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Shock-cell noise is a particular noise that appears in imperfectly expanded jets. Under these expansion
conditions a series of expansions and compressions appear following a shock-cell type structure. The
interaction between the vortices developed at the lip of the nozzle and the shock-cells generates what is
known as shock-cell noise. This noise has the particularity to be propagated upstream with a higher intensity.
This publication will focus on the shock-cell noise generated by an axisymmetric under-expanded 10°
Reynolds single jet. The LES computations are carried out using the elsA code developed by ONERA and
extended by CERFACS with high-order compact schemes. They are validated against experimental results.
The LES simulation is initialized with a RANS solution where the nozzle exit conditions are imposed. Even
though no inflow forcing is applied, good agreement is obtained in terms of flow structures and broadband
shock-cell noise that is propagated to the farfield by means of the Ffowcs-Williams & Hawkings analogy.

INTRODUCTION

For an aircraft at cruise conditions, the noise
perceived in the aft-cabin is mainly due to the
turbofan jet. In fact, the secondary stream of a
turbofan engine is a cold, supersonic and under-
expanded jet. The pressure mismatch between the
jet and the ambient air leads to the formation of
(diamond-shaped) shock-cells as shown in Fig. 1,
which strongly interact with the turbulent structures
developing in the mixing layer around the potential
core. This interaction process produces intense
noise components on top of the turbulent mixing
noise, which makes supersonic jets noisier than
their subsonic counterparts [1]. The result is a
broadband shock-cell associated noise (BBSAN),
radiated in the forward direction, that impinges on
the aircraft fuselage and it is then transmitted into
the cabin.

This work focuses on the LES simulation carried
out with elsA solver of an under-expanded cold 10°
Reynolds single jet at perfectly expanded
conditions of Mach 1.15. First the main

characteristics of the solver are presented. Second
the procedure for the computations are explained
and last, the results are shown and analyzed.
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Figure 1. Mean LES Mach contours



NUMERICAL FORMULATION

The full compressible Navier-Stokes equations in
skew-symmetric formulation are solved inside elsA
[2] software that is a Finite Volume multi-block
structured solver developed by ONERA and
extended by CERFACS. The spatial scheme is
based on the implicit compact finite difference
scheme of 6th order of Lele [3] extended to Finite
Volumes by Fosso et al. [4]. The above scheme is
stabilized by the compact filter of Visbal &
Gaitonde [5] that is also used as an implicit
subgrid-scale model for the present LES. Time
integration is performed by a six-step third-order
Runge-Kutta DRP scheme of Bogey & Bailly [6].
Non-reflective  radiative and  Navier-Stokes
Characteristic boundary conditions are used [7].
Furthermore, sponge layers & a low-pass filter help
the simulation to remove spurious noise reflections
near the boundaries of the computational domain.
In this high order formulation, the code has been
validated on a wide variety of flows of increasing
complexity, starting from classical acoustic test
cases, up to subsonic jets [8][9].

UNDEREXPANDED JET CONDITIONS

Time-dependent simulations are presented of a
contoured convergent nozzle with exit diameter
D=38.0mm and a modeled nozzle lip thickness of
t=0.125D. The nozzle is operated under-expanded
at the stagnation to ambient pressure ratio
ps/p-=2.27. The modeled exit and ambient
conditions match those in the experimental set-up
of André [10]. The ambient conditions of the air are
temperature T..=288.15K and pressure
p-=98.0kPa. This cold air jet has an exit stagnation
temperature of 288.15K. The Reynolds number
Re, based on the jet exit diameter is 1. 2x10° and
the fully expanded jet Mach number is M;=1.15.
The flow at the nozzle exit is mainly axial but some
vertical components appear due to the inclined
inner shape of the nozzle. In addition, a small co-
flow of 0.5m/s is added in order to help the
convergence of the results.

The airflow is modeled wunder ideal gas
assumptions, with  specific gas constant
R=287.058J/(kg K) and specific heat ratio y=1.4.

SIMULATION SETUP AND PROCEDURE

The numerical computation is initialized by a
RANS simulation using the Spalart-Allmaras
turbulence model [11]. The RANS solution is wall-
resolved in the inner and outer sections of the

nozzle with y'<l. Once mesh convergence is
achieved and the boundary layer at the exit of the
nozzle has good agreement with the experimental
results, the LES computation is then initialized
from the RANS simulation. The inner part of the
nozzle is removed from the LES simulation and the
RANS nozzle exit conservative variables are
imposed as in [12]. In addition, no inflow forcing is
used.

The computational domain, sketched in Fig. 2 used
for the LES extends 40 diameters in the axial
direction and 7 in the radial direction. Non-
reflective boundary conditions of Tam and Dong
[13] extended to three dimensions by Bogey and
Bailly [14] are used in the exterior inlet as well as
in the lateral boundaries. The exit condition is
based on the characteristic formulation of Poinsot
and Lele [15]. Furthermore, sponge layers are
coupled around the domain to attenuate exiting
vorticity waves.
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Figure 2. LES domain sketch

The mesh consists in a three-dimensional mesh
with a butterfly on the center to avoid the
axisymmetric singularity. The mesh has 75x10°
cells with (1052x270%256) nodes in the axial,
radial and azimuthal directions respectively. The
mesh used in the LES simulation near the jet lip
line is coarsened in the radial direction with respect
to the RANS mesh, meaning that no wall resolution
is achieved when the RANS solution is interpolated
into the LES mesh. Nevertheless, the boundary
layer at the exit of the nozzle is defined by 15
points having a y'=50. The lip is meshed with 12
uniformly spaced cells. Each shock-cell is resolved
within 40 cells in the axial direction and up to 220
cells in the radial direction for the first shock-cells.
The axial cell distribution grows within the half
diameter with an expansion ratio of 3.2%. Then it
is set almost constant until the beginning of the
sponge layer where it grows at a rate of 14%.
Regarding the quality of the mesh, the minimum
orthogonality is 54° and the maximum expansion



ratio achieved is less than 4% (without taking into
account the sponge layers).

The simulation ran for 120 non-dimensional time
units (t*=tD/c.) to evacuate the transient
phenomena that one obtains with an averaged
(RANS) solution. After the transient phase, the
simulation runs for 120 non-dimensional time units
in order to reach statistically independent results.
The farfield sound is obtained by means of the
FW-H analogy [16]. The surface used to
extrapolate the variables to the farfield is located in
a topological surface starting at r=3.5D from the
axis and growing with the mesh. The cut-off mesh
Strouhal is St=2. In terms of frequency (St =f D/U),
this value is defined as f = c./(n4), where A is the
cell size, c.. the ambient speed of sound and n the
number of cells needed to resolve fluctuations with
the numerical scheme used. Nonetheless, the
acquisition frequency at the FW-H surface has
been set to 100 kHz (St = 5) in order to properly
represent the effect that the cell size has on the
spectra.

The LES simulation has been run in parallel in the
cluster BULL B510 (neptune) at CERFACS. The
computation took around 720 hours running with
128 CPUS (within 8 nodes).

RESULTS

The following section illustrates the LES results
obtained within the last 120 non-dimensional time
units.

Shock cell noise frequency is proportionally
influenced by the size of the shock-cells and their
interaction with the most energetic turbulent scales
from the first Kelvin-Helmholtz instability. The
averaged Mach profile is shown in Fig. 3. Good
agreement is obtained for the shock-cell spacing in
the first three shock-cells. Even though further
downstream, a shift appears between the
experimental and the numerical result, the shock-
cell spacing is only reduced by 5%. From
preliminary analyses, there is a strong confidence
that an increase of 50% on the total number of
nodes should be sufficient to correctly capture all
the shock patterns. Even though the amplitudes
are higher than in the experimental results, they
follow the same decay having the end of the
potential core at the same position.

Another important factor when simulating jets is
their expansion rate. The axial velocity profile
along the radius at x/D=0.16 is shown in Fig. 4.
Good agreement is obtained within the first 3

diameters. Further downstream, the shift in the
shock-cells makes the comparison not viable.
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Figure 3. Mach profile at the axis

Although no inflow forcing is applied, matching the
jet exit profile against the experimental results and
a good discretization of the flow, seems to be
sufficient for this supersonic jet to transition to a
fully turbulent flow within the first radius from the
exit nozzle plane. To support this statement, the
turbulence levels of the velocity components at the
lip line are shown in Fig. 5. As the conditions at the
nozzle exit are imposed, it is obvious that the flow
starts completely laminar (therefore, the turbulence
is zero). However, after the first radius, it has
reached the same levels of rms as in the
experimental results even though an overshoot is
contemplated within the first 2 diameters.
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Figure 4. Axial velocity along the radius at
x/D=0.16

The size of the turbulent structures generated
along the lip line (r/D=0.5) is measured by means
of a spatial auto-correlation following the same
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Figure 5. Turbulence levels of the axial and radial
component of velocity at r/D=0.5

formulation as in [17]. The axial velocity auto-
correlations R11 are shown at the positions
x/D=1.5 and x/D=9.0 in Fig. 6 (a) and (b)
respectively. For this purpose, the computational
flow field was probed every 0.1 diameters. The
increase in the size of the turbulence structures in
the mixing layer is clearly illustrated. The
turbulence length scale computed from the auto-
correlations along the lip line is shown in Fig. 7.
The integration of R11 is done up to the value 0.1.
Despite the fact that Fig. 6 (a) and (b) show an
increase in size of the turbulence structures with
respect to the experimental results, Fig. 7 shows
that it presents the same growth rate, but
advanced 1.5 diameters in the axial direction. This
displacement is probably due to the imposed
laminar conditions at the exit of the nozzle, where
the transition occurs in a more abrupt fashion as
seen in Fig. 5.

The pressure perturbation is measured in two
arrays of numerical probes, first with an inclination
of 5° from x/D=0.0, r/D=1.0 and second,
horizontally at r/D=3.0. The results are plotted in
Fig. 8 (@) and (b) respectively. Two distinct
patterns are clearly distinguished. The shock-cell
noise that propagates upstream becomes apparent
at x/D<10.0. On the other hand, the mixing noise
produced from the large structures appears in the
other region of the flow. The region in between,
which is where the potential core ends, generates
both types of noises. The results obtained closer to
the jet shown in Fig. 8 (a) are clearly biased by the
hydrodynamic fluctuations of the jet. A
hydrodynamic/acoustic filter will be carried out in
the future in order to properly separate the
hydrodynamic component from the acoustic
component that will help analyze the results.
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Figure 6. Axial velocity autocorrelation at r/D=0.5
and (a) ) x/D=1.5 and (b) x/D=9.0 and
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The temporal correlation of the pressure
perturbation between the two arrays is done for
several positions of the array at r/D=3.0. Fig. 9 (a)
and (b) show the correlation at x/D=0.0 and



x/D=10.0 respectively. The BBSAN component of
shock-cell noise is usually generated downstream
the 5™ shock-cell as explained in [18]. The maximal
correlation when measuring at x/D=0.0 shown in
Fig. 9 (a) is achieved around x/D=4.0. This position
corresponds to the 4™ — 5™ shock-cell. Fig. 9 (b)
shows that the perturbations that reach the
location at x/D=10.0 are highly correlated at the
same location near the jet.
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Figure 8. Pressure perturbation contours [Pa]
along (a) the line at 5° from x/D=0.0, r/D=1.0 and
(b) axial direction at r/D=3.0

The discrete Fourier transform (DFT) of the
pressure can be computed in a two-dimensional
plane at z=0. The modulus of the DFT shows
where the pressure perturbations are more intense
in the flow field. On the other hand, the phase of
the DFT gives a visual interpretation of the
directivity of the noise. The results are shown in
Fig. 10, for different Strouhal numbers. At low
Strouhal (Fig. 10 (a)), the energy is intense at the
extremes of the shock-cells and two main

downstream directivities can be appreciated. One
appears at the exit of the nozzle due to the Kelvin-
Helmholtz instabilities (red arrow), and the second
one is displayed at the end of the potential core
(black arrow). When the frequency is increased
(Fig. 10 (b)), the shock-cell noise and its upstream
directivity start to appear. For St=0.59, the main
source is found at x=4, or at the 6" shock-cell.
Higher Strouhal numbers (Fig. 10 (c)) move the
source downstream up to x=7 (12th shock-cell).
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Figure. 9. Temporal correlation of the pressure
perturbation between the inclined array at 5° and
(a) the probe at x/D=0.0, r/D=3.0 and (b) x/D=10.0,

r/D=3.0

The nearfield sound pressure level (SPL)
computed at the horizontal array at y/D=3.0 is
shown in Fig. 11. The noise generated from the
large structures appears for low frequencies at
x>6. On the opposite range, the BBSAN
component is predominant. The ‘banana’ shaped
BBSAN is in agreement with [19] where they
studied experimentally a similar test case.
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The SPL at the farfield (50 diameters) propagated
with the FW-H analogy is shown in Fig. 12. An
overall good agreement is obtained in amplitude
for all the angles measured at the Strouhal range
0.5<St<2.0 even when the turbulence length-scale
is twice as the experimental one (as seen in Fig.
7). The disagreement found at low frequencies
(St=<0.5) is mainly due to a lack of convergence of
the statistics and the fact that the FW-H surface
intersects the jet at the end of the domain, as
explained by Bogey and Bailly [20]. The decay
found at higher frequencies (St=2.0) is the effect of
the mesh constraints as explained in the previous
section.
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Figure 11. SPL contour maps along y/D=3.0

The discrete peaks found experimentally are due
to the phenomenon called screech. This tonal
noise appears due to an interaction between the
pressure perturbations generated by the vortices
impacting the shock-cells and the instabilities that
generate these vortices at the lip of the nozzle. For
a particular vortex shedding (in frequency and
convection velocity) and shock-cell spacing, the
interaction can be coupled closing the loop and
giving the energetic noise called screech. As it can
be seen in Fig. 12, the screech phenomenon does
not appear in our simulation. This could be due to
either a bad axial mesh discretization in the region
where the Kelvin-Helmholtz instabilities develop or
the fact that they occur half a diameter after the

exit of the nozzle due to the supersonic boundary
condition. Having the instabilities closer to the
nozzle exit helps the screech phenomenon
because the lip acts as a reflecting boundary for
the perturbations traveling upstream. On, the other
hand, an intense peak at St=0.59 can be seen
when plotting the two-dimensional integral of the
modulus of DFT for the plane z=0 at different
frequencies as shown in Fig. 13. The Strouhal
number obtained differs from the experimental one
(St=0.64) due as explained above, to the lack of
coupling between the perturbations propagating
upstream and the vortices generated at the lip.
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Figure 12. Sound Pressure Level (SPL) at
difference angles measured with respect to the jet
exit.



Regarding the BBSAN, the amplitude is well
captured, although there is a small shift in
frequency with respect to the experimental results.
This difference can be explained first, thanks to the
fact that the BBSAN central frequency is inversely
proportional to the shock-cell spacing. As seen in
Fig. 3, the shock-cell spacing obtained is smaller
than the experimental one. Second, the intensity of
the screech tones is able to change the flow
behavior reducing the frequency peak of the
BBSAN [21]. Not capturing the screech
phenomenon means that the obtained frequency
will be higher than experimental results where
screech is present.
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The overall sound pressure level (OASPL),
computed at the Strouhal range 0.25<St<2.0 for
both experimental and numerical results is shown
in Fig. 14. The results differ from the experimental
values at most 3dB. Both the lobe of the large
structures at 30° and the lobe at 120° of the
BBSAN are well captured.
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Figure 14. Overall Sound Pressure Level (OASPL)
computed for the Strouhal range 0.25<St<2.0

CONCLUSIONS

Aero-acoustics simulations of a single under-
expanded jet have been done using LES where
overall good agreement is obtained against
experimental results. The imposition of the RANS
nozzle exit conditions in the LES simulation without
forcing seems to almost instantly transition to
turbulence and correctly capture the main features
of the problem with the exception of the screech.
The BBSAN shows good agreement with the
experimental results even when the turbulence
length-scales is twice the experimental values. It
can be concluded that the shock-cell noise is not
strongly dependent on the size of the turbulence
structures.

Further post-processing techniques will be applied
in the future to filter the hydrodynamic and acoustic
components of the flow in order to carry out a
correlation to properly identify the sources of
shock-cell noise.
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