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Gain in efficiency of jet receptivity to acoustic
disturbances with increasing nozzle-lip thickness
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The gain in efficiency of the receptivity of jets to acoustic disturbances as the nozzle
lip is thicker is investigated using numerical simulations. For that, axisymmetric acoustic
pulses are introduced in jets with Blasius laminar boundary-layer profiles at Mach numbers
M =04, 0.6, 0.9 and 1.3 for nozzle-lip thicknesses between 1 % and 93 % of the nozzle
radius. They are located on the jet axis or outside the jet with incidence angles ¢ between
5° and 90° with respect to the downstream direction. Instability waves develop in the jet
shear layer after the acoustic disturbances hit the nozzle. In all cases except for ¢ > 75°,
their amplitudes and hence the efficiency of the jet receptivity to the disturbances increase
with the nozzle-lip thickness. The gains in efficiency are greater for a pulse inside the
jet, generating upstream-travelling pressure waves resembling guided jet waves, than for
a pulse outside the jet, producing free-stream sound waves. In the second case, the gains
are significant for ¢ = 5° and decrease with the incidence angle, especially for ¢ > 30°.
Moreover, the gains are stronger for a higher Mach number, and roughly double between
M = 0.4 and 1.3, thus reaching, for a pulse inside the jet, values close to 6 between the
thinnest and thickest lips. Finally, according to additional simulations for M = 0.9, the
gains in receptivity efficiency do not change appreciably when different azimuthal mode
numbers of the acoustic disturbances, widths of the pulse and shapes of the boundary-layer
profile are considered.
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1. Introduction

The scattering of acoustic waves into Kelvin—Helmholtz instability waves at the
nozzle-exit section of jets via the receptivity process, a process by which external
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disturbances trigger the growth of instabilities in a shear flow, is a key process in several
jet flow configurations. For instance, it plays an important role when jets are excited by
acoustic waves to control their turbulent development or to reduce their radiated noise,
as was the case in Sato (1960), Crow & Champagne (1971) and Kibens (1980), and
when aeroacoustic resonance loops establish in the jet flow. On the latter issue, the
receptivity process has been recognized to close the feedback loops generating intense
acoustic tonal components in screeching and impinging jets for more than seventy years
since the pioneering studies of Powell (1953a,b), as reported in the reviews of Raman
(1999) and Edgington-Mitchell (2019). Recently, it was also shown in Bogey (2022a)
to promote the development of instability waves near the nozzle of non-screeching
jets with fully laminar nozzle-exit conditions in the specific frequency ranges of the
upstream-propagating guided jet waves essentially confined in the flow, described for the
first time by Tam & Hu (1989) and later by Towne et al. (2017) and Bogey (2021), among
others.

The efficiency of the receptivity process in shear flows has been investigated in the past
by several researchers using mathematical methods. For instance, Tam (1978) studied the
excitation of instability waves in two-dimensional subsonic compressible shear layers of
finite thickness by a beam of sound waves, in the absence of a scattering surface, using
Green’s functions. The effectiveness of the excitation was found to depend on the angle
of incidence and the width of the wave beam, and to increase with the Mach number.
In particular, it turned out to be greatest for a narrow beam of waves aiming at a angle
to the flow direction decreasing with the Mach number, over a range between 30° and
80° for Mach number 0.6, for instance. The receptivity process was also investigated in
a shear layer of a vortex-sheet type behind an infinitely thin flat plate by Bechert (1988),
and by Kerschen (1996) and Li & Lyu (2023) using the Wiener—Hopf technique, just to
mention a few. Transfer functions describing the receptivity to acoustic disturbances were
determined. Recently, resolvent analyses were also conducted from the mean flow fields of
jets to seek the sets of external forcing and response modes that are optimal with respect
to the energetic gain between them. They were applied to subsonic and supersonic jets in
Schmidt et al. (2018) and Pickering et al. (2020).

Results on the receptivity of a shear layer to acoustic waves behind a trailing edge
or a nozzle lip have also been obtained using other approaches. Barone & Lele (2005)
examined the receptivity of compressible supersonic mixing layers downstream of a
splitter plate of finite width capped with a rounded trailing edge using an adjoint analysis.
Receptivity was noted to be a function of the source type, frequency and location.
Imai & Asai (2009) explored experimentally the receptivity of a laminar shear layer
separating from a rear edge of a boundary-layer plate. They quantified the dependency
of the receptivity coefficient on the rear-edge curvature and on the frequency of the
acoustic disturbances. Karami et al. (2020) studied numerically the receptivity of two
under-expanded supersonic impinging jet flows emanating from an infinite-lipped nozzle
by introducing acoustic pulses in the mean flow fields obtained by large-eddy simulations
(LES). The effects of the angle of incidence with respect to the jet centreline, of the
azimuthal mode number and the frequency of the waves hitting the nozzle, and of
the nozzle-to-plate distance were addressed by computing transfer functions between
the input acoustic signals and the output vortical signals at the nozzle lip. For a
nozzle-to-plate distance of five jet diameters, in particular, the jet receptivity to acoustic
disturbances was found to be high for incidence angles between 15° and 50°, and for
angles greater than 80° from the jet centreline. In their theoretical work, Mancinelli
et al. (2021) also proposed an approach to identify the reflection coefficients of the
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upstream-propagating waves at the nozzle exit to model the resonance mechanisms in
screeching jets.

For impinging jets, the frequencies and strengths of the feedback loops are sensitive to
the external geometry of the nozzle and to the presence of reflective surfaces upstream of
the jets, as was illustrated in the experiments of Weightman et al. (2019) and in the LES of
Karami & Soria (2021). In Weightman et al. (2019), intriguingly, a switch of the dominant
azimuthal modes was observed between thin- and infinite-lipped nozzles. It was attributed
to the fact that the closure path in the thin-lip case involves a reflection of the acoustic
waves from the outer surface of the nozzle base back to the nozzle lip. For screeching jets,
the screech mode staging, frequencies and amplitudes can also change with the nozzle-lip
geometry and roughness, as was highlighted very recently in Alapati & Srinivasan (2024).
In particular, the intensities of the feedback loops have been known since the work of
Powell (1954) to depend on the thickness of the nozzle lip, on which the coupling between
the upstream-propagating acoustic waves and the near-nozzle shear-layer instability waves
occurs. Although somewhat mode-dependent, the inclusion of a thicker lip usually results
in stronger screech tones, whereas very thin lips may lead to screech cessation. These
trends were observed in the experiments of Norum (1983), Ponton & Seiner (1992) and
Raman (1997), and in the numerical study of Shen & Tam (2000). They strongly suggest
that increasing the nozzle-lip thickness results in a greater efficiency of the receptivity
process. The gain in efficiency is, however, difficult to quantify because thickening the
nozzle lip alters the entrainment field in the near-nozzle region, which most likely also
affects the feedback loop properties.

Therefore, the increase of the efficiency of the receptivity of jets to acoustic disturbances
as the nozzle lip is thicker is investigated in the present paper using numerical simulations.
For that purpose, acoustic pulses are introduced in isothermal round free jets at Mach
numbers ranging from 0.4 up to 1.3, issuing from straight pipe nozzles with lips of different
thicknesses. The latter vary between §;;, = 0.01rg and §;;, = 0.93r¢, where ry is the nozzle
radius. At the initial time of the simulations, the jet flow is modelled by specifying a
boundary-layer velocity profile all over the computational domain, both upstream and
downstream of the nozzle exit. Acoustic pulses of very low amplitude are placed outside
the nozzle, inside the flow on the jet axis, or outside with angles of incidence between 5°
and 90° with respect to the downstream direction, in order to create linear sound waves in
the domain. These waves travel up to the nozzle lip where they are reflected, which leads
to the generation of instability waves growing exponentially in the jet mixing layers. In
this work, the gain in efficiency of the jet receptivity with the increase of the nozzle-lip
thickness will be determined directly from the amplitude of the instability waves measured
near the nozzle. It will be characterized by power laws. The influence of the location of
the acoustic pulse inside or outside the jet flow, of the angle of incidence of the acoustic
disturbances on the nozzle-lip section, of the azimuthal mode number of the disturbances,
of the pulse spatial extent, and of the shape of the boundary-layer profile, will then be
discussed. Given the Mach number range considered, the effects of the jet Mach number
could also be pointed out.

The paper is organized as follows. The characteristics of the jet flows and of the acoustic
pulses, the simulation parameters and the procedure used to calculate the gain in efficiency
of the jet receptivity are presented in § 2. The results obtained for a pulse inside the jet
flow and for pulses outside the flow, for the axisymmetric azimuthal mode but also for
non-axisymmetric ones, are provided in § 3. Concluding remarks are given in § 4. Finally,
results obtained for pulses of different half-widths and with boundary-layer profiles of
different shapes are reported in two appendices.
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Figure 1. The BL boundary-layer profile of axial velocity u;/u; for the present jets.

2. Parameters
2.1. Jet flow and acoustic pulse characteristics

In this study, numerical simulations are performed for isothermal round free jets at Mach
numbers M = uj/c, = 0.4,0.6,0.9 and 1.3, and at Reynolds number Rep = u;D/v = 107,
where uj, ¢,, D and v are the jet velocity, the speed of sound in the ambient medium, the
nozzle diameter and the kinematic molecular viscosity, respectively. The jets originate
from a pipe nozzle of radius ro = D/2 and length 2rp into a medium at ambient

temperature and pressure T, = 293 K and p, = 10° Pa. The nozzle ends at z =0 in a
lip with a straight section of thickness d;;,, and sharp corners.

At initial time ¢t = 0 of the simulations, a Blasius laminar boundary-layer profile is
imposed for the axial velocity u, from the pipe inlet down the outflow boundary (Bogey &
Bailly 2010), i.e. both upstream and downstream of the nozzle exit. It is referred to as the
BL profile (Bogey & Sabatini 2019) in what follows. For the present jets, the profile has a
thickness of 0.1rp, as represented in figure 1, yielding a momentum thickness §9 = 0.012r
and a Reynolds number Rey = u;dg/v = 600. Radial and azimuthal velocities are set
to zero, pressure is equal to p,, and temperature is determined by a Crocco-Busemann
relation.

These flow conditions were previously specified in the nozzle of untripped jets computed
by LES (Bogey 2021, 2022a). In Bogey (2022a), in particular, linear stability analyses
(Michalke 1984) were performed from the LES mean flow profiles downstream of
the nozzle using a procedure solving the compressible Rayleigh equation (Bogey &
Sabatini 2019), in which viscosity is not taken into account given that Reg > 500 (Morris
1983, 2010). This procedure is applied to the boundary-layer profiles in this study. The
instability growth rates —Im(k;)rg obtained for the azimuthal modes ng = 0 for M = 0.6,
ng =0—2for M = 0.9, and ng = 0 for M = 1.3, where k; is the complex wavenumber
of the instability waves, are represented in figures 2(a—c) as functions of Sty = f8g/u;,
where f is the frequency. With increasing Mach number, the amplification rates and the
most unstable Strouhal numbers decrease, as expected (Michalke 1984; Morris 2010). For
M = 0.9, the growth rates for the four azimuthal modes are very similar, the strongest ones
being found for ny = 0. For comparison, the instability growth rates calculated in Bogey
(2022a) at z = 0.6r¢ for ng = 0-2 for a jet at M = 0.9 with the same nozzle-exit profiles
as the jets in this work are also shown. Again, they do not depend significantly on the mode
number. The highest growth rates are reached at Sty = 0.013 for ny = 0. At this frequency,
the phase velocity of the instability waves was noted to be equal to 0.5u;.

In this study, four nozzle-lip thicknesses are considered, as shown in figures 3(a—d).
They vary approximately from §;;, = 0.01ry up to ;;, = 0.97¢, following a geometric
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Figure 2. Instability growth rates obtained for (a) M = 0.6, (b) M = 0.9 and (c) M = 1.3 as functions of Sty,
(solid lines) for the BL boundary-layer profile and (dashed lines) for the mean flow profiles at z = 0.6rg for an

untripped jet (Bogey 2022a): (black) ng = 0, (red) ng = 1 and (blue) ng = 2.
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Figure 3. Representations of the nozzle lips, the positions of the acoustic pulses and the geometrical
parameters in the present study: (a) dlipl, (b) dlip2, (c) dlip3 and (d) dlip4.

progression with a common ratio of 4. More precisely, they are equal to §lip(0)/4 =
0.014r9, 8lip(0) = 0.058rg, 45lip(0) = 0.23ry and 165/ip(0) = 0.93rp, where §lip(0) is
the value in several former jet LES (Bogey 2018, 2021, 2022a; Bogey & Sabatini 2019). In
what follows, they will be referred to as dlip1, dlip2, dlip3 and dlip4, from the thinnest to
the thickest lips.

To generate pressure waves in the computational domain, an acoustic pulse is added
onto the mean flow field at = 0. The pulse is introduced outside the nozzle at a distance
d = 2rg from the nozzle-lip inner corner at z = 0 and r = rg, for angles ¢ = —30°,5°, 15°,
30°, 60°, 75° and 90° between the line r = ry and the line passing through the inner corner
and the pulse position. Thus the pulse is located inside the flow on the jet axis jet in the
first case, and outside the flow in the six others. The pulse positions are denoted as Py;s,
Pso, Piso, P3po, Pego, P750 and Pogo, respectively. They are represented in figures 3(a—d)
and in the left-hand columns of figures 4, 5, 8, 9 and 10 in § 3, and of figures 20 and 21 in
Appendix A.

The pulse is axisymmetric in most cases, but is non-axisymmetric and characterized
by an azimuthal mode number ny = 1, 2 in a few. Axisymmetric pulses as well as pulses
for ng = 1, 2 were also considered in the receptivity study of Karami et al. (2020) for
supersonic impinging jets. Overall, similar results were obtained in the three cases. In an
azimuthal section, the pulse is Gaussian and has a half-width b = 0.2r(. The amplitude of
the pulse A is set to the very low value A = 10™>p, to avoid nonlinear effects during
the propagation of the acoustic waves and during the growth of the instability waves
just downstream of the nozzle. The absence of nonlinear effects on the present results
was verified by performing simulations with A = 10~%p,. The solutions obtained with
A =1073p, and A = 10~%p, were found to be superimposed.
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Figure 4. Pressure fluctuations obtained with dlip1 for an axisymmetric pulse with b = 0.2rg located at e Py
for (a—e) M = 0.4, (f—j) M = 0.6, (k—0) M = 0.9 and (p—t) M = 1.3, between ¢ = 14/, and ty/c, + 4ro/u; in
increments of ro/u;, from left to right. The colour scale levels range from —0.06A to 0.06A, from blue to red.

Boundary layer

BL
BL
BL
BL
BL

M

0.4
0.6
0.9
1.3
0.9

ng

0
0
0
0
1 and 2

b

0.2rg
0.2r9
0.2rg
0.2r9
0.2rg

Pulse position

Pgxis> Pse, Pise, P3oe, Pege, P70

Paxis, Pse, P1se, P3ge, Peoo, P7se

Puyiss Pse, Pise, P3ge, Peoe, Prse

Payiss Pse, P1so, P3oe, Peoe, P75
Pise

and Pgoc
and Poge
and Pgoc
and Pygo

Table 1. Jet boundary layers and Mach numbers, azimuthal mode numbers, half-widths and positions of the
acoustic pulses.

The different cases studied in the main body of this paper, each using the four nozzle-lip
thicknesses, are summarized in table 1. For the four Mach numbers, simulations are
performed with axisymmetric acoustic pulses for the seven pulse positions defined above.
For M = 0.9, non-axisymmetric pulses with azimuthal mode numbers ny = 1,2, 3 are
also considered at the positions Pjso. Finally, additional simulations for M = 0.9 are
presented in two appendices. They deal with axisymmetric pulses of half-widths b = 0.1rg
and 0.4ry located at P,s and P3go in Appendix A, and with an axisymmetric pulse
placed at P3po outside two jets with non-laminar boundary-layer mean-velocity profiles

in Appendix B.
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Figure 5. Pressure fluctuations obtained with dlip4 for an axisymmetric pulse with b = 0.2r( located at
e P,is; same jet Mach numbers, times and colour scale as in figure 4.

For each of the 16 sets of (M, §;;,) and 8 sets of (non-laminar boundary-layer type, &),
simulations are also made without pulse, leading to a total number of 168 computations.
The results obtained with and without pulse are subtracted to remove from the solutions
the initial transient of the jet flow and the fluctuations that would be obtained naturally
without pulse. This allows us to isolate and extract the response of the jet flow to the
acoustic disturbances, which will be used to quantify the efficiency of this receptivity
process as explained in § 2.3.

2.2. Numerical methods and parameters
The computations are carried out by solving the three-dimensional compressible
Navier—Stokes equations in cylindrical coordinates (r, 0, z) using the same framework
as in recent jet simulations (Bogey 2018, 2021, 2022a,b; Bogey & Sabatini 2019). The
axis singularity is taken into account by the method of Mohseni & Colonius (2000). In
order to alleviate the time-step restriction near the cylindrical origin, the derivatives in the
azimuthal direction around the axis are calculated at resolutions coarser than permitted
by the grid (Bogey, de Cacqueray & Bailly 2011). Fourth-order eleven-point centred finite
differences are used for spatial discretization, and a second-order six-stage Runge—Kutta
algorithm is implemented for time integration (Bogey & Bailly 2004). A sixth-order
eleven-point centred filter (Bogey, de Cacqueray & Bailly 2009) is applied explicitly to
the flow variables every time step to remove grid-to-grid oscillations. Non-centred finite
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differences and filters are also used near the pipe walls and the grid boundaries (Berland
et al. 2007). At the boundaries, the radiation conditions of Tam & Dong (1996) are applied
with the addition of sponge zones based on grid stretching at the lateral and outflow
boundaries.

Four grids are used, depending on the nozzle-lip thickness. They derive from the one
constructed in a grid-sensitivity study for jet LES (Bogey 2018). They are identical to each
other in the radial direction between r = 0 and r = rg, and in the azimuthal and axial
directions along which there are Ny = 256 and N, = 859 points, respectively. Excluding
the 30-point and 100-point lateral and outflow sponge zones, they all extend radially out
to r = L, = 4rp and axially down to z = L, = 6r¢. In the radial direction, there are 96
points between r = 0 and r = ry. The mesh spacing Ar is equal to 0.014r( on the jet axis,
to 0.0036ry between r = ry and r = ro + &;p, and to 0.033rg at r = L,. As the value of
diip increases, the grid spacing at r = 3ry decreases from Ar = 0.024r( for dlipl down to
Ar = 0.016r¢ for dlip4, and the number of points varies between N, = 336 and N, = 588.
In the axial direction, there are 169 points between z = —2rgp and z = 0 along the pipe
nozzle. The mesh spacing Az is minimum and equal to 0.0072rg between z = —rp and
z = 0. Farther downstream, it increases at a constant stretching rate and reaches Az =
0.014rg at z = L,. As a result, the acoustic pulses imposed at t = 0 are well discretized,
and all contain more than 6.7 grid points in their half-widths. This value corresponds to
the ratio b/ Ar obtained in one of the cases considered in Appendix A, for b = 0.1r¢ and
the grid spacing Ar = 0.015rg at position P3ge for dlipl.

Finally, the simulations are performed with an OpenMP-based in-house solver on
single nodes with 16 cores, between t = 0 and ¢ = t,,,4, using a time step At = 0.7 x
Ar(r = rg)/cq, ensuring numerical stability in all cases. Among the data stored, pressure
is recorded in the azimuthal plane at & = 0 at a sampling frequency corresponding to
Strouhal number Stp = fD/u; = 6.4, in particular at seven times varying between 74/, =
d/cq and tygy = tg4)c, + 6ro/u; in increments of ro/u;. The number of iterations ranges
from 2608 for M = 1.3 up to 6702 for M = 0.40. Thus the total cost of the study is of the
order of 60 000 CPU hours.

2.3. Definition of the gain in receptivity efficiency

In this work, the objective is not to investigate the efficiency of the receptivity process of
the jets to the acoustic disturbances. This efficiency depends indeed on several parameters
such as the jet Mach number, the nozzle-exit boundary-layer velocity profile, the angle of
incidence, and the wavelength of the acoustic disturbances and the nozzle-lip geometry.
It can be quantified by computing transfer functions between input and output signals, as
performed in the simulations of Karami et al. (2020) and in the jet control experiments of
Maia et al. (2021), for instance. The calculation of these functions may, however, be limited
by the spatial and temporal resolutions and durations of the signals, especially when the
input disturbances result from acoustic pulses. Moreover, even if the output signals are
acquired at a point very close to the nozzle, they are amplified and distorted during the
propagation of the shear-layer instability waves from the nozzle to that point. This will
necessarily affect the transfer functions computed between the input and output signals.

The aim here is rather to determine the increase of the efficiency of the receptivity
process as the nozzle lip is thicker. This can be done directly from the amplitudes of the
instability waves growing downstream of the nozzle-lip inner corner after the acoustic
waves hit the nozzle, without computing transfer functions. In practice, for a given case,
the gain in receptivity efficiency between the simulations carried out using the nozzle-lip
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Figure 6. Pressure fluctuations obtained at r = r¢ and ¢ = 1, for an axisymmetric pulse with b = 0.2rg
located at Py;s for M = 0.9: (black) dlip1, (red) dlip2, (blue) dlip3 and (green) dlip4.

thicknesses d;;, and dlip1 is evaluated as

max(p'(r = ro, t = tyyp, 3iip))
max(p'(r = ro, t = tz,, dlipl))’

G(81ip) = 2.1)

where the pressure fluctuation p’ is unusually defined as the difference between the
pressure values obtained with and without pulse, Thus it corresponds to the response of the
jet flow to the acoustic disturbances as mentioned in § 2.1. No azimuthal decomposition
of the pressure fields is performed in this study because the acoustic disturbances and the
resulting instability waves have the same azimuthal organization. This has been checked
in preliminary tests. Finally, the maximum value of p’ is used to estimate the amplitude
of the instability waves, because in most cases it is higher, in absolute value, than the
minimum value, as will be exemplified later in figures 6, 11, 18 and 22. Similar trends
would, however, be obtained using the minimum value of p’ to compute the gain G.

The time t;,, is taken slightly after the acoustic waves reach the nozzle lip, when the
instability wave excited by the reflected waves typically lies between z = 0.5r¢ and z = ry.
At that time, the amplitude of the instability wave is sufficiently high to overcome that of
the possibly remaining acoustic pressure waves, but is still low to grow exponentially due
to a linear mechanism. The time #;,,,, is estimated in each case, so that it coincides with the
time when the peak amplitude of the shear-layer instability wave packet at r = ry arrives at
the axial position zwp. Thus the gain G is calculated from instability waves located at the
same distances from the nozzle exit. The values of zwp chosen in this study are reported in
table 2. They vary with the jet Mach number and with the position of the pulse inside or
outside of the jet to avoid in all cases, at time f;,,,,, the presence of strong acoustic waves
at z = zwp where the amplitude of the instability waves is measured. When this condition
is satisfied, the gain in receptivity efficiency has been found not to depend significantly on
Zwp-

For a given Mach number and a given pulse, all the parameters in the simulations are
identical except for the nozzle-lip thickness. Furthermore, the propagation of the incident
acoustic waves and the growth of the instability waves between z = 0 and z = zyp are
both governed by linear mechanisms. Therefore, the variations of the amplitudes of the
instability waves at z = zwp with the nozzle-lip thickness, hence the values of the gain
G, can result only from differences in the efficiency of the scattering of the acoustic
disturbances into instability waves at the nozzle lip.

In what follows, the increase of the receptivity efficiency will be characterized
systematically by approximating the values of G(§;;,) obtained for dlip1, dlip2, dlip3 and
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M zwp for Payis  zwp for Pse—Pgge
0.4 0.45r¢ 0.6r9

0.6 0.75r0 0.4rp
09and 1.3 0.9r9 0.75r9

Table 2. Axial positions zwp where the peak amplitudes of the shear-layer instability wave packets are
measured.

dlip4 by power functions using a curve-fitting method, such as

G(@ip) ~ K LAY : (22)
dlipl

where the amplitude K and the exponent e are real numbers. Given the normalization of

the gain G imposing G(dlip1) = 1, only the values of the exponent e of the power law will

be of interest.

3. Results

The gain in receptivity efficiency is investigated first when the pulse is initially inside the
jet, then when it is located outside. In the first case, the disturbances hitting the nozzle
lip are upstream-propagating pressure waves that can be more or less confined in the jet
flow, as happens for the guided jet waves (Tam & Hu 1989; Towne et al. 2017; Jordan
et al. 2018; Bogey 2021) recently shown to play a key role in the occurrence of resonance
phenomena in jets (Edgington-Mitchell 2019). In the second case, they are free-stream
sound waves. The pulse has a half-width b = 0.2r¢ in all the simulations in this section. It
is axisymmetric in §§ 3.1 and 3.2, and can be non-axisymmetric in § 3.3.

Results obtained for pulses with half-widths b = 0.1r9p and b = 0.4r¢g and using
non-laminar boundary-layer mean-velocity profiles for Mach number M = 0.9 are
provided in Appendices A and B. They are very similar to those reported in this section.
This suggests that the increase of the receptivity efficiency does not depend much on the
spatial extent of the acoustic pulse or on the shape of the boundary-layer velocity profile.

3.1. Acoustic pulse inside the jet

The pressure fields obtained in a (z, r) cross-section for a pulse located inside the jet at
P.xis with the thinnest and the thickest nozzle lips are represented in figures 4 and 5 at
five times between 4/, and 14/, + 4ro/u;, from left to right. In both figures, the jet Mach
number increases from 0.4 up to 1.3, from top to bottom. Since the pressure fields are
axisymmetric, only the upper part with > 0 is shown.

At t = t4c,, in all the left-hand pictures, a wave has been transmitted to the outside of
the flow through the jet shear layer, and radiates in the ambient medium in all directions.
It is extended into the jet by an oblique wave propagating in the upstream direction at a
phase velocity close to the ambient sound speed. This wave moving against the flow in the
potential jet core can be observed easily, for example, in figures 4(/) and 5(/) for M = 0.9,
but also in figures 4(g,r) and 5(¢q,r) for M = 1.3. In the supersonic case, it forms an angle
with respect to the upstream direction in agreement with the angle i predicted by Tam
& Hu (1989) for guided jet waves with subsonic phase velocities in a supersonic jet. It
also looks like the upstream-propagating waves extracted by Bogey & Gojon (2017) in the
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potential core of supersonic impinging jets generating tones. Therefore, the oblique wave
inside the present jets most likely corresponds to a guided jet wave resulting from the
reflection of the incident pulse on the shear layer, according to the mechanism described
theoretically in Nogueira et al. (2024) by solving an acoustic-scattering problem for planar
vortex sheets.

The pressure disturbances travelling upstream in the shear-layer region hit the nozzle
lip slightly after #4/c, for M = 0.4, between 14/, and t4/¢, + ro/u; for M = 0.6, slightly
before #4/c, + ro/uj for M = 0.9 and 14/, + 2ro/u; for M = 1.3. They are clearly reflected
back by the nozzle for dlip4, but this is not obvious for dlip1, e.g. in figures 4(b) and 5(b)
for M = 0.4. An acoustic wave is also found to propagate inside the jet in the upstream
direction with a phase speed of u; — ¢, for the three subsonic Mach numbers, but not for
the supersonic one, as expected. This wave can be seen upstream of the pulse position in
the left-hand pictures of the figures for the subsonic cases.

After the upstream-propagating pressure wave has impacted the nozzle, an instability
wave packet develops downstream of the nozzle-lip inner corner. For a time delay
of approximately 2ro/u; after the impact, the wave packet is located near z = r¢; see
figures 5(n,t), for instance. This location is consistent with a convection velocity close
to 0.5u;. For a given Mach number, the wave packet appears stronger for dlip4 than for
dlipl. For M = 1.3, in particular, it is hardly detectable in figure 4(¢) for dlip1, but is well
visible in figure 5(¢) for dlip4.

To illustrate the variations of the wave-packet properties with the nozzle-lip thickness,
the pressure fluctuations obtained at r = rg and ¢ = 1, for M = 0.9 with the four lip
thicknesses are represented in figure 6. In the four cases, a wave packet is found to
peak at the position z = zwp = 0.9r¢ specified in table 2. As the nozzle-lip thickness is
larger, its shape does not seem to change much, but its amplitude increases significantly.
Consequently, the peak pressure values obtained for dlip2, dlip3 and dlip4 are 1.6, 3.1 and
4.7 higher than that for dlip1.

Regarding the spectral content of the instability wave packet, its oscillatory part exhibits
a wavelength close to 0.5r¢. Assuming that the wave packet is convected a phase velocity
of 0.5u;, this yields a Strouhal number Sty = fd9/u; = 0.012. This value is consistent
with Sty = 0.013 predicted in Bogey (2022a) using linear stability analysis for the most
amplified instability waves just downstream of the nozzle for a jet at M = 0.9 with a BL
exit profile of thickness 0.1r¢ like the present jets, as shown in figure 2(b) in § 2.1.

Moreover, the times fyp when the wave packets peak at z = zwp are all very close to
td/c, +2.86r0/u;j in the four cases, differing by less than 0.02ry/u; from each other. A
similar result is noted for the three other Mach numbers. This suggests that the thickening
of the nozzle lip does not generate any significant additional time delay during the
receptivity process when the acoustic source is located inside the jet flow.

Finally, the gains in receptivity efficiency G obtained for the four Mach numbers as a
thicker nozzle lip is used, calculated from the wave packet amplitudes at ¢ = t;,,,, according
to (2.1), are plotted in figure 7 as a function of &, /ro. They are very similar for M =
0.4 and M = 0.6, but are stronger for higher Mach numbers. Between the thinnest and
thickest nozzle lips, for example, they reach values 2.9 for M = 0.4, 3.1 for M = 0.6, 4.7
for M = 0.9, and 5.6 for M = 1.3. For each Mach number, in addition, the variations of
the gains with §;;, are shown to approximately follow a power law. The exponents of the
corresponding power functions (2.2) determined by curve fitting are e = 0.26, 0.28, 0.36
and 0.42 from M = 0.4 up to M = 1.3. These values reflect the fact that the efficiency of
the jet receptivity process increases more rapidly with the nozzle-lip thickness for a higher
Mach number. The reason for this will be discussed in the next section.
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Figure 7. Variations with §;,/rg of the gain in receptivity efficiency G obtained for an axisymmetric pulse

with b = 0.2r(y located at P,y;s for (black) M = 0.4, (red) M = 0.6, (blue) M = 0.9 and (green) M = 1.3;
(circles) simulations and (lines) power functions.

3.2. Acoustic pulse outside the jet

For a pulse located outside the jet, different trends are observed depending on the angle of
incidence of the acoustic waves, for ¢ < 60° and for ¢ > 75°. To highlight this, pressure
fields are first shown for pulses located at P3g- and at P7s.

The pressure fluctuations obtained for a pulse at P3po with dlipl and dlip4 are
represented in figures 8 and 9, respectively, at four times between #4/¢, and t4/c, + 3ro/u;,
from left to right, and for jet Mach numbers increasing from 0.4 up to 1.3, from top to
bottom. At 7 = #4,.,, the acoustic wave generated by the pulse has reached the nozzle lip,
as expected. As was noted for the pulse located inside the jet in the previous section, a wave
is clearly reflected by the nozzle in the downstream direction for dlip4 in figure 9 but not
for dlipl1 in figure 8. At subsequent times, an instability wave packet appears downstream
of the nozzle-lip inner corner, and grows in amplitude as it is convected by the jet flow.
For each Mach number, at a given time, the wave packet is at a similar location for the two
nozzle lips, but is stronger for the thickest one. The strengthening of the wave packet for
a thicker nozzle lip seems particularly marked at a high Mach number. This can be seen,
for instance, by comparing the magnitudes of the instability waves emerging near z = ry
in figures 8(0) and 9(0) for M = 1.3.

The pressure fields obtained for a pulse located at P75o with dlip1 and dlip4 for M = 0.9
are displayed in figures 10(a—d) and 10(e—h), respectively, at four times between 74/, and
td/c, + 3ro/uj, from left to right. As in figures 8 and 9 for a pulse at P3¢, the acoustic
waves attain the nozzle-lip inner corner at t = #,4/.,, and instability waves then develop in
the mixing layer downstream of the corner. Contrary to previously, however, the incident
waves are reflected by the nozzle mainly in the sideline direction and not in the downstream
direction. More importantly, the amplitudes of the shear-layer instability waves seem not
to increase but to decrease as a thicker nozzle lip is used. This appears to be the case when
looking at, for instance, the instability wave packets around z = 0.5r¢ in figures 10(b) and
10().

The pressure fluctuations obtained at r = rop and ¢ = f;,, for the six pulse positions
outside the jet flow for M = 0.9 are represented in figures 11(a—f). In all cases, instability
wave packets, peaking at z = zwp = 0.75r by construction according to table 2, are found.
They have very similar shapes, and all exhibit an oscillatory part with a wavelength close
to 0.5rp, typical of the wavelength of the most amplified instability waves, as was observed
for the pulse located at P, in figure 6. Their amplitudes depend greatly on the position of
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Figure 8. Pressure fluctuations obtained with dlip1 for an axisymmetric pulse with b = 0.2r located at e P3¢°
for (a-d) M = 0.4, (e-h) M = 0.6, (i-]) M = 0.9 and (m—p) M = 1.3, between t = 14/, and t4/c, + 3ro/u; in
increments of rq/u;, from left to right. The colour scale levels range from —0.5A to 0.5A, from blue to red.

the pulse and on the nozzle-lip thickness. As the nozzle lip is thicker, the wave packet peak
amplitude increases for the pulse positions Pso, P50, P3go and Pgge in figures 11(a—d), in
the same way as for a pulse inside the jet in figure 6. On the contrary, the peak amplitude
decreases in the two other cases, slightly for P7s- in figure 11(e), and strongly for Pgge
in figure 11(f). Thus a thicker nozzle lip improves the efficiency of the jet receptivity
to free-stream acoustic disturbances with angles of incidence ¢ < 60°, but reduces it for
@ > 75°, i.e. for waves propagating with a grazing incidence with respect to the nozzle-lip
final straight section.

For a given Mach number, the peak amplitudes of the instability waves for the different
pulse positions can be compared because the pulses are introduced at the same distance
from the nozzle-lip inner corner, and the wave amplitudes are measured at the same axial
position; refer to table 2. They are represented as functions of the angle of incidence in
figures 12(a—c) for M = 0.6, 0.9 and 1.3. The variations of the wave packet amplitude
are similar for the three Mach numbers and for the M = 0.4 case, not shown for brevity.
They differ according to the nozzle-lip thickness. For dlipl and dlip2, the wave packet
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Figure 9. Pressure fluctuations obtained with dlip4 for an axisymmetric pulse with b = 0.2rg located at
e P3(0; same jet Mach numbers, times and colour scale as in figure 8.

amplitude grows monotonically with the angle of incidence. For M = 1.3 in figure 12(¢),
the result obtained using dlipl is in very good qualitative agreement with the magnitude
of the receptivity coefficient predicted by Kerschen (1996) for M = 1.5 for a vortex sheet
behind a infinitely thin flat plate. A similar sensitivity to the angular position of the source
was found by Barone & Lele (2005) in their adjoint-based study of the receptivity of a
supersonic mixing layer downstream of a splitter plate of finite width for low frequencies.
For dlip3 and dlip4, in contrast, the amplitude of the instability wave increases up to ¢ =
30° and then decreases for larger angles. This trend is consistent with trends reported
in Karami et al. (2020) for a supersonic jet emanating from an infinite-lipped nozzle,
impinging a plate at a distance of five diameters from the nozzle exit. It is also in line
with the angular variations of the effectiveness of the excitation of instability waves in a
two-dimensional shear layer at M = 0.6 by a narrow beam of sound waves, explored by
Tam (1978). Therefore, the dependency of the jet receptivity to acoustic disturbances on
the incidence angle basically changes when the nozzle lip is thicker. In particular, a greater
receptivity is observed for angles near ¢ = 30°, which can be attributed to the forcing of
the shear layer by the waves reflected by the final straight section of the nozzle.

997 A71-14


https://doi.org/10.1017/jfm.2024.849

https://doi.org/10.1017/jfm.2024.849 Published online by Cambridge University Press

Effects of nozzle-lip thickness on jet receptivity

(@) () (o) (@)
3 » 3 3 3
) 2 ‘ 2 2
i |
N — 1 " ‘ 1—/-.’.. 1—_-.*.
0 04_;_‘_- 0 ™ 0
0 1 2

-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 3
(e) 2] 69 (h)
3 L 3 3 3
fz. 2. ’'m 2.
=
| = B samBws.
0 0.4___‘_ 0 0
-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3
z/rg z/ry z/ry z/ry

Figure 10. Pressure fluctuations obtained with (a—d) dlipl and (e—h) dlip4 for an axisymmetric pulse with
b = 0.2rg located at e P75- for M = 0.9 between ¢ = 4/, and t;/c, + 3ro/u; in increments of ro/u;, from left
to right. The colour scale levels range from —0.5A to 0.5A, from blue to red.
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Figure 11. Pressure fluctuations obtained at r = ry and ¢ = t,,,,, for an axisymmetric pulse with b = 0.2rq
located at (a) Pso, (b) P50, (¢) P30°, (d) Psoe, (¢) P7so and (f) Pogo, for M = 0.9: (black) dlipl, (red) dlip2,
(blue) dlip3 and (green) dlip4.

To check for time delays during the receptivity process, the times twp obtained for
M = 0.9 when the shear-layer wave packets peak at z = zwp = 0.75r¢ are represented
in figure 13 as functions of the nozzle-lip thickness for the six pulse positions. Overall,
they decrease with the angle of incidence, which will be illustrated below. Regarding their
variations with the nozzle-lip thickness, they are rather limited for ¢ < 30°, but are more
pronounced for larger angles. In particular, the times fwp are significantly reduced when
diip/ 1o increases for ¢ = 60° and 75°. This is most likely due to the fact that for thick
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Figure 12. Variations as a function of ¢ of the peak pressure fluctuations obtained at r = ro and ¢ = ¢, for
an axisymmetric pulse with b = 0.2r( for (a) M = 0.6, (b) M = 0.9 and (¢) M = 1.3: (black) dlip1, (red) dlip2,
(blue) dlip3 and (green) dlip4; (triangles) magnitude of the receptivity coefficient obtained by Kerschen (1996)
for M = 1.5 for a vortex sheet behind an infinitely thin plate, adjusted in amplitude.
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Figure 13. Variations with &;;,/rg of the time typ obtained for M = 0.9 for an axisymmetric pulse with
b = 0.2r¢ located at (red) Pse, (blue) P50, (green) P3go, (yellow) Pgge, (cyan) P750 and (grey) Poge.

nozzle lips, the sound waves reflected by the nozzle-lip solid surface play a major role in
the excitation of the instability waves.

To quantify the sensitivity of the time #yp to the incidence angle for a given nozzle-lip
thickness, the differences in time twp — twp(¢ = 90°) obtained using dlip1 for the four
Mach numbers are shown in figures 14(a,b) as functions of ¢, normalized by the jet
velocity and the speed of sound, respectively. In all cases, the difference decreases with
the angle ¢. This implies that when the incidence angle of the acoustic disturbances moves
away from 90° towards smaller values, the generation of the shear-layer instability waves
occurs with an increasing time delay, which does not seem to depend much on the Mach
number according to figure 14(b). This result is consistent with the variations of the phase
of the receptivity coefficient provided in Kerschen (1996) for a infinitely thin flat plate and
a vortex sheet for M = 1.5.

The gains in receptivity efficiency G obtained as the nozzle-lip thickness increases,
calculated for the different pulse positions using (2.1), are depicted in figures 15(a—f) as
functions of d;;,/ro. As mentioned previously, different trends are observed depending on
the pulse position. For ¢ < 60°, the gains are greater than 1 for all Mach numbers, whereas
for ¢ > 75° they are lower than 1, except when the pulse is at P75c for M = 1.3. In the first
case, the gains are stronger for a higher Mach number, and approximately double between
M = 0.4 and M = 1.3. This can be explained by the result reported in Tam (1978) that
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Figure 14. Variations as a function of ¢ of the difference in time twp — typ(¢ = 90°) obtained using dlipl
for an axisymmetric pulse with b = 0.2r¢ for (black) M = 0.4, (red) M = 0.6, (blue) M = 0.9 and (green)
M = 1.3, normalized by (a) u;/ro and (b) cq/ro.
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Figure 15. Variations with 8y, /ro of the gain in receptivity efficiency G obtained for an axisymmetric pulse
with b = 0.2r¢ located at (a) Pse, (b) P15, (¢) P3oe, (d) Peoe, (€) P50 and (f) Poge, for (black) M = 0.4, (red)
M = 0.6, (blue) M = 0.9 and (green) M = 1.3; (circles) simulations and (lines) power functions.

the excitation of instability waves in shear layers by acoustic waves is more effective as
the Mach number increases, the acoustic waves being the waves reflected by the nozzle lip
in the present case. In all cases, moreover, the gains appear to follow power laws, whose
exponents will be provided later.

To characterize the variations of the gain in receptivity efficiency with the angle of
incidence, the gains G obtained for dlip2, dlip3 and dlip4 are represented as a function
of ¢ in figures 16(a—c) for M = 0.6, 0.9 and 1.3. The results for M = 0.4 are not shown
because they are very similar to those for M = 0.6. For all Mach numbers, the gains are
maximum for ¢ = 5°, remain high but slightly decrease up to ¢ = 30°, and fall down
for ¢ > 30°, reaching values close to 1 for ¢ = 75°. For dlip4, for instance, the gains
calculated with respect to dlipl vary only from 2.7 down to 2.3 for M = 0.4, from 3.8
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Figure 16. Variations as a function of ¢ of the gain in receptivity efficiency G obtained for an axisymmetric

pulse with b = 0.2r¢ for (a) M = 0.6, (b) M = 0.9 and (¢) M = 1.3, for (red) dlip2, (blue) dlip3 and (green)

dlip4; (triangles) gains obtained with a pulse at P,y plotted at ¢ = 0; (dashed lines) 1 4 « cos(¢), and

(dash-dotted lines) « cos(¢), with adjusted values for «.

down to 3.1 for M = 0.9, and from 5.3 down to 4.5 for M = 1.3 between ¢ = 5° and
30°, whereas values of 1.4, 1.6 and 2.5 are respectively found for ¢ = 60°. Moreover,
the curves can be approximated by two functions depending on the nozzle-lip thickness,
namely 1 + « cos(g) for dlip2, and « cos(¢) for dlip3 and dlip4, using adjusted values for
o, as can be seen in figure 16(c) for M = 1.3, for instance.

It can be noted that the values of the gains for ¢ = 5° are close to, and most often
just lower than, those determined for a pulse located on the jet axis in § 3.1, arbitrarily
plotted at ¢ = 0 in the figure. This seems consistent with the fact that the pressure waves
hitting the nozzle-lip inner corner in the latter case propagate in the upstream direction,
with an incidence angle that can be considered as nil, as illustrated in figures 4 and 5.
Consequently, the gain in the efficiency of the jet receptivity to acoustic disturbances when
the nozzle-lip thickness increases appears to depend mainly on the angle of incidence of
the disturbances, whether they be generated in the jet flow or outside.

Finally, the exponents of the power functions (2.2) estimated by curve fitting from the
gains G for the seven pulse positions, inside and outside the jet flow, are shown in figure 17
as a function of the Mach number. For all positions, their values rise with the Mach number
as the gains increase faster with the nozzle-lip thickness for a higher jet velocity. More
importantly, the values of the exponents are maximum for the pulse position Py;s and
remain significant but slightly decrease between Pso and P3po. Then they are much lower
for Pgge, and even become generally negative for P75c and Pgge, as increasing the nozzle-lip
thickness reduces the jet receptivity in the two latter cases. Again, these results suggest
that the improvement of the efficiency of the scattering of the acoustic disturbances into
instability waves for a thicker nozzle lip depends mainly on the angle of incidence of
the disturbances, and is progressively stronger when this angle is smaller and tends to
zero. Thus the greater improvement is obtained for pressure waves generated in the flow,
propagating in the upstream direction with a support both inside and outside the shear
layer, i.e. on both sides of the line passing through the nozzle-lip inner corner.

3.3. Influence of the azimuthal mode number

The influence of the azimuthal mode number of the acoustic disturbances exciting the
jet on the receptivity process is examined from the results provided by the simulations
performed for M = 0.9 using pulses with ng = 1 and 2 located outside the jet at Pyse, as
mentioned in table 1.
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Figure 17. Mach number variations of the exponent e of the power functions obtained for the gain in receptivity
efficiency G for an axisymmetric pulse with b = 0.2rg located at (black) Py, (red) Pso, (blue) Pyso, (green)
P30, (yellow) Pgoe, (cyan) P7so and (grey) Poge; (circles) simulations and (lines) fitted curves.
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Figure 18. Pressure fluctuations obtained for M = 0.9 at r =rp, § =0 and ¢t = 1., for a pulse with b =
0.2rp located at P15, for (a) ng =1 and (b) ng = 2, for (black) dlipl, (red) dlip2, (blue) dlip3 and (green)
dlip4.

The pressure fluctuations obtained at r = rp, 0 = 0 and ¢ = t,,, using the different
nozzle lips for the two azimuthal mode numbers are represented in figures 18(a,b). In the
same way as for the axisymmetric pulse in figure 11(b), an instability wave packet is found,
peaking at z = zwp = 0.75r¢. In all cases, its amplitude increases when the nozzle lip is
thicker. For a given nozzle-lip thickness, it decreases with the azimuthal mode number.
For dlip4, for instance, one finds a peak amplitude p’'/A = 0.97 for ny = 0, p’/A = 0.87
for ng = 1, and p’/A = 0.62 for ny = 2. The differences between the instability growth
rates predicted just downstream of the nozzle lip for ny = 0, 1 and 2 using linear stability
analysis, shown in figure 2(b), also lead to a reduction of the instability wave amplitudes
between z = 0 and z = zwp with increasing ny, but to a much lesser degree. This suggests
that the jet receptivity to acoustic disturbances is weaker for sound waves with a higher
azimuthal mode number.

The gains in receptivity efficiency G obtained with increasing nozzle-lip thickness for
the pulses with ng = 0, 1 and 2 at Ps- are plotted in figure 19 as a function of §;,/ro. The
three curves are very close to each other, indicating that the improvement of the efficiency
of the jet receptivity to the acoustic waves is nearly insensitive to the azimuthal mode
number. Thus for resonant jets, especially for screeching and impinging jets, changing the
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Figure 19. Variations with §;;,/ro of the gain in receptivity efficiency G obtained for M = 0.9 for pulses
located at P50 with b = 0.2r( for (black) ng = 0, (red) ng = 1 and (blue) ng = 2; (circles) simulations and
(lines) power functions.

nozzle-lip thickness alone can be expected not to affect the strengths of the resonance
mechanisms differently depending on their associated azimuthal modes, and hence not to
modify the azimuthal organization of the jets.

4. Conclusion

In the present study, the variations of the efficiency of the receptivity process of round
jets with Blasius laminar (BL) boundary-layer profiles to axisymmetric acoustic waves as
functions of the nozzle-lip thickness, the angle of incidence of the waves, and the position
where they are generated, inside or outside the flow, have been quantified using numerical
simulations for jet Mach numbers between 0.4 and 1.3.

The magnitudes of the Kelvin—Helmholtz instability waves developing in the jet shear
layer after the acoustic waves hit the nozzle, hence the jet receptivity efficiency, are shown
to increase with the nozzle-lip thickness for guided jet waves travelling upstream in the
potential core, and for free-stream sound waves with incidence angles with respect to the
jet direction lower than 75°. The increase is stronger in the first case than in the second,
and is weaker when the angle of incidence of the free-stream sound waves is larger. For
free-stream sound waves with incidence angles approaching zero, reaching the nozzle-lip
final section nearly perpendicularly, however, the gain in efficiency of the jet receptivity
is lower but relatively close to that obtained for the guided jet waves. The improvement of
the jet receptivity efficiency when a thicker nozzle lip is used is also shown to be greater at
a higher Mach number. Moreover, for a Mach number of 0.9, it does not appear to change
appreciably when non-axisymmetric azimuthal modes and different spatial extents are
considered for the acoustic disturbances, and when the nozzle-exit mean-velocity profile
does not correspond to a BL profile.

The consequences of these trends on the feedback loops establishing in jets, notably in
impinging and screeching jets, are multiple. Obviously, in line with previous studies in the
literature, increasing the nozzle-lip thickness of the jets can be expected to strengthen the
feedback loops, which are closed by upstream-propagating guided jet waves or free-stream
sound waves in most cases, thus leading to more intense tones in the acoustic field. Given
the effects of the incidence angle of the pressure waves and of the position where the
waves are generated on the present results, however, thickening the nozzle lip may promote
the predominance of the feedback loops closed by guided jet waves over those involving
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Boundary layer M ny b Pulse position
BL 0.9 0 0.1r9 Pxis and P3go
BL 0.9 0 0.4r0 Paxis and P3()o

Table 3. Jet boundary layers and Mach numbers, azimuthal mode numbers, half-widths and positions of the
acoustic pulses.

free-stream sound waves, when these two kinds of loops coexist in a jet. Inversely, reducing
the nozzle-lip thickness may prevent the establishment of the former feedback loops.
Considering the results obtained in this study for different jet velocities, these changes
are most likely to be observed at high Mach numbers, in particular for screeching jets in
which guided jet waves play the upstream part of the feedback loops producing screech
tones. Finally, the simulations performed using non-axisymmetric acoustic disturbances
suggest that for resonant jets, a change in the nozzle-lip thickness alone cannot lead to a
different azimuthal organization of the jets.

The present results have been obtained for rectangular nozzle lips with sharp corners,
and different results could be found for curved nozzle lips and for bevelled corners. In
these two cases, the efficiency of the jet receptivity to acoustic disturbances is probably
lower than for the nozzle lips in this work. The gain in efficiency as the nozzle-lip thickness
increases may also be weaker. This could be investigated in future studies.

Regarding the efficiency of the jet receptivity to free-stream sound waves for a given
nozzle-lip thickness, it has been shown to be highest for incidence angles near ¢ = 90° for
thin nozzle lips, but for angles near ¢ = 30° for thick lips, i.e. when the generation of the
shear-layer instability waves mainly involves, respectively, waves reaching the nozzle-lip
inner corner and waves reflected by the nozzle-lip final straight section. This could be taken
into account when a loudspeaker is placed in the near field of a jet to acoustically excite
the shear-layer instability waves downstream of the nozzle and force their development at
certain frequencies and azimuthal modes, for flow control or noise reduction purposes, for
1nstance.
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Appendix A. Influence of the pulse half-width

In this appendix, results obtained in the simulations reported in table 3, performed for a
jet at M = 0.9 with the same boundary-layer profile as the jets in table 1, using acoustic
pulses of half-widths b = 0.1r¢ and 0.4rg located at P,,;s and P3q-, are presented. They
are compared with those for the pulse with b = 0.2r¢ provided in §§ 3.1 and 3.2.
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Figure 20. Pressure fluctuations obtained with dlip3 for M = 0.9 for pulses with (a—e) b =0.1rp and
(f=j) b = 0.4r¢ located at e P,;s between t = ty4/c, and t4/c, + 4ro/u; in increments of ro/u;, from left to
right. The colour scale levels range from —0.06A to 0.06A, from blue to red.
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Figure 21. Pressure fluctuations obtained with dlip3 for M = 0.9 for pulses with (a—d) b =0.1ry and

(e-h) b = 0.4rg located at ® P3p- between t = tg/, and t4/c, + 3ro/u; in increments of ro/u;, from left to
right. The colour scale levels range from —0.5A to 0.5A, from blue to red.

The pressure fields calculated for pulses with b = 0.1r¢ and 0.4r( using dlip3 are shown
in figure 20 between 74/, and 14/, + 4ro/u; for the pulse position Py, and in figure 21
between 4/, and t4/c, + 3ro/u; for P3p-. For both positions, the difference in length
of the acoustic waves according to the pulse half-width appears clearly, and instability
waves develop downstream of the nozzle-lip inner corner after they reach the nozzle. In
figures 20(a,b), in particular, the two types of waves moving upstream in the jet potential
core for the pulse position P,yjs, namely one coming straight from P,;s, the other resulting
from the reflection of acoustic waves on the jet shear layer, as discussed in § 3.1, can
be seen very distinctly. The second wave is oblique and travels at a velocity close to ¢4,
and passes across the first wave propagating at ¢, — u; from right to left between the two
images.

The pressure fluctuations obtained at r = rp and f = t;,,, for the two pulse positions
are represented in figures 22(a,b). The instability wave packets peak at z = zwp = 0.9r9
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Figure 22. Pressure fluctuations obtained with dlip3 for M = 0.9 at r = r¢ and ¢ = t,,,,, for pulses located at
(a) Payis and (b) P3ge, with (black) b = 0.1rg, (red) b = 0.2rg and (blue) b = 0.4r.
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Figure 23. Variations with &, /ro of the gain in receptivity efficiency G obtained for M = 0.9 for pulses
located at (a) Pgyis and (b) P3ge, with (black) b = 0.1ry, (red) b = 0.2rg and (blue) b = 0.4ry; (circles)
simulations and (lines) power functions.

for P,y and at z = zwp = 0.75r¢ for P3go, in agreement with table 2. In both cases,
their amplitudes vary with the pulse half-width, but their shapes do not change much,
with one exception. The exception is for the case P,y and b = 0.4r¢ in figure 22(a).
It can be explained by the presence of acoustic components of significant amplitude at
r = rp in this case, as observed in figure 20(%), for example. The dominant wavelength in
the wave packet slightly increases with the pulse half-width, but remains close to 0.5ry.
Therefore, the wavelength dominating in the shear layer just downstream of the nozzle lip
does not depend much on the pulse half-width. As reported in § 3.1, it corresponds to the
wavelength of the most amplified instability waves expected according to linear stability
analysis (Bogey 2022a).

Finally, the gains in receptivity efficiency G due to the increase of the nozzle-lip
thickness computed for the two pulse positions using (2.1) are plotted as a function of
diip/ 1o in figures 23(a,b). For both positions, the values of the gains are very similar for
the three pulse half-widths. This suggests that the results obtained in this study regarding
the improvement of the jet receptivity as a thicker nozzle lip is used do not depend on the
half-width of the pulses introduced in the simulations.
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Figure 24. Representation of (a) the axial velocity u,/u; and (b) the variations with §;,/ro of the gain in
receptivity efficiency G obtained for M = 0.9 for an axisymmetric pulse at P3o- with b = 0.2r¢, using the
(black) BL, (red) T1 and (blue) T2 profiles; (circles) simulations and (lines) power functions.

Boundary layer M ny b Pulse position
Tl 0.9 0 0.2rg P30
T2 0.9 0 0.2ry P3pe

Table 4. Jet boundary layers and Mach numbers, azimuthal mode numbers, half-widths and positions of the
acoustic pulses.

Appendix B. Influence of the boundary-layer profile

In this appendix, two jets at M = 0.9 with boundary-layer velocity profiles different from
the BL profile are considered. The profiles correspond to the transitional boundary-layer
profiles T1 and T2 with shape factors H = 1.88 and 1.52 defined in Bogey & Sabatini
(2019), displayed in figure 24(a). They have the same momentum thickness 5o = 0.012rg
as the BL profile used in all other simulations. An axisymmetric acoustic pulse of
half-width b = 0.2rg located at P3q- is introduced in the two cases, as documented in
table 4.

The gains in receptivity efficiency G obtained when the nozzle lip is thicker from the
instability wave amplitudes at ¢ = 1., for the boundary-layer profiles BL, T1 and T2 are
plotted in figure 24(b) as a function of J;;,/ro. They are quite similar in the three cases.
Therefore, they seem little sensitive to the shape of the nozzle-exit mean-velocity profiles.
Obviously, in real jets with transitional or turbulent boundary layers, velocity disturbances
of high amplitude are found in the nozzle-exit section, which is not the case in the present
simulations. They can be expected to alter the jet receptivity to external acoustic waves,
which would be interesting to investigate in future studies.
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