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An initially laminar overexpanded round jet at an exit Mach number of 3.30 and a Reynolds number of 10° is
calculated by compressible large-eddy simulation. The near field obtained by large-eddy simulation is also
propagated to the acoustic far field by solving the full Euler equations to take into account the nonlinear propagation
effects. Both computations are performed using low-dissipation finite differences in combination with an adaptive
shock-capturing method. The jet originates from a straight pipe nozzle of radius r,, including lips of thickness 0.05r,.
At the pipe exit, Blasius mean flow profiles are imposed, and static pressure and temperature are equal to
0.5 x 10° Pa and 360 K, resulting in fully adapted and acoustic Mach numbers, respectively, of 2.83 and 3.47. The jet
flowfields, as well as the acoustic near and far fields, are described in detail and compared with data of the literature.
The turbulent mechanisms developing in the jet are investigated, using spectral and azimuthal decompositions of the
velocity fluctuations along the shear layers. Same analyses are applied to the acoustic fields, in order to discuss the
properties of jet noise components. In this way, Mach waves, shock-associated noise, screech tones, and turbulent

mixing noise are identified.

Nomenclature

al = relative contribution of azimuthal modes n

c = local sound speed

Coo = ambient field sound speed

f = frequency

fe = cutoff frequency

S shock = central frequency of the broadband shock-
associated noise

Sup = frequency of the upstream-propagating shock-
associated noise

Ly = first shock length from vortex sheet,
2(M3 — 1)"2r;/ g, g = 2.40483

L, = first shock length measured on the jet axis

M, acoustic Mach number

M, = convection Mach number

M, = exit Mach number

M; = equivalent fully expanded exit Mach number,
Ui/ Cos

n = azimuthal mode

De = exit static pressure

pj = equivalent fully expanded exit static pressure

2 = fluctuating static pressure

(p) = mean static pressure

Re = Reynolds number based on exit conditions

r, = nozzle radius

T = equivalent fully expanded nozzle radius

St.. = cutoff Strouhal number
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St, = Strouhal number based on exit conditions

Styp = Strouhal number of the upstream-propagating
shock-associated noise

T, = exit temperature

Ugyis = centerline mean axial velocity

u, = convection velocity

u, = exit velocity

u; = equivalent fully expanded exit velocity

(u.) = mean axial velocity

(u?) = mean-square axial velocity fluctuations

(u?), = mean-square axial velocity fluctuations due to
mode n

|22|(St,, n) two-dimensional power spectral densities

4l = first shock location on the jet axis

y = specific heat ratio

Ar = mesh size in the radial direction

Az = mesh size in the axial direction

) = boundary-layer thickness in the pipe nozzle

805 = jet half-width

e = exit molecular viscosity

Pe = exit density

¢ = radiation angle measured according to the flow
direction

I. Introduction

ROPULSIVE jets generated by booster rockets of space

launchers are characterized by high stagnation pressure and
temperature, resulting [1] in fully expanded exit Mach numbers M;
usually around 3, and acoustic Mach numbers M, > M. Such jets
are known to radiate strong acoustic fields, which are assumed to be
dominated by Mach waves [2—6]. Few aerodynamic and acoustic
data are unfortunately available [1,7-10], and noise sources are still
to be fully described [11].

In high-Reynolds-number subsonic jets, two noise components
have been identified [12-15]. One dominates in the downstream
direction with a noise source located around the end of the potential
core [16,17], and another dominates in the sideline direction and is
probably linked to the turbulent mixing in the shear layer [13,17].
The continuity of the acoustic spectra between subsonic and
supersonic jets has been shown by Tam et al. [12], who suggested that
the same noise components can be found in both cases. Specific noise
components such as Mach waves and shock-associated noise are,
however, generated in supersonic jets. Mach waves are radiated when
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the convection velocity of turbulent structures is supersonic [18].
They are highly directive and have a conical wavelike geometry in
the acoustic field. Other sound sources appear when a shock-cell
structure is present in the jet plume generated by the adjustment of
static pressure to the ambient field at the nozzle exit. The interactions
between turbulent structures and shock cells result in broadband
noise [19,20] propagating both in the upstream and downstream
directions [19,21]. If the jet shear layer at the nozzle exit is
sufficiently receptive to the upstream-propagating acoustic waves
[22-24], a feedback loop can also be established. This loop generates
a tonal noise called screech [25], whose fundamental frequency was
shown to collapse with the central frequency of the broadband shock-
associated noise in the upstream direction [23]. Note, finally, that in
this case the whole jet oscillates at the fundamental and harmonic
screech frequencies [22,26,27].

The noise components mentioned previously have been studied
extensively for cold jets with fully expanded Mach numbers M; < 2
and in a few works [1,3,7-10] for hot jets with M; ~ 3. Their
contributions to heated, rocketlike jet noise, however, have not been
well established, even if Mach waves radiated by linear instability
waves [4,19] are usually assumed to be dominant [3,4]. They have,
moreover, been found experimentally to vary strongly with the jet
velocity and temperature. Regarding the effects of the temperature in
particular, they may be significant on turbulent mixing noise [28],
Mach waves [29], broadband shock-associated noise [30], and
screech tones [19,31,32].

Further investigations of jet noise components can now be carried
out directly by solving the Navier—Stokes equations [17,33,34],
especially using large-eddy simulation (LES) for flows at high-
Reynolds numbers [35]. Such simulations have, for instance, been
performed by Bogey et al. [15,36,37] in order to study the influence
of the Reynolds number and of the initial conditions in subsonic jets,
by Viswanathan et al. [38] and Liu et al. [39] to improve the
prediction of broadband shock-associated noise and screech tone for
real nozzle geometries, and by Berland et al. [22] to investigate
screech tone generation in a plane supersonic jet. In these works, the
use of low-dissipation and low-dispersion numerical schemes is
usually recommended [40—42] to ensure numerical accuracy. An
appropriate shock-capturing method is also required specifically in
supersonic flows to remove Gibbs oscillations near shocks [43,44].
In this case, particular attention must be paid to the possible spurious
dissipation of the turbulent structures and the acoustic waves by the
shock-capturing procedure [45].

In the present study, the noise radiated by an overexpanded heated
jet at an exit Mach number of 3.30 is computed directly by a
compressible LES using low-dissipation finite difference schemes
[42,46] in combination with an adaptive shock-capturing procedure
[44]. The jet exit parameters are chosen to be similar to those of an
experiment of Varnier and Gély [9] providing near-field acoustic
levels. Because of LES limitations, the Reynolds number of the
computed jet is set to a value of 10°, which is one order of magnitude
lower than in the experiment, and the jet is initially laminar. The
objective here is to obtain information on noise generation mecha-
nisms in a supersonic jet at an exit Mach number of 3.30 with exit
static pressure and temperature of 0.5 x 10° Pa and 360 K. With this
aim in view, the jet flowfield is described in detail, in particular using
spectral and azimuthal decompositions of the axial velocity fluctu-
ations along the shear layer. The noise emitted by the jet is
characterized in the near field from the LES data, as well as in the far
field from solutions evaluated from the near field by solving the full
Euler equations. Pressure levels and spectra are presented, and the
azimuthal mode distributions of the sound fields are exhibited. Noise
generation mechanisms are finally discussed, based on the connec-
tions between the turbulent flow and the acoustic field and on the
sound source models available in the literature [23,47].

The outline of the paper is as follows. In Sec. II, the simulation
parameters and the numerical procedure are presented. In Sec. III,
snapshots of vorticity, numerical schlieren pictures, and fluctuating
pressure are shown. In Sec. IV, the mean aerodynamic field is
examined, and the properties of shear-layer velocity fluctuations are
explored according to their azimuthal components. Near- and

far-field acoustic results are presented in Sec. V, in which links
between the turbulent flow and the acoustic fields are also displayed
to identify the different noise components. Concluding remarks are
provided in Sec. VI. The paper also contains an Appendix dealing
with the importance of nonlinear effects in the far-field wave
extrapolation.

II. Numerical Procedure
A. Simulation Parameters

An overexpanded jet at an exit Mach number of M, = 3.30, an exit
temperature of 7, =360 K, and an exit static pressure of p,=
0.5 x 10° Pa, originating at z = 0 from a pipe nozzle of radius r,, is
computed. The stagnation pressure and temperature are 28.6 X
10° Paand 1144 K. The specific heat ratio y is constant in the present
computation and equal to 1.4, and the resulting exit velocity is
u, = 1255 m-s~!. The equivalent fully expanded exit conditions
defined from the same stagnation conditions and a static pressure of
p; = 103 Paare aMach number of 2.83, a temperature of 439 K, and
aradius of r; = 0.81r,. The acoustic Mach number M,,, defined as
the ratio of the fully expanded velocity u; = 1190 m - s~ over the
ambient sound speed c,, =343 m-s~!, is 3.47. The Reynolds
number estimated from the exit quantities is equal to 2r,u,p, /(.=
0.94 x 10%, where p, and p, are the jet exit density and molecular
viscosity. A straight pipe nozzle of length 0.5r, with 0.05r, wide lip
is included in the computational domain to specify the inflow
conditions. Therefore, the effects associated with the nozzle
geometry [39] on the jet flow development as well as on the noise
radiation mechanisms are not considered here. Inside the pipe, a
Blasius profile for a laminar boundary layer of thickness § = 0.05r,
is imposed for the mean velocity, and a Crocco—Busemann profile is
used for the mean density. Random pressure disturbances of low
amplitude are introduced in the nozzle, yielding nozzle-exit
maximum velocity fluctuations of 1% of the jet exit velocity.

The jet exit quantities M, p,, and T, are chosen to be very similar
to those of an experiment conducted by Varnier and Gély using the
MARTEL experimental facility [9] at Poitiers, as shown in Table 1.
Owing to computational and LES limitations, the Reynolds number
of the simulation is, however, smaller than the Reynolds number of
the experiment.

B. Numerical Methods

The simulation is performed by solving the unsteady compressible
Navier—Stokes equations in cylindrical coordinates, using low-
dispersion and low-dissipation finite difference schemes [42,44,46]:
explicit 11-point fourth-order finite differences and sixth-order filter
for space discretization and a second-order six-stage Runge—Kutta
algorithm for time integration. For the treatment of the axis
singularity, the method proposed by Mohseni and Colonius [48] is
used, and to increase the time step the effective azimuthal resolution
is reduced near the jet centerline [49]. The LES approach is based on
the explicit application of a relaxation filtering to the flow variables
[50] to take into account the dissipative effects of the subgrid scales.
Nonreflective acoustic boundary conditions [51] are implemented at
the radial and upstream boundaries, and a sponge zone is used in the
downstream direction to minimize acoustic reflections at the outflow
boundary [51]. These numerical methods have been successfully
implemented in LES of subsonic round jets [17,37,52] and of a
supersonic screeching plane jet [22]. An adaptive and conservative
shock-capturing method is in addition used to remove Gibbs
oscillations near shocks [44].

Table 1 Jet exit parameters in the present computation and in the
experiment of Varnier and Gély [9]: Mach number M,, static
pressure p,, temperature 7,, and Reynolds number Re

Study M, De T, Re

Present computation ~ 3.30  0.50 x 10° Pa 360K 0.94 x 10°
Varnier and Gély [9] 327 051x10°Pa 359K 17.5x10°
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Fig. 1 Grid mesh sizes in the LES computation: a) radial mesh size Ar and b) axial mesh size Az.

The grid used for the present jet contains n, X ng X n, =256 X
128 x 840 = 28 x 10° points, and 120,000 iterations carried out
using NEC SX-8 computers have been necessary to ensure statistical
convergence. The radial and the axial mesh spacings are presented in
Fig. 1. In the radial direction, the mesh size is Ar = 0.0072r, at
r=r,, yielding seven points in the boundary layer as done
previously for initially fully laminar subsonic jets [37]. Itis stretched
to obtain Ar =0.1r, at r = 3.5r,. Near the radial boundaries, the
mesh size still increases in order to specify radiation boundary
conditions at r = 16.5r,. In the axial direction, the mesh size is
constant in the pipe nozzle, and it is equal to Az = 0.029r,. Then, the
mesh is stretched to reach Az = 0.074r, at z = 7.5r,. Finally, the
sponge zone is built by increasing the axial mesh size from z = 52r,.

The LES data are recorded on two surfaces. The first one is located
atz =0,fromr = 1.15r,t09.5r,,and the second oneisatr = 9.5r,,
from z=0 to 52r,. To compute far-field noise spectra and
directivities, the LES near-field fluctuations obtained on these
control surfaces are propagated to 80 radii from the nozzle exit, by
solving the full Euler equations. The same numerical methods as
those in the LES, including the shock-capturing procedure [44], are
implemented. The grid used for the far-field extrapolation is uniform
and contains 800 x 128 x 2042 = 209 x 10° points. The mesh
spacings are Ar = 0.1r, in the radial direction and Az = 0.074r, in
the axial direction. The numerical cutoff Strouhal number for
acoustic propagation is thus around St, = 2f.r,/u, = 1.37, where
fe =cs/(4Ar). In the present work, the full Euler equations are
used for the wave extrapolation in order to take into account the
nonlinear effects on acoustic propagation. These effects are
illustrated in the Appendix.

III. Instantaneous Fields

Snapshots of azimuthal vorticity, density gradient norm, and
fluctuating pressure p’ are presented in Fig. 2a, for z/r, < 15 and
—3 <r/r, <3, and in Fig. 2b for the entire flowfield. Near the
nozzle exit, the shock-cell structure is displayed using the density
gradient norm in Fig. 2a. The first shock cell is static, and slip lines
resulting from shock—shock interactions [33] are noticed at the end of
the second shock on the jet axis around z = 7r,. Shocks and
compression waves are unsteady downstream of r =9r,. At the
nozzle exit, the shear layer contracts because of the jet over-
expansion. The development of the turbulence and the growth of the
shear layer are observed in Fig. 2a. Further downstream at z > 25r,,
the jet plume is seen to be turbulent in Fig. 2b. Concerning the
pressure field, waves of high amplitude, first attached to the shear
layer in Fig. 2a, appear to radiate in the downstream direction with a
conical-wave structure in Fig. 2b. Finally, acoustic waves of lower
amplitude are found to propagate in the upstream direction in Fig. 2b.

IV. Aerodynamic Results
A. Mean Flow

The properties of the jet mean flowfield are first investigated and
compared with experimental data available in the literature. The

variations of the inverse of the mean centerline velocity u,,;, and of
the jet half-width §,5 are plotted in Fig. 3. The jet half-width is
defined by (u.)(805) = 0.5u,, where (u.) is the mean axial
velocity. The ends of the potential core and of the sonic core are found
here when u,,;, = 0.9u, and ¢, where c is the local sound speed. They
are, respectively, located at z = 20r, and 36r, from the nozzle exit.
For comparison, in the similar jet considered using the MARTEL
experimental facility [9], the potential core and the sonic core end
around 24 and 50 radii. The discrepancies between the computational
and experimental core lengths may be explained by the differences in
Reynolds number [54] and in initial conditions [37]. The shock-cell
structure is, moreover, seen to modulate the jet half-width in the core
region. Downstream of the potential core, the mean flow develops
rapidly, and the variations of u,/u,;, and 8,5/ r, are approximately
linear.

The variations of the centerline mean static pressure (p) are plotted
in Fig. 4a. Six shock cells resulting from the adaptation of the jet exit
conditions to the ambient field conditions are noticed. The axial
mean static pressure is also compared with measurements by Norum

Fig. 2 Snapshots in the (z, ) plane: a) density gradient norm in the jet
and fluctuating pressure p’ outside the jet and b) density gradient norm
and azimuthal vorticity in the jet, and fluctuating pressure p’ in grayscale
outside the jet. The grayscale ranges for levels from —5000 to 5000 Pa for
p’, and distances have been normalized by the nozzle radius r,.
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Fig. 4 Variations of the mean static pressure along the jet centerline as a function a) of the axial positionz/r, and b) of (z — z;) /Lys, where z; and Lyg are
the location of the first shock and the length of the first shock cell given by Tam and Tanna’s [47] model: present jet (black) and measurements by Norum

and Seiner [SS] (gray) (refer to Table 2).

and Seiner [55] in Fig. 4b. The overexpanded jet of these authors has
an exit Mach number of M, = 2. For the comparison, a scaling
proposed by Tam and Tanna [47] is used. The pressure profiles are
thus represented as a function of (z —z;)/Lyg, Where z; is the
location of the first shock on the jet axis, and Lysg is the length of the
first shock cell provided by the vortex sheet model of Tam and Tanna
[47]. These profiles are normalized by the difference |p, — p;l
between static pressures at the nozzle exit and at the ambient field.
The quantities used for the normalization are given in Table 2. The
shapes of the shocks in the computed jet and in the experiment
correspond fairly well, despite different exit conditions. For
completeness, the measured length L, of the first shock cell is also
provided in Table 2. It is interesting to note that L; ~ 0.82Lyq for
both cases.

B. Turbulent Flow

The turbulent flowfield of the present jet is now studied, which will
allow us to discuss noise sources in the next section. The root-mean-
square (rms) variations of axial, azimuthal, and radial velocities at
r = 0and r; are first plotted in Fig. 5. Along the centerline in Fig. 5a,
the amplitude of velocity fluctuations appears to increase in
successive stages in the jet core. The maxima of the rms quantities are
reached around z = 25r,. They are, respectively, around 18 and 11%
of the jet inflow velocity for the axial and radial velocities. Along the

Table 2 Data used for the normalization of the results from the
LES and from the experiment of Norum and Seiner [55]

Study M, M; |pe — pjl L, Lys

330 2.83 0.5x105Pa 4.6r, 5.6r,
182 02x10Pa  3r, 3.7r,

Present computation
Norum and Seiner [55] 2

shear layer in Fig. 5b, very low rms turbulence levels are found in the
vicinity of the nozzle, as expected for an initially laminar jet. The
amplitudes of velocity fluctuations then grow, quite sharply around
7 =6.5r, for the axial velocity, but more smoothly for the other
components. Consequently, the peak rms values are much higher for
the axial velocity, which may also be strengthened by compressible
effects [56]. The peak positions, moreover, differ significantly, from
about z = 12r, for the axial velocity, that is, before the end of the
potential core, to z ~ 25r, for the other velocity components, just
downstream of the jet core.

A two-dimensional Fourier transform in time and in the azimuthal
direction is now applied to the fluctuating axial velocity u’ along the
line at r = r;. The resulting two-side power spectral densities (PSDs)
|ii.|?(St,, n) depend on the Strouhal number St, = 2fr,/u,, where f
is the frequency, and on the azimuthal mode n, where 7 is an integer.
This kind of decomposition has previously been carried out for
supersonic jets [57,58], in particular to compare numerical results
with linear stability analyses. The contribution of the nth mode to the
mean-square axial velocity fluctuations (u?) is denoted by (u?),
next. They are computed by integrating the quantity |i,|?(St,, n)
over the whole range of Strouhal numbers.

The contributions of modes n =0, 1, and 2 and of higher
azimuthal modes are plotted in Fig. 6. The contribution of modes
n > 2 is dominant upstream of z = 22r,, whereas thatof mode n = 1
is the largest further downstream. More precisely, the contribution of
modes n > 2 increases very rapidly in the early stage of the shear-
layer development and then decreases downstream of z ~ 12r,. The
contributions of modes n =0, 1, and 2 are initially significantly
lower. They also reach maximum values further downstream: around
z >~ 20r, for mode n = 2, z >~ 24r, for mode n = 1, and z >~ 28r,
for mode n = 0. In the latter case, for the axisymmetric mode, the
peaks are, moreover, of much lower amplitude than for the modes
n = 1 and 2. This difference of amplitude between modes n = 1 and
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Fig. 5 Variations of rms velocity fluctuations: axial velocity (black solid), azimuthal velocity (dashed), and radial velocity (gray solid) along a) the jet

centerline and b) the line r =r;.
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Fig. 6 Axial evolution along the liner = r; of the azimuthal components
of the mean-square value of the fluctuating axial velocity: contributions
of axisymmetric component n = 0 (thick black), n = 1 component (thick
gray), n = 2 component (black), and azimuthal modes of order higher
than two (gray).

2 and the axisymmetric mode agrees with the linear stability analysis
performed by Tam et al. [59] and Seiner et al. [60]. In perfectly
expanded heated jets at an exit Mach number of M; =2, these
authors indeed found that the amplification along the shear layer of
the Kelvin—Helmholtz modes n = 1 and 2 are rather close, and that
they are stronger than the amplification of the axisymmetric mode.

The features of the axial velocity fluctuations just downstream the
nozzle exit at r =r; and z =0.05r, are checked. The velocity
spectrum thus obtained, scaled by 2, is presented in Fig. 7a as a
function of the Strouhal number S7,. It is broadband and contains no
distinct peak. The relative contributions of azimuthal modes 7 to the
fluctuating velocity field are also shown in Fig. 7b. Significant
components are found over a wide range of modes, upton =~ 15. The
numerical setup in the present computation therefore does not appear
to force a specific jet mode.

PSD,,
&
o

@ c

10-2 10~ 100
St

e

a)

The overall PSDs of the axial velocity fluctuations are shown in
Fig. 8 along the line at r = r;,at the positions z = 6.5r,, 12r,, 18r,,
24r,, and 30r, from the nozzle exit. They are plotted in logarithmic
scales, and for clarity their levels are incremented by one order of
magnitude as the axial position increases. At z = 6.5r,, a peak is
noticed at Strouhal number Sz, = 0.30, whereas spectra are more
broadband further downstream.

The variations along the shear layer of the peak Strouhal numbers
in the spectra of the axial fluctuating velocity are provided in Fig. 9a.
Strouhal numbers of 0.30, 0.11, and 0.05 are found. The former peak
frequency at St, = 0.30 is dominant over a first stage between
z="06r, and 9r,, where, according to Fig. 6, the azimuthal
components of order higher than two are the strongest components.
A second stage characterized by a peak frequency at St, = 0.11 is
obtained between z = 12.5r, and 20.5r,. At this position, the peak
Strouhal number finally switches to a value close to 0.05. A similar
shift in frequency near the end of the potential core, from the screech
fundamental frequency down to the mixing noise frequency, was
evidenced in a plane screeching jet by Berland et al. [22].

Considering the large contribution of the mode n = 1 to the axial
velocity fluctuations along the shear layer in Fig. 6, the peak Strouhal
numbers obtained in the azimuthal spectra |ii, |*(S7,, n = 1) atr = r;
are represented in Fig. 9b. For this mode, n = 1, the Strouhal number
St, = 0.08 also appears clearly.

V. Acoustic Results
A. Acoustic Near Field

The overall sound pressure levels (OASPL) obtained at r = 9.5r,
and 16r, from the jet centerline are first presented in Fig. 10. At
r =9.5r, in Fig. 10a, the OASPL increase rapidly from z =0 to
20r,, and the maximum of the pressure levels is reached at the axial
location z =30r,. The sound levels obtained at r = 16r, are
compared with Varnier and Gély’s [9] measurements in Fig. 10b.
They are lower from z =0 to 17r, and higher downstream of

100

101

10-2

10-3
0

b)

Fig. 7 Axial velocity fluctuations at r = r; and z = 0.05r,: a) overall PSDs in logarithmic scales and b) relative contribution of azimuthal modes n.
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Fig. 8 Overall PSDs in logarithmic scales of the axial velocity
fluctuations along the line r =r; at z = 6.5, 12, 18, 24, and 30r,. For
clarity, the levels are incremented by APSD with the axial distance,
where APSD denotes 1 order of magnitude.

10-2 100

z=17r,, with a discrepancy of 5 dB near the OASPL peak at
z >~ 35r,. This may result from differences in nozzle-exit conditions
[37,61], as well as in Reynolds number [54,62]. The Reynolds
number in the LES is indeed 0.94 x 10°, whereas itis 17.5 x 10° in
the experiment. Various sound pressure levels may consequently be
expected, according to the observations of Troutt and McLaughlin
[54], for Mach-number-2 jets at Reynolds numbers 0.7 x 10° and
52 % 10°.

The relative contributions of azimuthal modes n =0, 1, 2, and
n > 2 to the fluctuating pressure at r = 9.5r, are shownin Fig. 11 asa
function of the axial position z/r,. From z = 0 to 30r,, the mode
n = 1 clearly dominates the acoustic near field, except for the region
between z = 8r, and 18r,, over which the contribution of higher
modes n > 2 appears as important. The relative amplitude of the
mode n = 0 becomes equal to that of the mode n = 1 around the
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position z = 30r,, where the OASPL peak is observed in Fig. 10a.
Downstream of this location, the axisymmetric component is
predominant. The contribution of the mode n = 2 to the radiated
sound field is maximum around z/r, ~ 15, but it is rather low
everywhere else. Note that the present results, in particular the
relative dominance of the modes n = 0 and 1 in the acoustic near
field, are satisfactorily consistent with the numerical results obtained
by Bodony et al. [63] at r = 10r, for an underexpanded jet at a Mach
number of M, = 1.95.

Acoustic near-field spectra are displayed in Fig. 12 at r =9.5r,
and z =0, 10r,, 15r,, and 20r,. They are computed using fast
Fourier transforms over eight overlapping data samples of duration
T = 289r,/u, containing 2850 points. The spectra are also averaged
in the azimuthal direction. The spectrum at z = 0 is dominated by
two components at S¢, = 0.08 and 0.10. The former component is
also noticed in the spectra at z = 10r,, 15r,, and 20r, at the same
frequency, whereas the latter one moves toward higher Strouhal
numbers with the axial position following the dashed line plotted in
Fig. 12. At z = 0, the spectrum also exhibits a low-frequency peak
around St, =0.05, and at z = 10r, and 15r, a broadband high-
frequency noise component centered around Sz, =0.30 is also
visible.

To first give information on noise sources, the peak frequency
predicted by the model proposed by Tam et al. [23] for the upstream-
propagating shock-associated jet noise associated with possible
screech is represented in Fig. 12. This expression is written as

Ue

Lshock(l + M(‘) (1)

fup=

where u,. is the convection velocity, M. = u,/c,, is the convection
Mach number, and L, is the mean shock-cell length, which is here
taken equal to L,. From axial velocity cross correlations determined
in the jetbetween z = 6r, and 207, along the shear layer at r = r;, the
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Fig. 9 Peak Strouhal numbers (x) along the line r = r; in the PSDs of the axial velocity fluctuations: a) overall spectra and b) spectra for the n =1
azimuthal component. The lines represent Sz, = 0.05 (black), Sz, = 0.08 (black dashed), St, = 0.11 (gray), and S¢, = 0.30 (gray dashed).
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Fig. 11 Variations in the axial direction of the relative contributions a’,

of azimuthal modes n to the fluctuating pressure at r=9.5r,:
axisymmetric mode n = 0 (thick black), mode n = 1 (thick gray), mode
n = 2 (black), and modes of order higher than two (gray).
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Fig. 12 Near-field acoustic spectra at r = 9.5r,. From bottom to top:
z=0, 10r,, 15r,, and 20r,; frequency predicted for the upstream-
propagating shock-associated noise using Eq. (1) (solid gray), St, = 0.30
(dashed-dotted gray), and moving peak frequency (dashed gray).

10-2

average convection velocity has been estimated as u,. = 0.53u,.
Equation (1) thus yields Strouhal number St,, = 2r,f,,/u, = 0.08,
which agrees with the frequency of the persistent noise component
observed in the spectra of Fig. 12. This component can therefore be
associated with upstream-propagating shock-associated noise.
Regarding the peak frequency moving from St, &~ 0.10 at z =0 to
St, ~ 0.13 at z = 20r,, a similar feature has been found in near-field
measurements by Seiner and Yu [20] for an overexpanded jet at Mach
number 1.45. According to these authors, it can be identified as the
central frequency of the broadband shock-associated noise.
Acoustic spectra of azimuthal modes n =0, 1, 2, and n > 2 are
presented in Fig. 13 at r =9.5r, and z =0 and 10r,. At z =0 in
Fig. 13a, the maximum in the spectrum for the mode n = 0 is noticed
at St, = 0.05. A peak of lower magnitude also appears at St, = 0.10,

155
)
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145 A l
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0 0.1 0.2 0.3 0.4 0.5
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2177

which corresponds to the first harmonic of the previous frequency.
The maximum in the spectrum for the mode n = 1 is stronger and is
observed at Sz, = 0.08. For this mode, a second peak seems to
emerge at St, = 0.10. Consequently, the peak at Sz, = 0.05 and the
peaks at Sz, = 0.08 and 0.10 observed at z =0 in Fig. 12 can be
associated, respectively, with the modes n = 0 and 1. In Fig. 13a, the
peak component in the spectrum for the mode n = 2 is now quite low,
with respect to previous peaks, and is reached for Sz, = 0.15. The
modes n > 2 are also found to contribute negligibly to the acoustic
near field at z=0 for Strouhal number lower than 0.2, but
predominantly for higher frequencies.

For the mode n = 0, the peaks observed at S, = 0.05 and 0.10 in
Fig. 13a at z = 0 have moved to St, = 0.07 and 0.12 in Fig. 13b at
z=10r,. For the mode n =1, two distinct peaks of similar
magnitude are seen. The first one is at S7, = 0.08, as in the spectrum
at z = 0, and the second one is at St, = 0.12, which coincides with
the maximum frequency in the spectrum for n = 0. These results
suggest that the peak found at S, = 0.08 in the acoustic spectrum at
z = 10r, in Fig. 12 is connected to the mode n = 1, but also that the
moving peak is linked both to modes n = O and 1. In Fig. 13b, as seen
previously, the contribution of modes n > 2 is moreover dominant
for St, > 0.2. It is characterized by a broadband shape and a
maximum around Sz, = 0.30, and its level is very close to the peak
levels obtained in the spectra for modes n =0 and 1. The high-
frequency components in the acoustic spectra at z = 10r, are then
clearly associated with modes n > 2.

Some connections between peaks at St, = 0.05, 0.08, and 0.30 in
the velocity spectra in Fig. 9 and in the near-field acoustic spectra in
Fig. 12 can be emphasized. Concerning St, = 0.08, peaks are found
at this frequency in the near pressure fields at different axial locations,
and they are associated with the mode n = 1. This frequency also
emerges in the velocity spectra calculated along the shear layer for
the mode n = 1 in Fig. 9b. A similar behavior has been described by
Berland et al. [22] in a plane screeching jet at the screech tone
frequency. Therefore, the noise component at St, = 0.08 in the
present jet appears to be upstream-propagating shock-associated
noise.

The axisymmetric noise component found at Sz, = 0.05 in the
near pressure field at z = 0, in Fig. 12, corresponds well with that
experimentally noticed at a frequency lower than the screech tone
frequency in upstream acoustic spectra [24,64] of screeching jets.
According to Tam [19], it can then be identified as turbulent mixing
noise. This may be supported by the observation in Fig. 9a that
dominant velocity components downstream of the potential core are
also at S, = 0.05.

Finally, to track the origin of the broadband noise components
centered around St, = 0.30 found at z = 10 and 15r, in Fig. 12, itis
interesting to point out that in Fig. 9a St, = 0.30 predominates in the
velocity spectra computed between z = 6 and 9r, along the shear
layer. The link is strengthened by the fact that corresponding
fluctuations in both cases are associated with azimuthal modes n > 2.
This broadband high-frequency noise therefore appears to be
generated in the early development of the shear layer. Because it is
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Fig. 13 Acoustic spectra of azimuthal modes at a) (r,z) = (9.5r,,0) and b) (r,z) = (9.5r,, 10r,): mode n = 0 (thick black), mode n = 1 (thick gray),
mode n = 2 (black), and modes of order higher than two (gray). The arrows represent Sz, = 0.05, 0.08, 0.10, and 0.15.
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measurements of Robin [10] (+).
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not distinguished in the near pressure field at z = 0 in Fig. 12, it can
reasonably be attributed to a Mach-wave radiation.

B. Acoustic Far Field

The LES data recorded on the control surfaces located,
respectively, at r = 9.5r, and at z = 0, as mentioned in Sec. ILB, are
propagated to 80 radii from the nozzle exit. For this, the full Euler
equations are solved using the same methods as those in the LES,
including the shock-capturing procedure [44], in order to take into
account the nonlinear propagation of sound waves in high-speed jets
[30,65.,66]. A snapshot of the computed fluctuating pressure is
represented in Fig. 14. The overexpanded jet radiates mainly in the
downstream direction, but upstream-propagating waves are also
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noticed. Far-field acoustic spectra calculated using linear and
nonlinear equations for the wave extrapolation are provided in the
Appendix to show the importance of nonlinear effects.

The sound pressure levels at 80r, from the nozzle exit are
presented in Fig. 15 as a function of the radiation angle ¢, where ¢ is
measured according to the flow direction. The maximum level is
reached in the downstream direction around ¢ = 40°. The present
acoustic levels are compared with experimental data obtained at the
same distance by Robin [10] for an overexpanded, Mach number
3.13 jet characterized by stagnation pressure and temperature of
30 x 10° Pa and 1900 K. The computation provides higher sound
levels in the downstream direction and lower levels in the upstream
direction.

The spectra of the pressure p’ at 80 radii from the jet exit are
represented in Fig. 16 as a function of the Strouhal number Sz, and
the angle ¢. In the downstream direction in Fig. 16a, for ¢ < 80°, two
distinct noise components are observed at frequencies around St, =
0.05 and 0.10. The first one is found to mainly radiate from ¢ = 26 to
36°, and the second one is especially strong from ¢ = 37 to 43°. In
the sideline and upstream radiation directions in Fig. 16b, the peak
Strouhal number in the acoustic spectra decreases with the angle ¢. It
is shown to agree well with the central frequency of the broadband
shock-associated noise:

MC
Lshock[1 - Mc COS(¢)]

proposed by Tam and Tanna [47], also displayed in Fig. 16b in a
dashed black line. This indicates the predominance of shock-
associated noise in the upstream direction.

Far-field pressure spectra at ¢ = 30, 40, 90, and 120° are shown in
Fig. 17. At ¢ =30 and 40° in Fig. 17a, the spectra have narrow
shapes, and contain significant noise components at low frequencies.
The maxima in the spectra are, respectively, at Sz, = 0.05 and 0.10.
These results are consistent with measurements of Seiner et al. [60]
for heated jets at Mach number 2. In the sound spectrum at ¢ = 90° in
Fig. 17b, two peaks at Sz, =0.16 and 0.20 are noticed. These
Strouhal numbers correspond to the first harmonics of the peak
frequencies observed at Sz, = 0.08 and 0.10 in near field at z = O in
Fig. 12, which have been identified as upstream-propagating shock-
associated noise components. This corresponds to the behavior of
screeching jets, in which the first harmonic of the screech tone is
usually dominant in the sideline direction [22,67]. Finally, at
¢ = 120°, the maximum sound level is obtained at Sz, = 0.11, which
agrees well with Tam and Tanna’s [47] prediction [Eq. (2)] of the
central frequency of the broadband shock-associated noise. The
spectra of Fig. 17b therefore support the predominance of shock-
associated noise both in the sideline and the upstream directions.

To discuss the nature of the noise components in the downstream
direction, the far-field pressure spectra for the axisymmetric mode
and the mode n = 1 are plotted in Fig. 18 for ¢ < 80°. For the mode
n =0 in Fig. 18a, peaks are observed at St, =0.05 and 0.10,
whereas, for the mode n = 1 in Fig. 18b, only S?, = 0.08 dominates.
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Fig. 16 PSDs of pressure as a function of the angle ¢ and the Strouhal number Sz,: a) from ¢ = 20 to 80° and b) from ¢ = 80 to 150°; the gray scales
range a) from 154 to 162 dB/St and b) from 135.5 to 143.5 dB/St; Sz, = 0.05 (black line), St, = 0.10 (gray line), and central frequency of the broadband

shock-associated noise predicted [47] using Eq. (2) (dashed).
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Fig. 18 Far-field pressure spectra for modes a) n = ( and b) n = 1 as a function of the angle ¢ and the Strouhal number Sz, for ¢ < 80°. The gray scale
ranges from 151 to 161 dB/St; Stz, = 0.05 (black line), Sz, = 0.10 (gray line), and Sz, = 0.08 (dashed).

The noise components at Sz, = 0.05 and 0.10 in the spectra in
Fig. 16a are therefore connected to the mode n = 0. Note that very
similar frequencies have been shown in Fig. 9a to emerge in the axial
velocity spectra along the shear layer: St, = 0.11 from the end of the
second shock cell to the end of the potential core and Sz, = 0.05
downstream of the jet core. According to its azimuthal distribution,
the noise component at S¢, = 0.05 can thus be identified as turbulent
mixing noise generated downstream of the potential core. The noise
component at S, = 0.10 may be related to the velocity fluctuations
at St, =0.11 in the shear layer. Its generation mechanism is
unfortunately currently unclear.

As mentioned previously, for the mode n = 1, acoustic distur-
bances of maximum amplitude are found in Fig. 18b around
St, = 0.08, between ¢ =30 and 40°. Significant axial velocity
fluctuations have also been displayed in Fig. 9b along the shear layer,

at the same Strouhal number for the same mode. The noise
component at Sz, = 0.08 could therefore be generated by Mach-
wave mechanisms.

Finally, the azimuthal decomposition into modes n =0 and 1 is
applied to the sideline and upstream acoustic far field in Fig. 19. The
sound levels are higher in Fig. 19b, which first suggests that shock-
associated noise is mainly connected to the mode n = 1. In Fig. 19a,
for the axisymmetric mode, two peaks at S7, = 0.05 and 0.10 appear
at ¢ = 150°. They have been previously associated, respectively,
with turbulent mixing noise and shock-associated noise at the end of
the Sec. V.A. A peak at Sz, = 0.20, which corresponds to the first
harmonic of the peak frequency at Sz, = 0.10, is also observed at
¢ =90°. In Fig. 19b, for the mode n = 1, a first shock-associated
noise component emerges at ¢ = 150° around Sz, = 0.08, while a
second one can be distinguished at ¢ = 90° at the first harmonic

03755
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Fig. 19 Far-field pressure spectra for modes a) n = (0 and b) n = 1 as a function of the angle ¢ and the Strouhal number S¢,, for ¢ > 90°. The gray scale

ranges from 129.5 to 139.5 dB/St.



2180 DE CACQUERAY, BOGEY, AND BAILLY

165

160

155

150

PSD (dB/St)

145

140

135
0 0.2 0.4 0.6 0.8 1

St
Fig. 20 Far-field sound spectra obtained from the LES near field, at

80r, from the nozzle exit and at ¢ = 50°, by solving the linear acoustic
equations (gray) and the full Euler equations (black).

frequency. It is, finally, interesting to note that the central frequency
of the upstream shock-associated noise varies with the mode, from
St, = 0.10 for the mode n =0 to Sz, = 0.08 forn = 1.

VI. Conclusions

In the present study, a compressible three-dimensional LES is
performed for an initially laminar overexpanded jet at an exit Mach
number of 3.30 and an exit temperature of 360 K, using low-
dissipation schemes and an adaptive shock-capturing procedure. The
jet flowfield, the pressure near field, and the acoustic far field
obtained using the Euler equations are described. Comparisons are
made with available measurements and with models. Noise sources
in the present jet are discussed by characterizing the properties of the
axial velocity fluctuations along the shear layer and of acoustic
disturbances. In this way, some links are shown between the aero-
dynamic and the sound fields. Contributions of shock-associated
noise, Mach waves, and turbulent mixing noise to the acoustic
spectra are identified. This study thus constitutes a first step in the
study of highly supersonic jets before dealing with realistic nozzle
geometries or exit turbulent conditions. In the latter case, in
particular, a much finer discretization of the jet boundary layers
would be necessary [36].

Appendix: Influence of Nonlinear Propagation Effects

Nonlinear propagation effects of acoustic waves may be
significant for supersonic jets [30,65,66]. In this Appendix, the
importance of these effects during the sound propagation from the jet
near field to the acoustic far field is therefore evaluated for the
considered jet. Two far-field wave extrapolations are performed from
the LES data over control surfaces at z =0 and r = 9.5r,, one by
solving the linear acoustic equations and another by solving the full
Euler equations, on the same grid using identical numerical methods.
The spectra thus obtained at 80r, from the nozzle exit and at ¢ = 50°
are presented in Fig. 20 as a function of the Strouhal number S7,.
They are found to differ appreciably for Sz, > 0.08. The noise levels
computed using the full Euler equations are, in particular, lower than
those obtained using the linear equations for Strouhal numbers
St, <0.9 (by 3 dB, for instance, at the peak frequency around
St, = 0.13), and they are higher for Sz, > 0.9. These results indicate
that nonlinear propagation effects must be here taken into account to
predict noise at medium and high frequencies.
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