ngé’d’ac), is the map measuring the eigenvalue drift due to an acoustic response
induced by a hydrodynamic perturbation. At large Mach numbers (M; ~ 0.9), fig. 7

(a) shows that SE{?ﬁd’“) is localised near the nozzle lip and within the jet at an axial
location around z ~ H — D. The region within the jet is found at the spatial location
with the largest production of divergence of the velocity field (cf section 3.2). An acoustic
guided jet mode (cf fig. 6) is then responsible for the closure of the feedback-loop. When
the Mach number is decreased, the production of divergence of velocity is less effective
and the most effective mechanism to close the feedback loop turns out to be a vortex-
sound mechanism, that is, the sensitivity map Sﬂfé’d’“) highlights the region where the
linearised Lamb vector is large (cf section 3.2). The feedback loop in this case can be
closed via an acoustic pressure wave released from the region where the Lamb vector
is of large magnitude and propagated as a spherical wave towards the nozzle of the lip
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Figure 8: (a,b) Real and imaginary part of the pressure of mode (b) in fig. 3 at My, =
0.2. (c,d) Pressure fluctuations issued from an axisymmetric time-stepping simulation at
M., = 0.2 and Re = 2200.

(fig. 8 (a,c)) or from inside the jet (fig. 8 (b,d)). The spatial location of the source of
sound of the latter mechanism is robust with respect to modifications in the Mach or
Reynolds number, i.e., the jet has a preferential location where divergence is created, and
it corresponds to the region within the jet before the jet impinges the wall, cf fig. 4. On the
other hand, the vortical acoustic sources along the region with a large amplitude of the
linearised Lamb vector are highly sensitive to non-linear effects and to variations in the
Reynolds number. The sensitivity to non-linear effects is due to the roll-up of the vortex
sheet and the interaction between vortices emitted at distinct stages of the cycle. This
region of the flow is dominated by vortical effects, and it becomes rapidly chaotic. From
the acoustic standpoint, there exist several acoustic sources at distinct spatial positions
capable to close the loop, which in turn would select a slightly different frequency of
the cycle. That is, in some sense, the lack of temporal coherence of the vortical region
implies a weaker frequency selection criterion. This aspect will be explored in more detail
in section 5.

Figure 7 (c-d) displays the complementary sensitivity map Sfff?hyd), which measures
eigenvalue drift due to a hydrodynamic response induced by an acoustic perturbation.
Not surprisingly, the impingement of acoustic perturbations onto the nozzle lip is the
most effect mechanism to trigger the instability of the shear layer, which is mostly of
vortical nature. Such a mechanism is largely insensitive to Mach number variations.

4.3. A finer insight to the instability core: An identification of the active flow regions

In previous sections, we have employed the structural sensitivity to identify the most
sensitive regions of the flow to cause a drift to the eigenvalue (section 3.2). In addition, our
refined non-local structural sensitivity allowed us to provide a localised stability core for a
non-local instability issued from a feedback loop (section 4.2). In this section, we connect
the qualitative description provided in section 3.2 in terms of physical mechanisms with
a precise description of the active regions of the flow. For this purpose, we adopt the
definition of the endogeneity proposed by Marquet & Lesshafft (2015), which yields a
direct link between structural modifications in the linearised governing equations and
the eigenvalue variations. The endogeneity is introduced as the scalar (complex) field
measuring the eigenvalue drift when considering a localised forcing term with the same
structure as the Jacobian operator DF|q,, that is, H(q) = d(x — x0)DF|q,q, which
induces the following drift in the eigenvalue,

i0w = (4", 0(x — x0) DF|q,&) = (4" (x0), DFlq,a(x0)) = E(x0) (4.17)

with the essential property that [, F(x)dx = —iw. This last property is the most
important feature of the endogeneity concept. The scalar field F(x() measures how local
variations of the flow alter the global characteristics of the instability, such as growth
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Figure 9: (a-b) Endogeneity field for mode (g) in fig. 3 at M. = 0.6; (a) Re(E), (b)
Im(E). (c-d) Endogeneity field for mode (b) in fig. 3 Mo = 0.2; (¢) Re(E), (d) Im(E).

rate or frequency.

Figure 9 displays the endogeneity fields for the dominant modes at M, = 0.6 and
Mo = 0.2, respectively, which corresponds to mode (g) and mode (b) of fig. 3. The
imaginary part of the endogeneity for mode (g), displayed in fig. 9 (b), is positive between
the nozzle lip and the region where the module of the divergence of velocity of the mode is
largest. It also corresponds to the spatial location with the largest positive real part of the
endogeneity, shown in fig. 9 (a). Therefore, suggesting that the frequency is selected by
the travelling time that the perturbations take to travel back-and-forth. The imaginary
part endogeneity of mode (b), shown in fig. 9 (d), is composed of two regions. A region
with positive sign along the axial shear layer, and another with larger magnitude and
alternating sign along the radial shear layer. It suggests that the frequency is determined
by the amount of the time that it takes for the perturbations to be convected downstream
towards the wall, but also by the radial position of the acoustical source responsible for
the pressure wave closing the feedback-loop. The real part of the endogeneity, shown
in fig. 9 (a), has a similar structure to the imaginary part. The axial shear layer plays
mostly a passive effect, that is, perturbations are mostly convected downstream towards
the impinging wall, which has a net stabilising effect.

The endogeneity provides a further insight into the mechanisms of the instability. Since
| o EB(x)dx = —iw, one can decompose the governing equations and analyse the effect
that distinct mechanisms have in the instability. For this purpose, we follow a similar
decomposition of the linearised compressible Navier—Stokes to the one laid out by
Meliga et al. (2010) into production (P) and convective terms, where the latter are
subdivided into advection-convection (C4) and production-convection (Cp) terms. The
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Ec, Fep Ep

Mo =0.6 (g) —0.18+0.37i 0.49+1.61 —0.27 + 1.4i
Mo =02 (b) —1.0+25 1.17+0.79 —0.14 + 0.13i

Table 1: Decomposition of the integral of the endogeneity field, fQ E(x)dx, for the
dominant mode at My = 0.6 (g) and at My = 0.2 (b) in fig. 3.

decomposition is as follows,
uy-Vp+poV-u
DF(©4)|, g = { pug - Vug + poug - Via (4.18a)
poTouo -Vs§+ ﬁTollO . VSO + poTuo . VS()
pV -ug +1u- Vpg

DF(©P)| g = { poti- Vug (4.180b)
poToti- Vg
0
1 .
DFP)| g={ VP~ gV 7(W) (4.18¢)

2

=y - 1)%(7(11) : D(ug) + 7(uo) : D(1)) — Pr’YReAT

And we define the endogeneity fields for each of the operators,

E%(x) = q'(x) - DF94 |, 4(x) (4.194)
E°"(x) = §'(x) - DF“4|q,4(x) (4.190)
E"(x) = 4 (x) - DF9|q,4(x) (4.19¢)

Table 1 reports the global contribution to the instability of the three operators defined
in eq. (4.18). For the two modes, the convection-advection and production operators
have a global stabilising effect, whereas the convection-production operator plays a
global destabilising role. Their spatial distributions (real part) are shown in fig. 10.
The convection-production term provides the main root of the growth rate. The largest
contribution coming from the base flow shear ppu - Vuy term, which is active along
the axial shear layer, see fig. 10 (b,e). The convection-advection operator is globally
stabilising, however it plays an active role in advecting the perturbation to the instability
core. Visual inspection of the real part of the E€4 field, displayed in fig. 10 (a,d), suggests
that at large Mach numbers the acoustic perturbations are propagated along the shear
layer to the region of largest divergence of the fluctuating velocity field. On the other
hand, at low Mach number, the downstream convection of perturbation counteracts the
local growth and makes the instability more convective. Concerning the production terms,
at large Mach number, the field, displayed in fig. 10 (c), is positive inside the jet from
the nozzle lip to z & H — D. The effect on the growth rate seems to be associated to
the backward propagation of the guided jet mode from the region around z ~ H — D
to the nozzle-lip. Instead, at low Mach numbers, the dominant production term is the
pressure gradient, which enforces the continuity condition by inducing a perturbation
of the volume flux across the shear layer, cf Marquet & Lesshafft (2015). In the region
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Figure 10: (a-c) Endogeneity field for mode (g) in fig. 3 at M., = 0.6; (a) E€4, (b) E€F,
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EF.

between the nozzle lip and the impinging wall counteracts the effect of the advection
operator inside the jet, and it favours the convective effect outside the jet.

Finally, motivated by the significant role played by the divergence of the velocity
perturbations in the closure of the feedback-loop at large Mach number, we analyse
the effect on the growth rate of local modifications of the divergence of the momentum
equation (eq. (3.1)). To do so, we take the inner product of the acoustic velocity adjoint
i, with the momentum equation, which by integration by parts leads to the following
definition of Egi,

i(SWdiv = <_V¢T7 6<X - XO)DF(mom) |qo él>
= (¢",6(x — x0)V - DF (1nom)|qo@) + B.T. (4.20a)
Ediv = (bT (X) (v : DF(mom)|qoq) (X)7 (420b)

where it can be shown that the boundary terms (B.T.) are null in the impinging jet
configuration. Following the same approach as in eq. (4.19), we can split we split E(q4;y)
and analyse the effect of the three aforementioned operators on the growth rate. Such
analysis renders possible to study the effect on the growth rate of the physical mechanisms
generating and advecting the divergence of the velocity field. Figure 11 (a) displays the
real part of the F(q4;). Not surprisingly, the largest positive contribution comes from the
region with the largest divergence of the mode (z ~# H — D). The convection production
term, displayed in fig. 11 (c), peaks in the region of largest divergence of the baseflow,
which suggests a local conversion of divergence from the baseflow to the perturbations.
The structure of the convection-advection and production terms is more intriguing. The
Egj and EL  are almost identical, but of opposite sign, suggesting that the role of the
pressure is to counteract the advection of fluctuating divergence. The shear layer, delimits
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Figure 11: (a) Endogeneity field of the divergence of the momentum equation Eg;y. (b)
g2 (©) Bqil - (d) B,

the region inside and outside the jet. Inside the jet, the production of divergence of the
fluctuating velocity field has a destabilising effect; instead, the advection of divergence
inside the jet renders the instability more convective. The largest growth rate drift by
the production of a divergence is observed to happen along thin radial layers inside the
jet. The spatial distribution of E(ﬁv composed of cell structures vaguely resembles the
shock-cell structure observed in supersonic jets (Edgington-Mitchell et al. 2018), where
the divergence of the velocity field is produced across the shock cell. Thus, suggesting a
connection between the production of divergence and the instability mechanisms between
large subsonic and supersonic Mach numbers.

4.4. Wave decomposition of the feedback mechanism

Herein, we perform a weakly non-parallel local decomposition of the different waves
supported by the base flow. The configuration under investigation contains in fact
an extended region of quasi-parallel flow, where a simplified analysis can be used to
investigate the local stability property of the jet and the supported waves. Specifically,
in regions where the flow is almost parallel, we perform a multiple-scale analysis: the
disturbance is assumed to have the following asymptotic expansion

q(r,2) = e DN 0(2)d (r,2) e (4.21)

n
n,k

where the slow variable Z = ez is kept O(1) in the limit ¢ — 0. Here the expansion
parameter ¢ is defined as the ratio of the two main length scales occurring in the problem,

iee = iTW where (% is the characteristic scale over which the base flow experiences an
B
O(1) variation, while £}, is the characteristic wavelength of the perturbation. Note that
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the expansion (4.21) depends on both ¢ and € = 1/Re owing to the base flow dependence
on the Reynolds number. For our purpose it is not necessary to provide an explicit
relation between the two parameters, but it suffices to assume ¢ ~ O(1/Re). The validity
of the previous assumptions can be verified a posteriori.

In eq. (4.21) we consider the primitive variables q = [, 1, p, T], that is, the vector
containing the components of the disturbance field. The phase ¢ = — [(«(Z)+da(Z))dZ
is a slowly-varying function of Z to be determined during the asymptotic procedure. The
slow varying amplitude Cy(Z) should be interpreted as the projection of the global mode
onto the local waves supported by the baseflow, and it is also determined using the
asymptotic procedure. Introducing eq. (4.21) into the linearised system, up to O(e), and
collecting different powers of €, we are left with the following series of problems describing
the evolution of the perturbation,

0(e%)
(— iwBlq, + DF(a)|q,)a ) (r,Z) = 0 (4.22q)
g, Vg, po — 0 as r — 0o (4.220)
ug =vg =0 atr =10 (4.22¢)

O(eth)

. (e) . d . dqéei)c

(—1wB+DF(a))q17k(r,Z) = 1%(—1wB+DF(a)) dZ’ (4.23a)
u1,v1,p1 — 0 asr — 00 (4.230)
up =v; =0 at r=0. (4.23¢)

At O(e°) the problem is linear, and we determine the pair (a(Z), q((f,)c(r,Z)) from the

resolution of the eigenvalue problem eq. (4.22). At the next order, O(e!), the problem has
a forcing secular term, which needs to be removed by imposing the solvability condition.
The solvability condition provides the weakly-non-parallel correction of the phase, herein
named da(Z), and defined as

(e)
ay [ (—iwB + DF(a)) "3
a7 - [ (B + DP(@)al)]

In the previous expression, quf) is the adjoint solution of the linear problem eq. (4.22).

So = (4.24)

Finally, we determine the projection of the global mode onto the k" local wave. We use
the local adjoint solution of the k** wave to determine the slowly varying amplitude,

Cu(2) = ay? - [ (—iwB + DE(a))ar,2) e~ Fex+00v2, (4.25)
with g(r, z) the global mode.

Figure 12 (a) displays the spectrum of the linear spatial stability problem eq. (4.22) for
a baseflow at Re = 800 and M, = 0.6 (Mode (g) in fig. 3) at the mid-point between the
nozzle lip and the impinging wall (z = 2.5D). The spectrum displays a set of modes along
the axis, which belong to the continuous branches at and o~ of free-stream acoustic
modes (Towne et al. 2017). Another set of modes emerge from the right end of the
spectrum for Im(a) > 0, these modes approximate the entropy continuous branch. There
are also four discrete modes. Two duct modes, named D with the upper script indicating
the direction of propagation. The radial support of these two modes lies inside the jet.
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Figure 12: (a) Spectrum of the linear spatial stability problem eq. (4.22) for a baseflow
at Re = 800 and M., = 0.6 (Mode (g) in fig. 3) at the mid-point between the nozzle
lip and the impinging wall (z = 2.5D). (b) Evolution of the projection coefficients C4
(Kelvin-Helmholtz mode) and Cy (Guided-Jet mode) with respect to the Mach number
of the jet (My).

There is a guided jet mode, which is found at the left of the free-stream continuous
branch, that is, it possesses a slower phase speed than the free-stream sound speed. The
radial support inside the jet of the pressure component is similar to the duct modes, but
it also possesses a radial support outside the jet. There is also a Kelvin-Helmholtz or
shear layer mode, with a radial support around the shear layer of the baseflow.

The projection coefficient (C%) of the global mode onto the duct modes is nearly null.
Hereafter, we consider that the global mode is composed only of the shear layer mode
(mode 1) and the guided jet wave mode (mode 2), that is, we truncate the sum in
eq. (4.21) to just two modes. The global mode and the local waves are normalised with
the energy of the fluctuations (Chu 1965). From this assumption, at neutrality, one can
recover the reflection coefficient by considering the ratio between the two waves, here we

define the reflection coefficient as r = %7 with Z,, = H/2 the mid-point between
1 m

the impinging wall and the nozzle lip. In the central region, the two slowly varying
amplitudes are nearly constant (not shown), which justifies its usage to determine the
local properties of the waves. Figure 12 (b) shows the evolution of the two projection
coefficients of the local waves onto the global mode. The coefficient of the shear layer
mode C is nearly constant and equal to unity. Thus, the evolution of Cy with respect to
the Mach number of the jet provides a direct characterisation of the reflection coefficient.
The coefficient of the guided jet mode is O(107!) at large Mach numbers, it evolves
roughly as M$ in the interval (M .,0.9), and then it decreases as M7 in the interval
(0, M), with My, =~ 0.4. The transition in the reflection coefficient dependency with
the Mach number of the jet is another consequence of the modification of the instability
mechanism, from the closure of the feedback loop by propagation of the divergence of
velocity created within the jet to the closure of the loop by vortical acoustic sources
outside the jet near the wall.

5. Nonlinear dynamics of the impinging jet

Herein, we study the dynamics of the normal form involving three global modes, which
is the simplest equation displaying tonal dynamics, that is periodic or quasiperiodic
resonant solutions, and the decoupling of the resonant mode. We also compare the
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numerical results obtained from axisymmetric time-stepping simulations at different M,
for fixed Re = 2000. In addition, we propose a phenomenological model to account for
the transition to broadband dynamics using a simple model of additive Gaussian noise
on the resonant phase.

5.1. Normal form reduction — Analysis

First, we express eq. (B20) of section 2.4 in the polar coordinates of the complex
amplitudes z;,(7) = 74 (7)e?*(7). This procedure allow us to reduce the dimension of the
normal form from six (three complex amplitudes) to four, three equations for the real
amplitudes and an equation for a resonant phase ¥ = (g3 — ¢2) — (P2 — ¢1),

r= A vfe? 4ol + V%T% + 1213 [cos(w)xﬁ + sin(zﬁ)xﬂ
Py = ro| N+ vl 4 ulir2 4 V%r% + T1T2T3[COS(1/))X§ — Sin(w)xﬂ
3= 3N+ vfird +vdhed + vilrg] +rdr [cos(y)xE +sin(v)xd] (5.1)

Y= 0w+ cos(v) [ —xirir3 /rs 4+ 2xdrirs — X{rgrg/rl)]
—sin(y) [x§rir3 /rs + 2x8rirs + xirirs /).

Here, we use the notation dw = dw’ + dw™Nl with dwl = [w; + w3 — 2wy the
linear frequency mismatch at criticality, and the nonlinear frequency mismatch
SwNL = AwlE — AwlNE = [wNE 4+ wiE — 2wl L], where wi L = N + vl r2 + vl r2 +vlar3
for k = 1,2,3. The upper scripts R and [ are used to denote the real and imaginary part
of the coeflicient.

We analyse the solutions of eq. (5.1) in two steps, first we summarise the results of the
non-resonant case (x1 = x2 = x3 = 0), which was studied more in detail for the case
of the mode interaction in the wake flow behind a rotating sphere (Sierra-Ausin et al.
2022). Subsequently, we discuss, in the presence of resonant coupling, the phase-locked
transition from a resonant quasiperiodic state to a modulated three frequency state with
a small frequency modulation. The new modulating frequency, being proportional to the
imperfections in the frequency quantization (dw™1), is expected to induce a transition to
a chaotic attractor, following the route to chaos suggested by Ruelle-Takens—Newhouse,
when this new frequency is of the order of the frequency difference between two modes,

e.g., AwlE.

5.1.1. Stochastic modelling

Ruelle-Takens—Newhouse (Newhouse et al. 1978) state that one may obtain a chaotic
Axiom A attractor by perturbing a three-tori solution, with a given arbitrarily small
perturbation. However, it fails to provide the precise route to chaos, which may occur
following a torus breakdown (Tanaka 2005), which occurs because of the loss of smooth-
ness of the two or three tori attractors (Marques et al. 2001). In order to account for the
loss of smoothness of the system, we replace

SwNE s SWNE(1 4 AW,

with dW a differential Wiener process and dw™’ determined from the deterministic
normal form. This phenomenological modelling is based on the fact that the sources of
sound responsible for the closure of the feedback become less coherent with decreasing
Mach number (see section 4). Such a modelling is faithful with the deterministic normal
form eq. (5.1) in the mean sense, that is, E(6w™*(1 4+ dW)) = dw™L. At low subsonic
Mach number, the increase of dw™N'’ is caused by the elongated nature of the wavemaker,
which enables the existence of sources of vortex sound at distinct spatial locations. Each
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Name Representative Frequencies
TS (Trivial state) (0,0,0,n.d.) 0
PW (Periodic Wave mode) (ra,0,0,n.d.) 1
MW (Mixed Wave mode) (ra,r,0,n.d.) 2
3FW (Three Frequency Wave mode) (rq,7s,7c,n.d.) 3
MrW (Mixed resonant Wave mode)  (rq,rs, re, ¥a) 2

Table 2: Nomenclature of fixed point solutions of the system eq. (5.1). The MW and the
3FW correspond to the case of non-resonant coupling x; = x2 = x3 = 0.

of these sources it is associated with a distinct fundamental frequency Aw, which is
inversely proportional to the convective time it takes for the hydrodynamic perturbations
to reach the source of vortex sound at the wavemaker and to the acoustic time it
takes for the perturbation to reach back to the lip of the nozzle. Therefore, providing
a phenomenological interpretation to the increase of the modulation frequency with
a decreasing Mach number. Thus, the transition to a broadband spectrum can be
interpreted as the consequence of the loss of coherence of the feedback process and
the fact that the levels of the sound acoustic pressure decrease with decreasing Mach
number. The latter effect is attributed to the fact that with decreasing Mach number,
the production of the divergence of velocity field is reduced, which occurs mostly within
the jet and near the wall. Additionally, the propagation of the guided jet wave becomes
less effective with decreasing Mach number, because of the increase of its wavelength.
This phenomenon can be appreciated in fig. 7, where the structural sensitivity to the
acoustic response of the system from hydrodynamic perturbations is displaced from a
spatial location within the jet to an elongated region near the wall outside the jet.

5.1.2. Properties of the deterministic normal form

In the absence of a coupling between the real amplitudes r, and the resonant phase
¥, ie. x1 = x2 = x3 = 0, we have that ¢ = (W'l — WVt — (WVE — WV E)t, which is
generally non-zero. In this case, eq. (5.1) is simplified to

fe =re[AB £ VER] k=123, 52)
bo = AL +VErE k0=1,2,3,

where A = AR + Al = (A, A2, A\3)T and the matrix V = VI 4 V7 is

Vit vz Vi3
V=|va vee v (5.3)
V31 V32 V33

To ease the presentation of the fixed point solutions of eq. (5.2), let us introduce the
inverse of the linear operator V, which can be written as

det Vll det V21 det Vgl
vl = Ty detVio detVay detVss |, (5.4)
¢ det Vlg det V23 det V33

where det Vj¢ denotes the minor of the matrix V, obtained by eliminating the line k and
the column /.

This equation has four types of solutions, listed in table 2 with their respective
nomenclature and number of independent frequencies. The definition of the solutions
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Name of solutions Definition Eigenvalues
R
PW; T,EPW) = —% _)\?7
Vii
AR
(for i =1,2,3) )\f—yﬁé, for j #1i
y )\R B _\ByR B2 B2
coa (MW;;5) Vi Vij Vii 33"
MW, (4,7 =1,2,3) 7, i) — IO 5 + \/ (vhir2 — uﬂrj) [4+vivieie?
Gotihtihegy) rWo_ vl — AT ! [)\R det(Vig) + AT det(V) + Aff det (Vi )]
) ) j det(ka) dEt(Vﬁc) k kk 7 ik J Jk
3FWhas (r2,r3,rHT = f(VR)_lAR Eigs of DfF

Table 3: Defining equations and eigenvalues of the solutions of the polar third order

normal form eq. (5.1) in the case of non-resonant coupling xi

=x2 = x3 = 0. DfF

denotes the Jacobian matrix of the polar amplitudes of eq. (5.2).

and their linear stability is enumerated in table 3. The two solutions of interest for us
are the PW and the MW, which are representative of tonal dynamics.

Now, we turn our attention to the resonant case. In particular, we focus on the dynamics
of a resonant MW state, which is a quasiperiodic state and the amplitudes r; and ro
determined as in table 3, with a constant resonant amplitude r3 and locked phase 1. This
new state, referred to as Mixed resonant Wave (MrW) still possesses two incommensurate
frequencies, with the third mode resonant to the other two. A definition of this resonant
solution may be found in table 4. The MrW branch may display a Hopf bifurcation, which,
in the case of r3 < 11,72, can be analysed by simply studying the two-by-two sub-block of
the Jacobian matrix of eq. (5.1). The MrWs branch loses stability in a Hopf bifurcation

with a modulation frequency w’ o< dw™

the attracting eigenvalue in the rs-direction is smaller than —opw,, <

, see the last column of table 4. It occurs when

I
X3

right- hand side of the inequality can be interpreted as the effective frequency mismatch
dwelt = X3 20w induced by the coupling coefficients. The Modulated Mixed drift Wave

(MMdW) is susceptible to be observed as a chaotic attractor when studying the Navier—
Stokes equations. However, it is possible to observe this new three-frequency state as a
non-chaotic attractor when the modulation frequency is much smaller than the other two
frequencies w’ < w1, ws, which occurs if dw < 1. Similarly, in the actual dynamics of the
Navier—Stokes equation, a chaotic attractor is likely to shadow the MMdW state, which
is expected to occur when the third amplitude (r3) is sufficiently large. Therefore, in this

sense, we cannot provide a sharp cut-off for the transition of broadband (chaotic)

- tonal

dynamics, but we provide a qualitative description of the transition in the simplest case
with resonance between the modes of the spectrum. In the following sections, we provide
a comparison of the deterministic and stochastic normal forms with direct numerical

simulations of the axisymmetric impinging jet.
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Name of solutions Definition Stability

W+ onwnxd 2% (0wxd + xS onwi,)

MrW tan = >0
. R TN (O R T L,

I €% 10 Rt © 9 R JOR /| dw R\2 I\2
rz = m%h sin(¢)) W' = |@((Xs) - (x3) ) |

Table 4: Defining equations and eigenvalues of the Mixed resonant wave of eq. (5.1) in the
case of resonant coupling. The amplitudes r; and 79 are defined in table 3, since they are

the same as for the M Wis. The eigenvalue oy, = m [Agf det(VE) + M\ det(VE) +
33

Mtdet(VE)| is the eigenvalue of the MW in the direction of r3. o’ is defined criticality,

I
that is, when oprw,, = :—,3350.;.
3

5.2. Results
5.2.1. Small subsonic Mach number — An example of broadband noise

At low Mach numbers, a broadband spectrum characterizes the dynamical attractor
(obtained from axisymmetric numerical simulations, section 2.3), which is displayed in
fig. 13 (b) with red, blue and black solid lines for pressure probes at an axial location
z = 0 and a radial position » = 1D, r = 2D and r = 4D, respectively. This type
of dynamics is modelled by a periodic solution (MMdM) of the normal form eq. (5.1),
which is a three-tori solution in the original coordinates of the ansatz eq. (2.11). The
MMdM solution emerges almost directly from of the PWs branch (fig. 13 (a)), that is, the
MrW,3 is unstable (not shown). The Modulated Mixed drift Wave possesses a modulation
frequency w’ ~ Aw, that is, the modulation frequency has a similar magnitude to the
frequency difference between the other two dominant frequencies. In that scenario, the
original dynamics of the Navier—Stokes equations are expected to be chaotic with a
broadband spectrum. However, fig. 13 shows a tonal spectrum (yellow line), which has
been obtained from the deterministic normal form. Such a feature is characteristic of
this particular type of normal form, and it is a pathological property of the truncation.
Instead, when considering the stochastic model with dw = 0.1, one obtains a spectrum
(green line) which offers a considerably better comparison with respect to the data of
the axisymmetric simulation. In this case, the spectrum displays a wide peak of small
magnitude around f; and f5, and a broadband spectrum with a similar slope to the
numerical results (red line). Thought the matching is not perfect, the ratio between
the peak and the broadband levels is slightly larger in the deterministic model, which
suggests a higher degree of stochasticity of the axisymmetric numerical simulation. The
difference may be explained from the fact that the axisymmetric numerical simulations
allow for a vortical feedback, vortices emitted by the roll-up of the radial shear layer near
the wall and outside the jet are propagated towards the lip. These vortices are produced
aperiodically in a chaotic region of the flow, thus reducing the coherence of the spectrum
when they induce a hydrodynamic instability near the lip of the nozzle. Such a feature
is strongly nonlinear, and it is not accounted by the normal form. A possible correction
to the stochastic model would consist in the inclusion of a diffusion coefficient \/Deg in
dw(14++v/DegdW), and thus determine the effective diffusion from the fitting of numerical
or experimental data (Callaham et al. 2021).
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Figure 13: (a) Bifurcation diagram at M., = 0.3 with respect to the Reynolds number
with |r| = \/r? + 73 + r3. Solid lines indicate stable attractors, dashed lines indicate
unstable fixed points of eq. (5.1). (b) Sound pressure levels at Re = 2000. Probes of
instantaneous pressure fluctuations at the axial location z = 0 and radial positions

r = 1D (red - axisymmetric time-stepping, yellow - deterministic normal form, green
stochastic normal form with dw = 0.1), r = 2D (black - axisymmetric time-stepping) and
r = 4D (dark blue - axisymmetric time-stepping). The vertical dashed lines highlight the
frequencies of the peaks obtained with the axisymmetric time-stepping simulation.

5.2.2. Large subsonic Mach number — An example of weakly resonant tones

At large Mach numbers, the dynamical attractor is characterized by a tonal spectrum
with large peaks at discrete frequencies. This type of dynamics is modelled by a fixed-
point (MrW) or a periodic solution (MMdW) of the normal form eq. (5.1). Figure 14
(a) shows the bifurcation diagram obtained with the deterministic normal form. The
mode-switching point reported in section 3 was located at M4 =~ 0.49. For larger values
of M, the PW3 branch emerges from the primary bifurcation as a stable solution, and
the PWsy branch subsequently bifurcates. The PWs branch is unstable near the onset of
instability, and it is restabilised following a subcritical bifurcation of the MrWs3 branch.
Figure 14 (a) shows the existence of regions with multiple stable attractors (PWy and
PWj3, and MW;3 and MMdW), a feature that was also observed in the experimental
campaign of Nosseir & Ho (1982) at large Mach numbers of the jet. Specifically, the
MMdAW coexists with a stable non-resonant quasiperiodic solution (MW;3). The MW;3
state becomes unstable via a symmetry breaking bifurcation to a MrWi3. The MrW3
branch experiences a saddle-node bifurcation and it folds onto itself to finally reconnect
to the MW 3 branch again. Because of the saddle-node bifurcation in the MrW3 branch,
after the second re-connection, the MW 3 branch continues to be unstable. In addition,
even when the MW 3 branch is stable, its basin of attraction of is considerably smaller
than the one of the MMdW state, and it shrinks with increasing Reynolds number.
That is, in the interval of coexistence of the two branches, most of initial conditions are
attracted to the MMdW state. In the following, we simply consider the case at Re = 2000
of the MMdW state. In this case, the modulation frequency of the Modulated Mixed
resonant Wave is smaller than the frequency difference between the modes (v’ <« Aw).
In that scenario, the spectrum of the Navier—-Stokes equations is expected to be weakly
tonal with wide and large magnitude peaks. In this case, the deterministic normal form
offers a good qualitative description of the spectrum, it is able to identify the main



Dynamics of a rounded laminar subsonic impinging jet 29

C W2 P20 o fifs
1: A % 200. T T
3 — i
0.8F & 150 4
r E [\
=06F = 100
04F = -
= A 50 |
02 ny »n !
- |
» IR B R 0 bl +;, e
1500 2000 2500 10° 10
Re St
(a) (b)
Figure 14: (a) Bifurcation diagram at M., = 0.5 with respect to the Reynolds number
with |r| = \/r? + 73 + r3. Solid lines indicate stable attractors, dashed lines indicate
unstable fixed points of eq. (5.1). (b) Sound pressure levels at Re = 2000. Probes of
instantaneous pressure fluctuations at the axial location z = 0 and radial positions

r = 1D (red - axisymmetric time-stepping, yellow - deterministic normal form, green
stochastic normal form with dw =~ 0.04), » = 2D (black - axisymmetric time-stepping)
and r = 4D (dark blue - axisymmetric time-stepping). The vertical dashed lines highlight
the frequencies of the peaks obtained with the axisymmetric time-stepping simulation.

frequency peaks and the frequency modulation f’. The frequency modulation obtained
from numerical simulations is fj,yg ~ 0.05, while the frequency modulation from the
normal form is f’ a2 0.04. Additionally, as in the broadband case, we compare in fig. 14 the
results of the axisymmetric numerical simulation (red line) with those of the deterministic
normal form (yellow line) and the stochastic model (green line). It shows a reasonable
comparison, though the sound pressure levels are underestimated, between the spectrum
of the Navier—Stokes equations and the one from the stochastic model. However, since the
model is weakly nonlinear, it fails to predict the existence of a peak at fs/2, which occurs
because of a secondary instability of the radial shear layer. Inspection of the numerical
results suggests that such a frequency peak occurs because of a vortex-pairing instability
of the radial shear layer (Shaabani-Ardali et al. 2019).

6. Discussion & Conclusion

The dynamics of the hydrodynamic-acoustic feedback instability of a rounded laminar
subsonic impinging jet configuration has been analysed. First, it has been shown the
existence for every Mach number of a family of unstable modes, which are characterised
by their axial wavenumber. It has been discussed the nature of the instability in terms of
the structural sensitivity and later by the complex-valued endogeneity map. It has been
argued that the guided jet wave is responsible for the closure of the feedback mechanism
initiated by the shear layer instability. The guided jet mode is the consequence of the
intense production of divergence of the velocity perturbations at an axial distance around
a diameter from the wall, which has been identified using a novel decomposed structural
sensitivity, suited to identify these type of non-local acoustic-hydrodynamic feedbacks.
Such an instability mechanism is responsible for the strong emission of tonal noise. First
it is robust, the mechanism is weakly sensitive to external perturbations, which could
be due to inflow perturbations or the interaction with vortices issued from the region
near the wall and initiated by the roll-up of the radial vortex sheet. Second, the emission
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of sound is strong, a feature that is observed when considering the relative amplitude
between vortical and acoustic pressure of the linear mode. So, in this sense, linear stability
is relevant to determine the possibility of strong sound emissions. On the other hand, at
low Mach numbers, the main source of sound comes from vortez-sound. The structural
sensitivy peaks along the radial vortex-sheet, which is the region with the largest module
of the linearised Lamb vector. The difference in the mechanisms have several consequences
in the non-linear dynamics. The dynamics of the vorticity field in a region around the
radial vortex-sheet becomes rapidly chaotic with small variations of the Reynolds number
from the primary Hopf bifurcation. Physically, the low temporal coherence of the vortical
sources of sound, which are responsible for the emission of the pressure wave closing the
feedback-loop, are at the origin of the measured broadband spectrum of the acoustic
pressure field. We provide a reduced model, issued from a weakly non-linear analysis, to
account for the qualitative changes in dynamics between low and large subsonic Mach
numbers. The deterministic model mimics some features of the actual dynamics, such
as the frequency-locking of a third tone with the other two or the appearance of a
third slow frequency. Nevertheless, due to the truncation to third order, the model does
not display chaotic dynamics. Based on a phenomenological reasoning, we propose a
stochastic model which accounts for the low temporal coherence of the sources of sound
at low Mach number, which in turn induce a frequency mismatch (dw). Such a model is
able to reasonably reproduce the sound pressure level spectrums measured from time-
stepping simulations. There exist several appealing perspectives. To mention some, it
might be of interest to determine from experimental turbulent rounded impinging jets
the coefficients of the normal form with data-assimilation techniques, c¢f Cenedese et al.
(2022). In addition, the non-local structural sensitivity map may help to investigate
the fine details of the instability mechanism in many other configurations where the
instability is issued of a non-local feedback, such as airfoil noise, screech, or cavity flows.

Appendix A. Entropy formulation — Decomposition of the adjoint

In this section, we detail the derivation of the decomposition of the adjoint variable
g' into acoustic, vortical and entropic components. Before, proceeding to the detailed
description of the adjoint equations, we introduce the linearised compressible Navier—
Stokes equations in the primitive variables [, 1, §,T,]§]T. The motivation to introduce
this set of equations is because they have a simpler decomposition. The linearised
equations are

( —iwBlq, + DF|q0)q =0, with Blq, = diag(1, poL, poTp, 0, 0), (A1)
W - Vp+pv g+ 1 Voo + poV - (A 24q)
1
ﬁuo-Vu0+pou0~Vﬁ+p0ﬁ~Vuo+Vﬁ—%Vw(ﬁ) (AQb)
N —y(y - 1)M—§°(T(ﬁ) : D(ug) + 7(up) : D(ﬁ)) S AT
DF|q,q = Re P 0 Pr Re
+ poToug - VS + poTot - Vsg + ploug - Vsg + poTug - Vsg (A 20)
poTod + (v — D)Top — poT (A2d)
— poT — pTo + YMZLp (A2e)

And their adjoint counterpart are
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(i@Blq, + DFflq, )a = 0, with Blg, = diag(1, poL, poTp, 0,0), (A3)

—ug - Vp! + (up - Vuy) - af
+ (g - Vso)s + Ty ((y — DTT - p') (A 4a)
— poug - Vil + poa’ - (Vug)”" — év -r(af)

DFq,d" = 9 — pgVp! + 29( - 1>%v (317 (u0)) + poTod Vo (A4b)
— poToug - vsh + poToTT (Adc)
poTos g - v%—i;T;VQT—pﬂ;—pﬂﬂ (A4d)

M2 pt — v -al (A 4e)

A.1. Decomposition of the global mode

We first detail how we decompose the global mode q into: acoustic, hydrodynamic and
entropic components.
We adopt a Helmholtz-Hodge decomposition (Schoder et al. 2020) of the perturbation
velocity field into acoustic (potential) and hydrodynamic (solenoidal)

0 = Qe + Uiga = Voo + V X (A5)

applying divergence to eq. (4.1), the potential ¢, is determined from the following Poisson
equation

Ap. = V a in 2
Vé.-n=1u-n on 0f2. (A6)
The hydrodynamic component of the velocity is subsequently determined by subtracting
Upyq = 0 — Uac = 0 — V.. Note that,the uniqueness of the Helmholtz decomposition is
subjected to the L?-orthogonality condition, in our case satisfied by the suitable boundary
condition of eq. (A 6), and the decay of the velocity field at the far-field (Schoder et al.
2020).

The pressure decomposition is derived from the linearised momentum equation. Consider-
ing an isenstropic relationship between density and pressure fluctuations, i.e, pTy = M2 p,

and taking divergence of the linearised momentum equation, we end up with the following
elliptic equation for the pressure,

Ly

Vpo-Vp _v. (M?
Po Po

T (UQ VUQ)pp) ZV(UQVﬁ)+V(fquO)
0
. . 1 N
+HwV -0 — ﬁv (V- 7(a)).
(A7)
Decomposing the velocity field into acoustic and hydrodynamic and leaving the viscous
dissipation term to the entropic component, we end up with the following decomposition
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of the pressure,

1 A va : vﬁac Mgo ﬁac o . ~ N
—p—OApaC + 7 -V- ( T (up - VUO)E) = WV luc+ V- (ug - Vilg)

+V- (e V) (A8a)

1 V-V M2 b )
— = Aprya + w _Vv. <—(u0 : Vug)phiyd> = V- (up - Vitya)
Po £ To Po

+V- (ﬁhyd . Vllo) (A 8b)
ﬁs = ﬁ - ﬁhyd _ﬁac- (ASC)

A.2. Decomposition of the adjoint mode

Before introducing the decomposition of the adjoint global mode, we first review the
significance of the decomposition in a simpler example, where we only consider the
momentum equation. We introduce a harmonic forcing Hy, to the momentum equation,
1
Re
The introduction of the forcing term H,, induces a response of the velocity field & and the
pressure field p. In the presence of viscous dissipation, the introduction of the momentum
source term always excites an entropic response. However, such a component is expected
to become of lesser importance at larger Reynolds numbers and to be localized near wall
boundaries and in regions of large magnitudes of the shear tensor. For such a reason,
we propose the decomposition of the velocity adjoint into hydrodynamical and acoustic
components, but having in mind that this is not a perfect decomposition since they
should possess a possibly small entropic part. The excitation of the dilation of velocity

is evaluated by taking the divergence of the linearised momentum equation eq. (A 9),

—iwpe + pug - Vug + poug - Vi + poug - Va — Vp + V. T(ﬁ) = poHy. (A 9)

—iwV -1 —l—ﬁV . V(UOUO) + V(ﬁ) : V(Uollo)
00 . 0o ) (A 10)
+V V(o) — A(L) 4 =V (V- r(0)) = V- H,.
po’  Re
Equation (A 10) implies that divergence free forcing terms, i.e., V- H, = 0, do
not excite the acoustic component of the global mode. Furthermore, neglecting viscous
dissipation effects, this type of forcing term only excites the hydrodynamic component
of the global mode. A similar reasoning leads to the conclusion that, when we neglect
viscous dissipation effects, a rotational-free forcing, i.e., V x Hy = 0, only excites the
acoustic component of the perturbation.
Now, interpreting the adjoint global mode as the projector onto the corresponding
component of the global mode, we propose a Helmholtz-Hodge decomposition of the
adjoint velocity field,

af =af +af, = Vel +V x ot
Apl =v-alin 0 (A11)
V¢l -n =1 -nondf.
This decomposition is bi-orthogonal when considering only direct and adjoint
velocity fields, that is, <ﬁ£yd,poﬁac> = (A}, polinya) = 0 with (@, poliac) # 0 and

<ﬁ;flyd, polnyd) # 0. Therefore, the momentum forcing can be expanded as

poHy = <ﬁ;rlyda pOHu>ﬁhyd + <ﬁ;c7 PoHu>flac = POthd,u + pOHac,u- (A 12)
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The next step in the decomposition consists in the decomposition of the entropy
adjoint 4f. Here below, we justify that §' = 3, that is, that a forcing term to the
entropy equation only excites the entropy component of the global mode. It derives
from the fact that we have defined the acoustic and hydrodynamic components to be
entropy-free. Evidently, since SE 4= = 5. = 0, the decomposition is bi-orthogonal in the
entropy variable.

From these considerations, we can derive the remaining components of adjoint. Sub-
stituiting the gradient of the density adjoint V' from eq. (A 4a) into eq. (A 4b) we derive
an explicit equation for pf

—i@ﬁT = —iwug - af — ug - (uo . VﬁT) + llo . (AT . (VuO)T) —af- (uo . VUQ)
M2
+asug - Veral — 2v(y — 1) R oo Ly V- 5T7(u) (A13)
—Tonglo . VS() + (’)/ — 1)T()TJr TopT

Substituting 7 = 0, af = af, (or 4 = ﬁ}tyd)7 and TT = —pt, a relationship that is
obtained from eq. (A 4) by considering 4" = 0, we are led to the following decomposition
of pt

—iwﬁgc = —iwug - ﬁ:;c —Uup - (110 . Vflgc) +ug - (ﬁle . (VUO)T)
—tf, - (ug - Vug) — vTop! (A14)
—iprIlyd = —iwug - ﬁ‘;rlyd —up - (110 . Vfl;rlyd) +ug - (U.h d (VUO) )

And the entropic component is determined as pi = pf — pl_ — phy q- The decomposition of

pt is not generally bi-orthogonal with respect to the density decomposition of the global
mode.
Overall, the adjoint is decomposed as follows,

af = =4+ al, = Vol +V x &', from eq. (A11)

gt :st
ﬁT = pac + pAIlyd + ﬁi

V-l (A 15)
pro=pl. =

TMZ,
. . . Vv -at v 1
Tt =TI +T7 = ———- + (8Tug - Vsg — —A

ac T 1s M2 +(8 Up * VS0 Pr Re po 80)

Appendix B. Normal form reduction

Here, we discuss the computation of the coefficients of the normal form eq. (B 20).
These are computed following a multiple scales expansion of the solution q of eq. (2.1).
We rewrite the governing equations as follows,

dq 1 1 1
B, =Flan) = —(c +La+5Na(q,q) + Ns(a.q,a) + Gi(q,n) + 5G2(a, a, n)),
(B1)

where ¢ = [0,0,0,1]7, B is the mass matrix, L the linear operator on the state

variable q, and G; and Gs the linear and quadratic operators in the state variable
q and parameters 7. These operators are defined as
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1 0 0 O 0 0 0 O
| 0 pI 0 O 100 0 V
B = 0 0 p 0]’ L= 0 0 0 O ’
0 0 0 O 0 0 0 O
0 0 0 0
0 —3=V-7(") 0 0
_ Re
Gl (qa 77) - 0 0 _ A 0 ’ (B 2)
pr Re
0 0 0 yMZ
0
G )= 0
9L AL =0 () 1)y M2 /Re(r(uy) : D(ug) + 7(ug) : D(wy)) |’
0
while the quadratic nonlinear operator on the state variable is defined as
u; - Vpa +uz-Vpr +p1V-us + p2V -y
0
Na(qi,q2) = 0 ) (B3)
—(p1 T2 + p2T1)
and cubic nonlinear operator on the state variable is
0
Z piu; - Vuy
N3(qi1,92,93) = bk ; (B4)
Z(’y — 1)p1TJV sug + piay - VTk
i4.k
0

The expansion considers a two scale development of the original time t — ¢ + 27, here
€ is the order of magnitude of the flow disturbances, assumed small ¢ < 1. Herein, we
consider the small parameters €,,2 and €,,, which are a function of the Mach number and
Reynolds numbers at the far-field,

{—:ﬁp = (Mgoc — Mfo) ~ 2 and {—:3 = (I/c — 1/) = (Regl — Reil) ~ g2

With this compact notation we can provide an explicit form of the linearized Navier—
Stokes equations with respect to baseflow qp,

1
DF|q,(q,m) = Lq + Na(qs, q) + §N3(qb, @, q) + Gi(q,n) + Ga(ap,q,m).  (B5)

The technique decomposes time into a fast timescale ¢ of the phase associated to the self-
sustained instabilities and a slow timescale related to the evolution of the amplitudes
z;(7), introduced in eq. (2.11), for ¢ = 1,2, 3. The ansatz of the expansion is as follows

a(t,7) = ay + eq(o) (t,7) + 2aqeez) (t,7) + % aes) (8, 7) + O(e?) (B6)
In such a case, the vector is expanded as

qe)(t,7) = Ziv:l (zk(T)q(Zk)(r, z)elwkt 4 c.c.) (B7)
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Note that the expansion of the LHS of eq. (2.1) up to third order is as follows

0q(¢) 0q<2) 0q.s) 0q(c)

B B/ 182 [B B 4 B
eB—, + € 2 + € [ 9t + o ]+O(6 ), (B8)
and the RHS respectively,

F(q, ’I’]) = F(O) + EF(E) + EQF(Ez) + €3F(53) + 0(64). (B 9)

In the following, in order to improve readability, we define the set of vectors of linear,
quadratic, and secular interactions.

Z ={z,2,23}, Z={z1,%,7%3}

Z2 =ZQRLDZ ®z = {2%7 Z%a 237 2122, 2123, 2223, |Zl|27 |22|27 |Z3|27
21%2,21%3, 2223 } (B10)
Zs = {21722,23,21|21\2,Z1|22\27Z1|Z3\27Z2|Z1\27Z2|22\2,Z2|23\2,

z3|21|?, 23|22 ]?, 23|23|%, 212223, 2323, 2571 }

where only unique elements are kept. We denote by z! any element of the family Z",
with n € N*.

B.1. Zeroth order

The zeroth order corresponds to the steady-state problem of the governing equations
evaluated at the parameter vector 1 = (M., Re)7,

0 =F(qy,n) (B11)

whose solution is the steady state qp.

B.2. First order

The first order corresponds to the resolution of a homogeneous linear system, i.e., a
generalized eigenvalue problem evaluated. The eigenpairs [iwg, q(zz)} are determined as
the solutions of the following shifted (Meliga et al. 2009) eigenvalue problem

3oz = (iwrB — £ — DFlg, (a,) ) ) (B12)

where we have introduced the shift operator 2S, which is defined in such a way that
jwq(m = 0 at n and Im(wy) = 0, and Sq = 0 for any other vector field q distinct
to the eigenmodes. The B—norm of the eigenmodes q.,)(r,2) is scaled to unity, i.e.,
<Q7 Q>B =1

Analogously, the adjoint eigenmodes are determined from the resolution of eq. (2.7) and
normalised with respect to the direct mode so the inner product is equal to the unity,

i'ea <61Ta él>B =1

B.3. Second order

The second order expansion term q.2)(t, 7) is determined by the resolution of a set of
linear systems, where the forcing terms are evaluated from first and zeroth order terms.
The expansion in terms of amplitudes z,(7) of q(.2)(Z,7) is assessed by collecting the
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second order forcing terms. Non-linear second order terms in € are

3

1 ~ ~ —i(wj+w
F(€2) = Z §(ijkN2(Q(zJ')’q(zk))e oronlt 4 C'C-)
]k 1
+ Z (ZJZkNQ A=), Gz e TR 4 C'C') (B13)
jk: 1
—‘,—anGl(qbvef)a
=1

where e, is an element of the orthonormal basis of R?. Then the second order expansion
of the flow variable is carried out, so it matches the terms of the forcing

2
A = ) (ZZQ(za)e_iwatJf C'C') + > meay™, (B14)
/=1

z2 €72

The terms q.2) are harmonics of the flow, q.,.,) with j # k are coupling terms, q.,2)
J

are harmonic base flow modification terms and ql(:”) are base flow corrections due to a

modification of the parameter 7, from the critical point. Then the second order terms
are determined from the resolution of the following (non-singular) systems of equations

J(Wj+wk)él(zjzk) = F(ijk)’ (B15)

where ]?‘(szk) is the term of eq. (B 13) proportional to z;z; and
J00Q" = G(Q,e). (B 16)

B.4. Third order
At third order, we proceed as for previous orders, first the forcing term is expanded
Fay Y 2az3[N@p2), dgaa)) | @70
z(,LEZ,z%‘EZ2

> 2025% [N3(Q(z,), A(zs): A(za)) | €
z20€2,23C€7Z,2CZ
2 2

(watwg+wy)t

- (n¢) iwjt (B17)
FY [eimNataey, Q)] e + e |
j=1¢=1
2 2 _ 3
3N [mGi @ ee e + e | + 35 Sac,),
j=1¢=1 j=1
Followed, by the expansion of the third-order secular terms q(.s)(t, 7)
aen(tm) = ) [ al(zae "+ c C}
ZQGZ
5 (B18)
303 [+ e ]
Jj=1¢=1

To ensure the solvability of the resonant terms we must enforce compatibility conditions,
i.e. the Fredholm alternative. The resonant terms are then determined from the resolution
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Vi1 V12 13 V21 V22 V23

—-0.57-0.28i —0.0440.131 -1.3-12i —-0.1-0.23i —0.25—-0.94i —0.15 — 2.5i

V31 V32 V33 X1 X2 X3

-1.64+231 -10+048 -0.764034i 1.7-18 —-0.27-0.61i —3.0—-1.71

Table 5: M., = 0.3.

V1 V12 Vi3 V21 V22 V23

—0.068 + 0.032i —0.025 4 0.028i —0.33 +0.076i —0.1040.090i —0.2740.23i —0.34+ 0.0761

V31 V32 V33 X1 X2 X3

—0.15+0.0221 —0.43 —0.0091 —0.25—-0.151 —0.015—0.047i —0.076 + 0.0331 —0.065 — 0.048i

Table 6: M., = 0.5.

of the following set of bordered systems

J%’mw e | (e Z 1:ﬂ<z£f>> 2% € Zg (B19)
q(zk) O S 0 9 a

2 (€2 5)
where s = )\Ef”) (respectively s = A, Mo ) for 2 = 2, and s = V,i?) for z8) = 21 ze]?
and s = x; for Z&S) = 2373, 8 = X3 for ZSXS) = 212923, and s = x3 for ZSXS) = 2371.

Table 5 and table 6 list the cubic coefficients of the normal form for the two considered
Mach numbers based on the far-field speed of sound (M,).

B.5. Ezxample of a larger number of mode interactions

The general case with arbitrary N limit cycles may be expressed as
2 =2\ + T vikl22) # NLjes  forj=1,...,N (B 20)

where NL; ;s are the resonant terms at the third order. For N = 5, the resonant term is
as follows,

X1,1Z%?3 + X1,22223%24 + X1,3%2%2425 + X1,4Z§?5
X2,121Z223 + X2,22124Z3X2,321 2524 X2,425 24 + X2,5232475
NL,es = X3,125%1 + X3,222Z324 + X3,323%5 (B21)
X4,12524%23 + X4,2Z§§2 + X4,3232221X4,4252223X4,5%52122
X5,1Z§53 + X5,22423%22 + X5,324%221 + X5,4232,§1

Figure 15 (b) illustrates the resonant interactions for N = 5 for the equation of zs, i.e.
NL3 res = X3.12521 + X3,222Z324 + X3,3%3 25-
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Figure 15: (a) Sketch of the spectrum. (b) Sketch of the spectrum indicating the local
contributions to the normal form: (double) solid line indicates the coefficient multiplies
the (square) of the mode, dashed line the complex conjugate of the mode.
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