Computers and Fluids 213 (2020) 104720

Contents lists available at ScienceDirect COMPUTERS
&FLUIDS

Computers and Fluids

L~

journal homepage: www.elsevier.com/locate/compfluid

Temperature effects on the noise source mechanisms in a realistic n
subsonic dual-stream jet

Romain Biolchini®¢, Guillaume Daviller®* Christophe Bailly", Guillaume Bodard ¢

2 CERFACS, 31100 Toulouse, France
b [ MFA, Ecole Centrale de Lyon, 69134, France
¢Safran Aircraft Engines, Aerodynamics and Acoustics Department, 77550 Moissy-Cramayel, France

ARTICLE INFO ABSTRACT

Article history:

Received 10 February 2020

Revised 24 July 2020

Accepted 14 August 2020

Available online 19 September 2020

A detailed numerical investigation of temperature effects on both aerodynamics and acoustics of a dual-
stream jet including a central plug is carried out. The geometry is representative of a realistic turbofan
with a high by-pass-ratio (BPR) close to 9. Two take-off high-subsonic operating points are investigated
numerically by compressible large-eddy simulation. For these two selected points, the secondary stream
is exactly the same in terms of static temperature and velocity. Both jets have also the same primary
velocity. The only difference lies in the static temperature of the primary jet. There is a ratio of two
between the two jets considered in this study, namely T; = 400 K and T; = 800 K. More precisely, the
primary jet temperature is reduced while keeping the acoustic Mach number constant, leading to an
increase of the primary jet Mach number from M; = 0.65 in the heated case to M; = 0.89 in the cold case.
Some experimental data are available for the hot jet while the cold jet is introduced for academic reasons.
The heated jet compares reasonably well with the experimental data, taking into account the complexity
of the geometry. Temperature effects have a limited impact on aerodynamic development and acoustic
radiation. The influence of the core flow is found to be weak due to the high BPR considered and the
radiated acoustic is mainly driven by the secondary flow. Further investigations are carried out in order
to highlight the differences between the two cases. The acoustic production area are identified by the
way of axial velocity skewness coefficient maps. Finally, a decrease of the primary stream temperature
leads to the development of trapped acoustic waves inside the jet core. An increase of the overall sound
spectrum level about 5 dB is thus observed in the upstream direction for the cold jet, in agreement with
the vortex sheet theory.
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role played by different turbulent flow regions for acoustic radia-
tion has emerged over time, at least for isolated subsonic jets. The

1. Introduction

Noise pollution produced by commercial aircraft is a major en-
vironmental challenge in the next few years. Despite the mechani-
cal reduction of noise induced by the architecture evolution of tur-
bofan engines, with the increase of the fan diameter and the by-
pass ratio, the propulsive jet remains a major component to the to-
tal noise during the take-off phase. As a consequence, research ef-
forts on jet mixing noise are being pursued through experimental
investigations and numerical studies. The latter have a privileged
role, in particular compressible large-eddy simulation (LES), to di-
rectly obtain the turbulent flow and the radiated acoustic field in
a large physical domain [1-4]. An increasingly clear picture of the
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importance of initial conditions for convective shear flows has also
been pointed out [5], in connection with the value of the Reynolds
number in numerical simulations.

The noise radiated by dual-stream jets has also been investi-
gated. Numerically, a direct noise computation of a coplanar coax-
ial hot jet has been performed by Bogey et al. [G]. Increasing the
complexity of the geometries, Viswanathan et al. [7] have stud-
ied the flow field and noise from dual beveled nozzles. The in-
fluence of numerical parameters on the noise radiated by a dual-
stream jets of a short cowl nozzle has been investigated by An-
dersson et al. [8] using a block-structured finite-volume approach.
Unstructured meshes [9] are, however, most often used to tackle
such complex configurations. The numerical simulation of convec-
tive coaxial turbulent flows with the presence of multiple velocity
and temperature gradients, requires the use of high-order numeri-
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Fig. 1. Geometry of the baseline EXEJET nozzle [16].

cal solvers and suitable turbulence models [10,11]. A good overview
of best practices for jet aeroacoustics can be found in the work by
Brés et al. [12], see also references herein.

Only a few experimental [13,14] studies deal with more realis-
tic configurations. The EXEJET experimental project [15] was con-
ducted in order to document the noise radiated by a realistic jet
having a bypass ratio of 9, including flight effects, the presence of
a plug nozzle and also possible installation effects. The baseline
nozzle geometry is shown in Fig. 1. The turbulent flow and noise
database [16] is representative of new airliners operating at take-
off conditions, and was generated to support the validation of ad-
vanced numerical tools. In the present study, one operating point
selected from the EXEJET database is simulated, corresponding to
a take-off condition without flight effects. The primary stream is
characterized by a high speed subsonic stream and a static tem-
perature T; = 800 K. In addition, a second point, not present in the
database, is also computed with the same nominal parameters ex-
cept the static temperature of the primary stream, T; = 400 K. The
aim of the present work is to complement the EXEJET experimental
project with a numerical investigation based on LES. The objective
is to have a thorough knowledge of the flow and noise radiated by
coaxial jets exhausting from a plug nozzle, with a focus on tem-
perature effects induced by the primary hot stream.

Temperature effects on jet noise still remain a tricky problem
in aeroacoustics, even for an isolated single jet. Pioneering ex-
perimental studies [17,18] have shown the emergence of an ad-
ditional noise component related to entropy fluctuations, as pre-
dicted by Lighthill's analogy [19]. There is however no general
agreement regarding extra sources associated with entropy fluc-
tuations. Indeed, related measurements have recently been com-
pleted by Viswanathan [20] and Bridges & Wernet [21], by avoiding
two pitfalls. First, the heating system itself can introduce a spuri-
ous noise component in such experiments. Second, increasing the
temperature for a given geometry decreases the Reynolds number
value of the jet. As observed experimentally by Zaman [22] and
numerically by Bogey et al. [23], a too low Reynolds number value
(Re; < 10°) will not allow a turbulent state of the boundary layer
at the nozzle exit. These difficulties can be partly overcomed by
numerical simulations, and the reader can refer to the study by
Bogey & Marsden [24] for a deeper discussion regarding the sepa-
ration of temperature effects with respect to Reynolds number ef-
fects. Furthermore, Towne et al. [25] have shown that an acoustic
resonance could appear in the potential core for particular velocity
and temperature exhaust conditions, whose characteristics can be
predicted by a vortex-sheet model.

Fisher et al. [26] have developed a semi-empirical model based
on dimensional laws for a coaxial jet. The radiated noise is ba-
sically obtained by the quadripolar contribution of the cold sec-
ondary flow and the dipolar contribution of the hot primary
stream, that is noise induced by velocity fluctuations and tempera-
ture fluctuations respectively. More recently, Viswanathan [27] has
performed a parametric study on temperature effects in dual-
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stream jets. For fixed Nozzle Pressure Ratio in both primary
(NPR=2.1) and secondary (NPR=1.6) jets, the author has observed
that the increase of primary jet's temperature leads to a uniform
increase of sound pressure level (SPL) for all angles of observation.
A cold subsonic secondary stream at fixed Mach number M = 0.85
and a slightly supersonic primary stream with different exit veloc-
ities (depending on the temperature ratio) were considered. As a
consequence, it is difficult to link the increase of the SPL to the
temperature ratio of the primary jet only.

In the present work, two large-eddy simulations based on the
realistic turbofan jet nozzle, displayed in Fig. 1, are performed in
order to investigate the noise radiated by a dual-stream jet in the
presence of temperature effects. The two operating points and the
nozzle design are first described. The numerical methodology, the
mesh construction and the inflow boundary conditions are pro-
vided in a next section. The aerodynamic behaviour of both jets is
then analyzed and compared to available experimental data, with a
specific investigation on temperature fluctuations. The acoustic far
field is extrapolated from a control surface and the radiated sound
field is studied in a subsequent section. Numerical predictions are
again validated with available measurements. The last section is
devoted to the identification of a strong acoustic resonance taking
place in the primary stream, leading to acoustic tones observed in
the far field [28,29]. The model developed by Towne et al. [25] is
applied with success to predict this behaviour as a function of the
temperature ratio between the two streams. Concluding remarks
are finally drawn.

2. Geometry and flow parameters

The dual-stream nozzle considered in this study includes a cen-
tral plug, as shown in Fig. 1, and corresponds to the baseline
configuration in Huber et al. [15] for a nominal bypass ratio of
9. In order to investigate temperature effects, two subsonic op-
erating points at take-off conditions without flight effects have
been retained. The first dual-stream jet, denoted T800, has a hot
primary stream and corresponds to a point documented in the
database [15]. The second, denoted T400, has been defined for aca-
demic purposes with a cold primary stream, but has no experi-
mental counterpart. The primary exhaust velocity of both jets are
the same, and only the temperature of the primary stream differs.
However, whereas the acoustic Mach number is keep constant for
the two case, a temperature decrease at constant exhaust velocity
leads to an increase of the jet Mach number. The jet properties of
the secondary stream are identical. To validate the LES simulation
of the jet T800, the following measurements extracted from the
EXEJET database can be used: first, the mean flow field from Par-
ticles Image Velocimetry (PIV) data without flight effects; second,
five-hole probe measurements coupled with thermocouples at the
nozzle exhaust with flight effects; and third, sound pressure levels
in the far field at r = 40D%; for polar angle between 30° and 140°,
again without flight effect. For the second set of measurements, it
is assumed that the primary and secondary streams at the nozzle
exit are not affected by flight effects.The effective diameter of the
secondary stream D3, is defined as the difference between the sec-
ondary stream diameter and the primary stream nacelle diameter

at the secondary jet exit plane, that is Dgf = /Dj.2 —D3(x=x5p).

where x£, and x5, are the axial coordinate of the primary and

secondary flow exhaust planes. The primary effective aerodynamic

diameter is defined as D, = \'/DP2 —D2 (x=xP). The notations
ef J plug ep

are also displayed in Fig. 2 (b), along with the computational do-
main at the nozzle exhaust. Details about acoustic measurements
can be found in [15], whereas methodologies about PIV and five-
hole probe measurements are presented in David et al. [16].
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(b)

Fig. 2. Mesh of the computational domain containing the jet axis, only every second point is shown: (a) whole computational domain (b) zoom around the nozzle exit.

Flow properties of the two jets T800 & T400 [15].

primary stream

secondary stream

jet MP o MP TP (K) Rep
T800 1.07 065 776
T400 1.07 089 405

5.5 x 10°
1.7 x 10°

S
M M Ts (K)  Rej
0.84 082 286 3.8 x 106
0.84 082 286 3.8 x 106

The flow properties of both jets are summarized in Table 1.
Both jet flows are characterized by an acoustic Mach number of
MP = Ujp/co = 1.07 for the primary stream and M’ = Ujs/co =0.84
for the secondary stream, where U; denotes the primary exhaust
velocity and cg the ambient speed of sound. The superscripts .P,
and .S are respectively associated with the primary and secondary
streams. In addition, M; stands for the Mach number of the jet and
T; for the exhaust static temperature.

The T800 case is characterized by a temperature ratio of
ij/TjS =2.7 and a diameter-based Reynolds number of the pri-

mary jet ReP = Uj”DP/vj =5.5 x 10°. In the T400 case the temper-

ature ratio is 1.4 and the Reynolds number is ReP = 1.7 x 108. The
Reynolds number of the secondary stream is Re’ = UjSDS/vJ- =38x

106 for both cases. The two jet parameters have been chosen to
preserve a primary stream Reynolds number value for the hot case
greater than the threshold around 4 x 10°, for which Reynolds
number effects can interfere with temperature effects [20].

3. Numerical methods
3.1. Flow solver

The present numerical simulations have been performed with
the elsA solver [30]. The compressible Navier-Stokes equations are
solved on structured body-fitted grids using a finite volume for-
mulation. Optimized finite-difference schemes developed for com-
putational aeroacoustics are implemented. The temporal discretiza-
tion is performed by a six-step Runge-Kutta scheme, developed by
Bogey et al. [31]. In the two simulations, the same time step At is
chosen to satisfy the Courant-Friedrichs-Lewy criterion CFL = 0.9
for both jets. A sixth-order compact scheme adapted by Fosso et
al. [32] is used for the spatial discretization, combined with a sixth
order compact filter proposed by Visbal & Gaitonde [33]. This fil-
ter also acts as an explicit subgrid scale model. As a consequence,
small scales discretized by less than four points perwavelength
are removed without affecting the larger scales of the turbulent
flow [34].

The boundary conditions used for the Reynolds-averaged
Navier-Stokes (RANS) simulations are imposed as follows. At the
inlet of each duct, an in-going subsonic condition prescribes the
total pressure P, the total temperature T; is then used to get the
target Mach number (see 1). The ambient pressure is imposed on
the side and downstream limits. To ensure stability and a faster
convergence of the simulations, a low co-flow (u/Uﬁ,’ =.05) is im-
posed on the free stream inflow around the nozzle. Finally adi-
abatic no-slip wall conditions are applied to the nozzle surface.
In LES, a three dimensional formulation of acoustic radiation con-
ditions [35] based on Tam and Dong conditions [36] is imposed
on the side and downstream boundaries of the computational do-
main. Moreover, a sponge zone is added when the convective flow
leaves the physical domain. In this zone, the grid is stretched by
a ratio of 10% in order to dissipate the most energetic turbulent
structures. This numerical procedure is however not sufficient, and
some spurious waves can still be generated. A second-order filter
combined with a cooling term [37] are also applied in the sponge
zone. This outflow condition has shown the best results in the elsA
software [38]. The inflow conditions of both streams are prescribed
using the radiative boundary condition of Tam and Webb [39]. As
for outflow boundary conditions, a sponge zone where a cooling
term is applied to the conservative field to preserve exhaust con-
ditions is used in the LES stages [40]. The turbulent state of the
incoming flow is mimicked by the addition of a vortex ring trip-
ping. The aim of such procedure is not to reach a fully developed
turbulent boundary layer, which is overly demanding in CPU cost,
but to mimic this stage. All the detail of the procedure is explain in
Bogey et al. [41]. The vortex center is added in the nozzle bound-
ary layer, at ryr = 1y (Xur) — 8o (Xyr) where ryr and x,; are respec-
tively the radius and the axial coordinate of the vortex ring cen-
ter, ryqu(xyr) the radius of the wall at x,; and d¢(xyr) the boundary
layer thickness at xy,. In the primary stream x,r = —0.018Dj. and
8o (Xur) = 0.003Dj., while in the secondary flow x,r = —0.9D~j. and
8o (Xpr) = 0.017Dj.. In the LES, a wall law based on Reichardt’s an-
alytical expression [42] is applied to all the walls. More details on
the implementation of this numerical procedure in a high-order
workflow can be found in Le Bras et al. [11].
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Fig. 3. Mesh distribution along: (a) the centerline and (b) radial lines at x = 0.65D%; (—), 3.3Dg; (- - -) and 10D (...... ).

3.2. Mesh construction

A view of the computational domain is shown in Fig. 2 (a).
The total length of the domain is approximately 39D3; in the ax-
ial direction and 11D%; in the radial direction at x = 0. The dimen-
sions of the physical domain are approximately 25D in the ax-
ial direction and 8D%; in the radial direction at x = 0. The origin
of the coordinate system is placed on the jet axis and in the sec-
ondary stream exit plane. The outer shape of the computational
domain follows the jet flow expansion in the physical domain and
the mesh stretching in the sponge zone as explained below.

The mesh is constructed with the aim to ensure a cut off fre-
quency f. of 7500 Hz for acoustic waves in the physical domain
on the largest grid cell, which corresponds to the Strouhal cut-off
number St = f x sz/U]? = 4. The second limit is the mesh size at
the wall, which is constructed to obtain a distance in wall unit of
y* =yu,/v =40 with u; the friction velocity. The expansion ratio
is maintained under 4% in the physical domain to avoid the pro-
duction of spurious noise. In the nozzle, the grid size in the axial
direction is constant and chosen as Ax = 3Ar,,,; to ensure a good
discretization of turbulence. The total mesh size is about 256 x 106
cells with Ny = 1200, N, =600 and an azimuthal discretization
Ny = 256. This leads to an azimuthal grid size of AP = 8Ar,,y;
and A6° = 15Ar,,; on the primary jet leap and on the secondary
jet leap, respectively. The grid spacing at the secondary nozzle ex-
haust in the axial and azimuthal direction in wall unit are x* = 180
and O+ = 680, respectively. The same mesh is used for the two op-
erating points.

In Fig. 2 (b) refinement zones are also clearly visible close to
the nozzle exit planes and in the shear layers. The mesh distri-
bution on the centerline and on radial lines for three axial posi-
tions 0.65D%;, 3.3D% and 10D, are plotted in Fig. 3 (a) and (b) re-
spectively. As shown in Fig. 3 (a), the smallest axial discretization
is located just after the plug tip with Ay =3 x 104 m. Then, the
mesh is stretched in the axial direction until x = 5D3;, which cor-
responds to the merging point of the two streams. After this po-
sition, the axial distribution increases to reach the maximal mesh
size Ay=8x10"3 m at x= 22Dsef. In the axial direction, a pre-
sponge layer is added before the sponge zone in order to obtain
a smoother transition between the physical zone and the sponge
zone.

3.3. Simulation stages

In order to prescribe the initial conditions at the boundaries
with accuracy, a two stage RANS-LES calculation is applied. This

methodology has been developed by Shur et al. [43-45]. First, the
boundary conditions are computed by a RANS simulation with a
Spalart-Allmaras turbulence model [46]. For this kind of simula-
tion a dedicated RANS mesh is used, which is wall-resolved in the
entire nozzle to obtain an accurate description of the boundary
layers. This mesh is composed by a total of 13 x 10% cells. The
computation reaches a converged state when the residuals are re-
duced by three orders of magnitude using the Roe third-order spa-
tial scheme.

The RANS solutions at the secondary stream exit x = 0 are com-
pared with the five-hole probe from T800 experiment (with flight
effects, see Section 2) in Fig. 4, for the radial profile of the mean
axial velocity (a) and the temperature (b). Keeping in mind that
the conditions for T800 and T400 are identical for the secondary
stream, consistent results are obtained and compare well with ex-
periment [15]. The differences observed for y > O.5DjS are due to
the flight effect in the experiment, not taken into account in the
simulations. As a consequence, a boundary layer is present on the
external part of the nacelle in the experiment. The non-zero flow
around the nacelle is induced by the small coflow added in the
simulation, see Section 3.1, and also by entrainment.

Fig. 5 (a) and (b) show respectively the axial velocity and tem-
perature radial profiles at the primary stream exit x = O.25Dj5. Ve-
locity profiles of the primary stream are identical for both cases
(as defined in Table 1) and are in agreement with experimental
data (y < O.3Dj5). Regarding the differences on the velocity profile
for y > 0.3Dj5, they are again due to the flight effect which is not
take into account here. The radial temperature profile in the pri-
mary jet is also in agreement with experiment for the case T800
and divided by two for the case T400.

In Figs. 4 and 5, the radial profiles obtained by LES at the same
localization are also plotted. It can be observed that the inflow
boundary conditions used in both LES allow to retrieve the exhaust
velocity profiles of both streams.

An additional step is performed between the RANS simulation
and the high-order LES. It consists of the computation of a tran-
sitional flow with Roe third-order scheme on a coarser grid. This
coarse grid has only one point over two in each direction which di-
vides by eight the total number of cells compare to the full mesh.
Including the transient time needed to obtain an instantaneous so-
lution from a stationary one, this procedure led to a saving of 30%
of CPU time during the transition step between a classical com-
putation and the LES low-order methodology. The last step of the
process is finally to compute the flow with the high-order algo-
rithm and on the full resolved mesh. The low order solution is first
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Table 2

Simulation times of the three step for both cases T800 & T400.

Iterations At(s) T(ms) Tx U]P/DJP fmin (HzZ)  Stmin  CPU time | simulation (kh)
(1)RANS 310 x 103 - : . . - 4
(2) LES 300 x 103 1x 1077 30 90 - - 35
(3) LES 950 x 103 3x10°8 30 90 350 0.2 1160

evacuated from the computational domain before starting the flow
statistics record. During this stage, the time step is At =3 x 10~8s
and the total simulated time is T = 32.5ms. Assuming that a tem-
poral event is resolved if the total time contains 10 times its pe-
riods, the minimal frequency associated with the simulation time
iS finin = 350Hz or Sty = f x Dgf/Uj = 0.2. All computation times
are summarized in Table 2.

4. Analysis of aerodynamic fields

An instantaneous snapshot of the T800 jet flow field in the
physical LES domain, identified from the vorticity norm Q| =
J®% + wj + @2 is shown in Fig 6. The acoustic radiation is also
depicted with a map of the fluctuating pressure. The vorticity field
exhibits large structures after x = 5D3; and smaller one close to the
nozzle exit and the central plug. No spurious wave is identifiable
in the acoustic field. The jet noise directivity is characterized with
low frequency waves traveling downstream and higher frequency
waves propagating perpendicular to the nozzle. Differences are too

15 20

0 5 10
X/Det
Fig. 6. T800 case: Instantaneous vorticity field 4 x 102 < |2|(s™!) < 3 x 10° super-

imposed on the fluctuating pressure field —200 < p’(Pa) < 200 in the physical do-
main of the simulation.
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(b) T400

Fig. 7. Longitudinal plane of the instantaneous vorticity modulus 5 x 10? < |Q2|(s™!) < 3 x 10° in the vicinity of the nozzle exit.
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Fig. 8. T800 case: PSD of pressure fluctuations at r = 0.44D$ for axial positions :
—X= 0.2Dj5 and — — — x= 043Dj5. Arrows mark the frequencies Sty = 0.154 and
Sto/2 = 0.076.

minor to perform a visual comparison with the T400 jet, which has
the same secondary stream.

4.1. Vorticity field in the vicinity of the nozzle exit

A longitudinal plane of the vorticity modulus close to the noz-
zle exit is presented in Fig 7 for both jets T400 (a) and T800
(b). The jet flow development looks very similar and no signifi-
cant difference appears due to temperature effects. Turbulence in
both boundary layers and the jet flow seem to be fully developed.
Small and large turbulent structures can be seen as expected in
flow with such high Reynolds number. The turbulent activity in the
area downstream the plug tip is high. The boundary layer tripping
is applied at x = —0.9D? in the secondary stream and at x = 0 for
the primary stream. Resulting perturbations are thus convected by
the mean flow up to the nozzle exit. Nevertheless, a vortex shed-
ding phenomenon occur downstream the nozzle lip of the sec-
ondary stream. This phenomenon is difficult to identify for high
Reynolds number flow and has a real impact on radiated noise as
shown by Bogey [47].

In order to characterize the vortex shedding, pressure spectra
are computed along the secondary flow shear layer (r = O.44Djs) in
the T800 case. The power spectral density (PSD) of the pressure
for axial positions x = O,2DjS and 0.3DjS are plotted in Fig. 8. The
Strouhal number St, = f x e/UjS is based on the secondary nozzle
lip thickness e and the secondary stream exhaust velocity Ujs. At
X= 0.2DjS (solid line), the PSD is dominated by a peak frequency
at Sty = 0.154. This frequency peak is the fundamental frequency
Sty of the von Karman vortex street based on the secondary noz-
zle lip thickness e. In the same spectrum, subharmonic frequen-
cies are also visible due to non-linearity effects [6]. Downstream,
at x = 0.3DjS (dashed line), the subharmonic peak at St, = 0.076 is
predominant. This frequency is close to Sty/2, and is directly asso-

ciated with vortex pairings occurring in the external shear layer.
This event can be also seen in Fig. 7 Despite the inner boundary
layer tripping, the limited azimuthal discretization leads to highly
anisotropic cells at the secondary stream exit, and avoid the devel-
opment of a fully turbulent flow. The same result is observed in
the T400 jet.

4.2. Comparisons of the velocity field with PIV for the T800 case

Comparisons are performed in Fig. 9 for the mean axial veloc-
ity radial profile from PIV planes at x = 2D}, 10D3;, and 14D3;. For
each position, the jet growth rate is slightly overestimated. Nev-
ertheless, at x = 2D, the thickness of the primary stream is in
agreement with experiment whereas only the secondary stream
thickness is overestimated. Moreover the axial velocity amplitude
for the secondary stream is slightly underestimated compared
to the PIV measurements. This difference tends to disappear for
downstream positions.

Overall, comparisons between LES and experiment for the mean
axial velocity are in good agreement. These differences could be
explained by different factors but mostly due to the mesh dis-
cretization. Indeed, as mentioned before, the large mesh size in
the azimuthal direction leads to a vortex pairing phenomenon.
This means that too strong coherent vortices exist downstream the
nozzle exit of the secondary stream in the shear layer, regarding
this high Reynolds number flow type. As observed previously by
Bodony [48], organized turbulent structures could lead to an in-
creased rate of the velocity decay induced by approximations in
the LES modeling.

4.3. Jet flow aerodynamic downstream the nozzle

In Fig. 7, the jet flow is fully attached to the nozzle wall for
both cases. This observation based on instantaneous vorticity mod-
ulus field is confirmed with streamlines of the mean velocity field
shown in Fig. 10. In particular, the boundary layer on the central
plug remains also fully attached. The numerical ingredients (wall
law, tripping) used in these simulations, combined with the mesh
discretization, allows to obtain a realistic flow field with a turbu-
lent boundary layer and no flow separation, as expected and ob-
served in experiments in such configurations [49]. On the contrary,
as underlined by Brés et al. [50], laminar nozzle boundary layers
could lead to an unrealistic flow separation and spurious noise pre-
diction.

Fig. 11 shows the radial profiles of the mean axial velocity,
which look very similar for both cases. Indeed, as the exhaust ve-
locity of the primary jet is kept constant in the two simulations,
temperature effects on the aerodynamics for this non-potential jet
flow are limited. Moreover, the velocity defect in the plug wake
is weak and disappears rapidly. Indeed, at x = leS the velocity de-
fect is about 35% whereas at x = 2Dj.°‘ it is about 4%. However, some

differences are observed on the radial profiles of the axial veloc-
ity fluctuations plotted in Fig. 12. In particular, the intensity of the
turbulence is higher in the shear layer for the T800 case in the



R. Biolchini, G. Daviller, C. Bailly et al.

Computers and Fluids 213 (2020) 104720

0.2 0.2
0.15 4 0.15 4
"é— 0.1t 4 '"Q_ 0.1t 4
> >
0.05 - 4 0.05 - 4
0 . . . 0 )
0 02 04 06 08 12 14 0 . . 0.8 1
/U /U
(a) (b) (c)
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primary stream, i.e. for —0.2 < r/DJS < 0.2. That suggests that the
turbulent coherent structures contain more energy due to tem-
perature increase. The same behavior is observable in a hot sin-
gle stream jet as shown in numerical [51] and experimental stud-
ies [52].

For an axial spacing & and a temporal separation t, the two-
point space-time correlation of the fluctuating axial velocity u’
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03 1 |
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a
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e
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03} |
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2 25 3 3.5 4
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Fig. 13. Two-point space-time correlations of the axial velocity along the jet axis
Ruy € [0.5, 0.75, 1.0] for x = 2A16Dj,, X= 2.96D§ and x = 3.80Dj.. — _ T800; —
T400.
defined as
W HUX+Et+1))
Rux,§,7) = (1)

VW2 @) /(w2 (x+€))

where x and t are the spatial position on the jet axis and the time
where the two-point correlation is evaluated, respectively. Two-
points space-time correlations based on axial fluctuating velocity
on the jet centerline are plotted in Fig. 13. The spatial separation
is AE =4 x 10‘2DjS and the time step is At = 1.8 x 10‘2UjSDj5.
From Fig. 13, it can be observed that turbulent scales are larger
in space and longer in time for the T800 case and for axial posi-
tions x/DjS < 4, which confirms observations made from Fig. 12. In
the simulation of T800 case, an increase of temperature leads to
an increase of turbulence coherence. These observations were also
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Fig. 14. Longitudinal axial plane of the mean axial velocity for (a) T800 and (b) T400.
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Fig. 15. Longitudinal axial plane of the axial velocity fluctuations for (a) T800 and (b) T400.

done by Bridges [53] on a hot single stream jet. However, temper-
ature effects do not modify the convection velocity on the jet axis.

4.4. Temperature effects on the mean axial velocity and turbulence

In order to investigate temperature effects, the mean axial ve-
locity map of the two configurations T800 and T400 are respec-
tively presented in Fig. 14 (a) and (b). The plug does not allow
the development of a classical potential flow, as encountered for
a single jet. A jet core length can still be defined such as u(x;) =
0.95 x max(u(r =0)) where x. is the jet core length. Following
this definition, the jet core length is x =4DjS for the case T800
and x. = 4.54DJ$ for the case T400.

As for a single jet [54], a temperature increase leads to a shorter
jet core length caused by an increase of the turbulent intensity in
the primary stream, as shown in Fig. 12 and Fig. 15. Except this
difference, the two flows are quite similar regarding the mean axial
velocity. Same conclusions can be drawn regarding the fluctuating
velocity in Fig. 15. This result can be explained by the high by-pass
ratio of the present dual-stream geometry. Temperature effects on
the global mean flow and turbulence are restricted to the primary
stream and no significant differences are noticed after the mixing
of the two stream for x/DjS > 5.

4.5. Skewness of velocity and temperature

Bogey [51] has shown that a negative skewness of aerodynamic
values, such as the axial velocity, is a good indicator of low fre-
quency acoustic production in a single free jet. The location of the
skewness peak is consistent with the correlation peak between ve-
locity fluctuations on the central axis and the acoustic pressure in
the near field. In order to identify a possible region of acoustic pro-
duction in this dual-stream jet, a two dimensional mapping of the

axial velocity skewness ug,, = u'u'u’ /Wa/2 is plotted in Fig. 16
(a) for the T800 jet and (b) for the T400. The skewness fields are
plotted for r < 0.2Dj5, that is in the region where intermittency is
expected to be significant. Two zones can be distinguished, the
growing shear layers associated with entrainment and mixing, and
the coalescence of these shear layers at the end of the potential
cone. Isolines of the axial velocity standard deviation are also su-
perimposed to facilitate interpretation.

In both cases, the maximum amplitude of the skewness factor
is approximately ugj.,, = —2 and observed around the end of the
jet core. In addition, for the case T400, this maximum is also lo-
cated in the shear layer in the transition region before the end of
the jet core. This result indicates that the mixing between the two
streams in the T400 case leads to more intermittent events and
could be responsible for the low frequency acoustic radiation.

5. Acoustic fields

The acoustic radiation is calculated from the integral formu-
lation of the Ffowcs-Williams and Hawkings (FWH) analogy [55].
The input surface for the FWH processing is positioned around
the jet aerodynamic structures, represented by vorticity modulus
isosurfaces in Fig. 17 The surface starts at x; = —2D%; with a ra-
dius r(x;) = 1.3D3; and finishes at x; = 30D3; with a radius r(xy) =
4.7D%.. The axial length of the surface is thus L = 32D%;, which cor-
responds to a minimal Strouhal of St = 0.05. The cut off frequency
based on the mesh size is about St = 6. The FWH formulation is
applied with a closed surface. An open surface leads to an increase
in the low-frequency acoustic level, as demonstrated by Shur et
al. [44] and by Mendez et al. [56]. No correction is however applied
to the FWH formulation in this study. Density fluctuations [44] in-
duced by the hot primary stream and leaving the control volume
are indeed weak, thanks to the mixing induced by the coaxial jets.
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Fig. 16. Two dimensional mapping of the axial velocity skewness coefficient for (a) T800 et (b) T400. Iso-lines indicate level of the axial velocity standard deviation.
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Fig. 17. Vorticity modulus isosurfaces colored by the axial velocity enclosed by the
conical surface used for acoustic propagation via the Ffowcs-Williams et Hawkings
(FWH) analogy, colored by pressure fluctuations.

Acoustic perturbations are propagated to the far-field and recorded
by 2400 microphones positioned at r = 6m from 6 = 20° to 140°.
For each polar angle position, 20 microphones are placed in the
azimuthal direction in an uniform way. First, an acoustic valida-
tion is proposed based on the case T800 and then the tempera-
ture influence is analyzed. In the following, all acoustic results are
normalized to a radial distance r =1 m, from the primary nozzle

SPL (dB/Hz)

0.1 0.2 0.5 1 2 6

exit plane x = 0, in assuming that acoustic sound pressure levels
decrease as a function of 1/r. In the following, all acoustic spec-
tra are plotted as a function of the Strouhal number defined by
St=fx Dgf/U]?.

5.1. T800 Configuration

Sound pressure level at & = 30° and 90° are plotted respectively
in Fig. 18 (a) and (b). For an observer at 30°, the LES results are
in agreement with the experimental data for St > 0.3. However,
in the vicinity of St =0.2 the noise level is under-estimated by
about 7dB. This may be attributed to the lack of mesh discretiza-
tion close to the secondary exhaust. Bogey [57] pointed out the
importance of the mesh refinement in order to form, develop and
transport large coherent structures. Theses structures play a key
role in the flow development and in the sound generation spe-
cially at low frequencies. As a consequence, the underestimation of
SPL at St = 0.2 is here a signature of these structures in the region
between the secondary jet exhaust and the jet core. For Strouhal
number St > 2, the noise level is slightly higher with a difference
less than 1dB. At 90°, the noise emitted is highly related to the
turbulence level close to the exit plane of the secondary stream.
As seen in Section 4, a vortex pairing is present in the shear layer,
which affects the noise generated perpendicular to the main flow
direction. These observations have already been formulated by Bo-
gey et al. [47]. For St > 1.5, the LES predictions are 1 to 2 dB higher
than the noise level from experimental measurements. The spec-
trum also shows some tonal components at 4 < St < 6. They have

SPL (dB/Hz)

0.1 0.2 0.5 1 2 6

St

(b)

Fig. 18. T800 case: acoustic spectra in far-field normalized to an observer distance of r = 1m at 6 : (a) 30° and (b) 90°. Two sources spectra from Tam [58] by using effective
diameters and velocity exhaust of the primary and secondary streams : (a) Large scale similarity et (b) Fine scale similarity. —— LES and @ Experiment. Tam spectra : — . .

secondary stream ; — — — primary stream.
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Fig. 19. T800 case: overall sound pressure level integrated on frequency between
0.2 < St < 6. —e— LES and —[-]— Experiment.

no physical meaning and are maybe caused by numerical spurious
noise. However, for frequencies between 0.3 < St < 1.5, LES pro-
vides good acoustic results.

A simple identification of the acoustic contributions of each
stream is proposed by the mean of Tam’s empirical spectra [58].
Tam defined two kind of template, one for the acoustic radiation
of coherent structures used at & =30° and one for the acoustic
radiation of fine scales used at 6 = 90°. The spectral peak is first
defined at St = 0.2 for both kind of acoustic radiation. For the pri-
mary stream, the empirical law is calculated with the exit static

SPL (dB/Hz)

SPL (dB/Hz)

0.1 0.2

Fig. 20. Acoustic spectra in far-field normalized to an observer distance of r = 1m for 6 : (a) 30°,

10

Computers and Fluids 213 (2020) 104720

temperature ij and exit velocity UJP and the Strouhal is defined by

StP = f x fo/U]‘?. The same methodology is applied to determine
the acoustic radiation of the secondary stream. The spectrum level
are adapted individually according to the jet operating conditions
and directivity angle [59]. At 30°, the noise radiated in the far-field
is clearly dominated by the noise component from the large coher-
ent structures of the secondary stream. At 90°, where acoustic per-
turbations are caused by fine scale structures of the flow, the noise
from the secondary stream dominates the low-frequencies up to
the crossing frequency St = 1.5. The primary stream contribution
represents the major part of the noise radiated for St > 1.5.

In Fig. 19, the OASPL from LES and experimental data, obtained
by integration of spectra between frequency range 0.2 < St < 6, are
plotted for angles between 20° and 140°. For low angles 6 < 40°,
an underestimation of the noise level by approximately 2dB in the
LES is observed. Against all expectations, for angles higher than
40°, the estimated noise level is slightly overestimated by less than
2dB. This additional noise is mostly due to high frequency spurious
noise. The presence of the co-flow (u/Uj’.J =.05) should indeed lead
to a slight underestimation of the OASPL. Computation method-
ology applied for the T800 case gives good acoustic estimations.
Moreover, this computation has been performed without the possi-
bility to validate sensitive aerodynamic values for noise generation,
like shear layer thickness and the level of turbulence intensity due
to the lack of exploitable experimental data.

As already mentioned before, the grid resolution in the az-
imuthal direction is the limiting parameter of the present simu-
lation. For realistic geometries, the strategy based on a structured
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Fig. 21. Acoustic spectra in far-field related to r = 1m for the case T400 for an angle
6 between 110° and 150°. —[]—: 6 = 110° ; —W— : 0 = 120° ; —e— : O = 130°
; —A— 160 =140° ; —x— : 0 =150°.
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Fig. 22. OASPL integrated over 0.2 < St < 6 for cases T800 and T400. — e — T800
and —m— T400.

meshing approach is probably reached here, at least for the present
solver.

5.2. Temperature effects on far-field noise

Comparisons between the T800 and T400 jets are shown in
Fig. 20 for polar angles 30°, 60°, 90° and 130°. For 6 = 30° (Fig. 20
(a)), the low frequency noise level St < 1.5 is higher for the T400
jet. This result is in agreement with the velocity skewness fields
(Fig. 16), an indicator of turbulence intermittency. For higher fre-
quencies St > 1.5, the modification of the primary stream tem-
perature has no impact on the acoustic radiation, in contrast to
what is observed for a single jet [60]. At 60° (Fig. 20 (b)), noise
level is 4dB higher close to St =0.35 for the T800 case whereas
for higher frequencies, no difference can be observed between the
two configurations. For an angle of 90° (Fig. 20 (c)), there is no
difference for all the frequency range. At this angle, the major part
of the acoustic radiation is due to the secondary stream. However,
an extra bump about 8dB is clearly visible at 130° and St = 0.46
for T400 case (Fig. 20 (d)) and will be discussed in the next sec-
tion. The acoustic radiation of this unknown component starts to
be visible for an angle close to 120° until 150° with a maximum
for & = 130° as plotted in Fig. 21.

The OASPL integrated for frequency between 0.2 < St < 6 are
plotted in Fig. 22 for the two jets. For angles between 50° and
110°, the acoustic noise level is not influenced by the temperature
of the primary stream with less than 1 dB difference. However, for
angles outside of these bounds, the jet T400 is louder than the jet

1
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T800 with a difference up to 4 dB. Indeed, in a dual-streams con-
figuration, temperature effect in the primary stream has a limited
influence on noise generation compared to a single stream config-
uration. As shown in Fig. 18 (a) and (b), most of the acoustic radia-
tion is caused by the secondary stream, which has a mass flow rate
10 times higher than the primary stream. Higher acoustic levels for
small angles is linked to the higher intermittent behaviour of the
case T400 but nothing can explain the difference for the upstream
acoustic radiation (@ > 110°). The last part of this work is devoted
to finding the physical mechanism of this acoustic radiation.

6. Acoustic trapped waves in the jet core
6.1. Description of the phenomenon

Some recent works [28,29] have shown that a subsonic single
jet could produce tonal noise in the near field for axial positions
corresponding to the nozzle exit plane. Moreover, these tones are
sensitive to jet exhaust conditions. Towne et al. [25] have demon-
strated that tonal components are produced by acoustic trapped
waves in the potential core. Their study is based on the numerical
database of Brés et al. [61], which is a single stream isothermal jet
at Mj =0.9.

A way to reveal the presence of this kind of waves in the po-
tential core is to perform a frequency-wavenumber decomposition
of the pressure signal on the jet centerline. A regular line array
(226 probes) is thus considered on the jet axis with axial spacing
increments of Ax = 0.045DjS between x = 0.94DJ$ and x = 11.12Dj5.
The diagrams obtained with this procedure are displayed in Fig. 23
(a) for T800 and (b) for T400. Three lines are also plotted (Fig. 23
(b)), representing the wave celerity in agreement with the disper-
sion relation k = w/c, where w is the frequency, k is the wave
number and c the wave celerity. Three celerities are chosen, one
is the convection velocity u. = O.7Ujp (solid line), second the free
upstream acoustic wave —cg (dashed-dotted line) and then the up-
stream acoustic wave slowed down by the jet flow u. — ¢y (dashed
line).

Moreover, the cylindrical soft duct model proposed by Towne et
al. [25] is also plotted on the diagram (dotted line). This model
provides the dispersion relation between wave number modes and
frequencies for an azimuthal mode m as

—oM £ VT\/w? — 4(T, — M2) B
T, — M2

where w =27StM is the normalized frequency, T, = T;/Ty is the
temperature ratio, M is the acoustic Mach number with M;=
M//T;, and Bm =iy;/2 is the first root of the Bessel function
Jm, with y; = /k? — (w — Mk)2/T. For the first azimuthal mode of
the T400 case, the values are T, =1.4, M=1 and Sy =2.4048.
Only the first azimuthal mode is here considered. In the two jets,
the most energetic band corresponds to the well known Kelvin-
Helmholtz instability waves (Fig. 23) and the group velocity is
close to 0.7UP. For the jet T800, upstream waves are not detected,
whereas for the T400 case a band of energy with a negative phase
velocity is observed. The group velocity is bounded by —cy and
uc — Co. For this wave packet, the energy is concentrated around
the Strouhal value of St = 0.46. Two important observations can
thus be made: first, the single round jet vortex sheet model given
by Towne et al. [25] provides a good estimation of the frequency
modes of the trapped waves in a complex dual-stream configu-
ration. Secondly, trapped waves phenomenon can occur in non-
potential jet flows.

Towne et al. [25] have also explored the sensitivity for the pres-
ence of trapped waves to the operating conditions. In their work, a
necessary condition to find trapped waves is to detect two saddle

+_
k3 =

(2)



R. Biolchini, G. Daviller, C. Bailly et al.

St
=

(a) T800

Computers and Fluids 213 (2020) 104720

(b) T400

Fig. 23. Frequency-wavenumber diagram from probes on jet axis: (a) T800 and (b) T400. The lines represent waves with constant group and phase velocity with dispersion

relation k = w/c, where c is the wave celerity, w is the frequency and k is the wave number: —— u. = 07[]]_p; —_

from Towne et al. [25].
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Fig. 24. Diagram (M;, T, =T;/To). Gray area represents exhaust conditions where
acoustic resonance can occur according to Towne et al. [25]. Closed symbols are jets
where trapped waves have been observed. Open symbols are jets where trapped
waves have not been observed. M numerical jets ; ® experimental jets; * T800 et «
T400.

points by the vortex sheet model for a given couple (M;, T; = T;/Tp).
Fig. 24 summarizes this condition for the first azimuthal and radial
mode. The grey area corresponds to the couple of (M;, Tr) where
trapped waves could be observed. This area is delimited by M; =1
for which the saddle point asymptotically vanishes. Single jets with
different operating conditions provided by Towne et al. [25] are
also added to this diagram. As expected, if the primary stream op-
erating conditions are considered, the jet T800 is out of the gray
area whereas the case T400 is in. This diagram confirms the previ-
ous observations. In a dual-stream jet, the couple (M;, Tr = ij/Tg)
of the primary stream has to be considered to determine the pres-
ence of trapped waves in the jet core.

In order to determine the axial position of the generation of
trapped waves inside the dual-stream jet core, snapshots of the fil-
tered fluctuating pressure field at St = 0.46 over one period T are
plotted in Fig. 25 (a) to (h). To filter the fluctuating pressure, a two-
dimensional discrete Fourier transform is performed to obtain the
pressure field in the frequency domain. The number of snapshots
allow a frequency resolution of St = 0.03 between two modes. The
mode at St =0.46 is then extracted and transformed back in the
temporal domain using an inverse transform. Two waves called
k= and k* are identified by an arrow on each snapshot. Initially,
the wave k= is defined at x = ].6DjS and the wave k™ at x = 2.2DJ?
in Fig. 25 (a). Following the time advancement, from t =0 up to
t =7T/8, the wave k~ clearly travels upstream with an amplitude
modulation, whereas the wave k* is going downstream. Two waves
k™ and k~ are clearly produced in the vicinity of x = 2Dj5. This oc-

12

—Cp ; = — — Uc — Cp and e cylindrical soft duct model

curs before the end of the length core jet as observed by Towne et
al. [25], and is called the wave turning point. The spatio-temporal
correlation of the filtered pressure signal on the jet axis is plotted
in Fig. 26 (a) for an axial position x = ].3DjS and (b) for x = 3.ODJ?,
respectively upstream and downstream the wave turning point.
These correlation maps enabled a more quantitative identification
of the production area of the waves k= and k*. For the wave k—,
the correlation path is high for 1 < x/Djs < 1.8 (Fig. 26 (a)). As ex-
pected, the convection velocity is negative and its amplitude is
lower than the downstream wave about ¢;- = uc — G where u. is
the convection velocity. For the wave k* in Fig. 26 (a), the corre-
lation coefficient is close to 1 between x = 1.8DJ§ up to x = 3.8DJ?.
On the contrary, its convection velocity is positive. As a conclusion
from these two maps, the trapped wave turning point emerges
near x = 1.8Dj5.

6.2. Impact on noise

As seen in Fig. 20 (d), the trapped wave has a strong influence
on jet noise radiated in the far-field whereas Towne et al. [25] have
detected these tones only in the near-field of a single stream jet.
The fact that this phenomenon propagates in the far-field can be
explained principally by the presence of the central plug in the ge-
ometry. In order to characterize the modal structure of the radi-
ated noise, an azimuthal decomposition of the acoustic near-field
of the T400 case is shown in Fig. 27 for the modes m =0 (a) and
m =1 (b). Only the two first modes are shown, because they con-
tain more than 90% of the total acoustic energy. The azimuthal de-
composition is based on a azimuthal array of 20 microphones de-
fined in the physical domain at r = 2.5D} for —1 < x/DjS < 16 with
an axial spacing increment Ax = 0.045Dj5.

For the mode m =0, a peak is clearly visible for x/D} <0 at
St = 0.46. Nevertheless, the noise level is lower than those ob-
served downstream the jet core (x/DjS > 10). On the contrary, no
conclusion can be made regarding the mode m =1 (Fig. 27 (b)),
as no energy peak appears on the SPL map. For downstream posi-
tions, the noise level is related to the flow behavior rather than
acoustic resonance in the core jet. To confirm this hypothesis,
the filtered acoustic and aerodynamic pressure field at frequency
St = 0.46 shown in Fig. 28 is analyzed.

The aerodynamic pressure is plotted from -1000 to 1000 Pa
and the acoustic one from -20 to 20 Pa to handle with the large
dynamic range. Acoustic waves propagating in all directions are
clearly visible. In order to characterize the origin of these waves,
the coherence function C,p between a probe close to the plug and
two microphones at r = 2.5DJ§, one upstream at x/DJ.S =-0.5 and
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Fig. 25. T400 case: Instantaneous snapshots of the filtered pressure at St = 0.46 over a period T.
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Spatio-temporal correlation maps from the filtered pressure at St = 0.46 on the jet axis for an initial position : (a) x = 1.3D$ and (b) x = 3.0D¢
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Fig. 27. T400 case: SPL for a microphone located at r = 2.5D£ (a) azimuthal mode 0 and (b) azimuthal mode 1.

Fig. 28. T400 case: Instantaneous snapshots of the filtered pressure at St = 0.46.
Dynamic range inside the flow comes from —1000 to 1000Pa and from —20 to 20Pa
outside the flow. The two microphones chosen for the coherence function are indi-
cated by squares and the probe inside the jet core by the point at the plug tip.
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Fig. 29. T400 case: Coherence function (Cp,) between pressure for probes at x =
1425Dj5 and acoustic pressure at two positions : —H— r = 2.5Djs etx= —0.9DJ$ 0=
130°) ; —x— r=2.5D} and x = 9D; (6 = 30°).

another one downstream at x/DjS =9, are plotted in Fig. 29. The
probe and two microphones are respectively indicated by the cir-
cle and the two square in Fig. 28.

For the upstream microphone, the coherence function shows a
peak at St = 0.46 with C,p = 0.28. The upstream acoustic radiation
is thus correlated with the acoustic wave trapped in the core jet.
On the other hand, for the downstream microphone, the coherence
function does not display a clear peak for any frequencies. This re-
sult indicates that no link can be established between the acous-
tics radiated for aft angles and the events that occur in the vicinity
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of the plug tip. On the contrary, the acoustic wave and the noise
peak observed in the near- and far-field for high angles are clearly
related to the interaction of the trapped wave k~ with the central

plug.

7. Conclusion

The influence of temperature effects on complex dual-stream
jets including a central plug has been carried out in this study. The
results have been obtained by high-fidelity LES, based on sixth-
order numerical schemes. The algorithm is combined with an ex-
plicit filtering to drain the energy cascade at the cut-off wavenum-
ber while leaving the resolved scales unaffected by this filtering.

Numerical results have been generally found in agreement with
the corresponding experiments of the EXEJET program. The pri-
mary stream temperature is observed to have a small influence
on the aerodynamic development of the dual-stream jet from the
nozzle. In fact, no significant influence of the well-known bi-polar
source induced by the temperature fluctuations occurs in a real-
istic configuration. Indeed, the aerodynamic jet behavior is mostly
driven by the secondary stream in a high by-pass-ratio nozzle. As
a consequence, the convection velocity is not significantly affected
with the temperature increase. On the contrary, the jet core length
is reduced when the primary stream is heated, as for a single jet,
in agreement with changes also observed on the axial velocity fluc-
tuations.

An additional acoustic source is also found in the cold case for
upstream angles at St = 0.46. This study highlights the existence
of trapped wave in non-potential jet flow. It is shown that this
acoustic source is caused by trapped waves in the jet core interact-
ing with the central plug. Moreover, a good estimation of the fre-
quency modes of these waves is provided by a vortex sheet model
developed for single jets [25]. Finally, in a complex dual-stream
configuration, the couple (M;, T;) of the primary stream has to be
considered to determine the presence of trapped waves in the jet
core. The consideration of an installed configuration with a dual
stream jet in the vicinity of a wing could amplified this phenom-
ena.
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