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NUMERICAL SIMULATIONS OF OVEREXPANDED JETS AT A MACH
NUMBER OF 3.1 IMPINGING ON A PLATE WITH AND WITHOUT A
HOLE

Mathieu Varé

mathieu.vare@ec-lyon. fr,

ABSTRACT

Six overexpanded jets at an exit Mach number of 3.1 and
a Reynolds number of 2 x 10° have been computed by
Large-Eddy Simulations (LES). The static pressure and
temperature at the nozzle exit are respectively equal to
0.63 x 105 Paand 738 K. One jet is free, and the five other
ones impinge on a plate located at a distance of L = 30ry,
where 79 = D/2 is the nozzle radius. Four plates have
a hole of diameter h = 1.33D, 2D, 3D and 4D whereas
the fifth one has no hole, in order to study the effects of
the hole on the jet flow and acoustic fields. In the down-
stream direction, the acoustic field is dominated by the ra-
diation of Mach waves for all jets. In the upstream di-
rection, the acoustic levels for the impinging jets are sig-
nificatively higher than for the free jet. They are caused
by sound waves generated by the impingement of the jet
turbulent structures on the plate, namely the impingement
noise, and reflections of Mach waves on the plate. Further-
more, the upstream sound pressure levels are highest for
the plate with no hole and are reduced when the hole di-
ameter increases, suggesting that the impingement noise is
the main acoustic contribution.

1. INTRODUCTION

During a rocket launching, the hot supersonic gas jets of
the engines impinge on the ground. A trench is dug un-
der the rocket to canalize those gases. The impingement
of the jets on the trench edges generates intense acoustic
waves. Those waves then propagate upstream to the fair-
ing, where they can excite the rocket structure and damage
the payload. The understanding of noise generation during
arocket lift-off is thus a concern for the aerospace industry.
In order to examine this problem, a simplified geometry of
a rocket launching can be considered, namely a jet imping-
ing on a plate with a hole.

Such a configuration has been investigated numerically for
hot overexpanded supersonic jets, typical of rocket jets. In
particular, Kawai et al. [1] studied the impingement of an
overexpanded jet at an exit Mach number of 3.66 on a plate
with a hole using an axisymmetric Large-Eddy Simula-
tion (LES). They observed a strong acoustic radiation in
the upstream direction, which they identified as the reflec-
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tions of the jet Mach waves on the plate. A similar set-up
has then been analyzed in the numerical work of Tsutsumi
et al. [2] for a jet at an exit Mach number of 3.7. This
work highlighted an other significant noise component in
the upstream direction, generated by the impingement of
the jet turbulent structures on the hole edges. Neverthe-
less, the dominant contribution between the two upstream
components, the impingement noise and the reflections of
the Mach waves, has not been clearly determined yet.

In the present work, the LES of six overexpanded super-
sonic jets are performed in order to identify the main com-
ponent of the upstream acoustic radiation. The jets are at
an exit Mach number M, of 3.1 and a Reynolds number
Rep of 2 x 105, One jet is free while the five others
impinge on a plate located at a distance L of 30ry from
the nozzle exit, with ry the nozzle radius. One plate has
no hole whereas the four others have a hole of diameter
h =1.33D, 2D, 3D and 4D with D = 2r¢, with the aim
of examining the effects of the hole diameter on the flow
and acoustic fields.

The paper is organized as follows. The jet parameters and
numerical methods used in the LES are documented in sec-
tion 2. Snapshots of the flow and acoustic fields are pre-
sented in section 3. The mean flow field is described in
section 4. The acoustic fields are analyzed in section 5.
Finally, concluding remarks are given in section 6.

2. PARAMETERS
2.1 Jet parameters

The six jets simulated have an exhaust Mach num-
ber M, te/ce of 3.1 and a Reynolds number
Rep = ueD/v, of 2 x 10%, where u, is the exhaust ve-
locity, c. is the sound celerity in the jet and v, is the kine-
matic viscosity at the nozzle exit. The exhaust temperature
T. is 738K and the exhaust pressure p. is 0.63pg, where
po = 10° Pa is the ambient pressure. One jet, labelled as
M31, is free. A second one, named M31h0, impinges on
a plate without a hole. The four final ones, referred to as
M31h13, M31h2, M31h3 and M31h4, impinge on a plate
with a hole of diameter h = 1.33D, 2D, 3D and 4D, re-
spectively. For the impinging jets, the nozzle-to-plate dis-
tance L is equal to 30ry. The width of the plates with a
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hole is rg. The ejection parameters of the jets, the nozzle-
to-plate distance and the two hole diameters h = 1.33D
and 2D are the same as those in experiments lead by CNES
at the MARTEL facility and in the numerical simulations
of Troyes et al. [3]. The six jets exhaust from a cylin-
drical nozzle of length 27, at the inlet of which Blasius
boundary layer profiles with a thickness d of 0.15r( are im-
posed. Vortex rings non-correlated in the azimuthal direc-
tion are added in the boundary-layer at z = —ry to trigger
the boundary layer transition from a laminar to a turbulent
state, as proposed in Bogey et al. [4]. The mean veloc-
ity radial profiles at the nozzle exit are represented in Fig.
1(a). They are the same for all jets and they deviate from
the profiles imposed at the nozzle inlet. Near the nozzle
exit, the boundary layer is slightly detached from the wall
due to the jets overexpansion, which explains the differ-
ences between the nozzle-exit profiles and the profiles im-
posed at the inlet. The radial variations of the root-mean-
squared value of axial velocity fluctuations thus obtained
at the nozzle exit are plotted in Fig. 1(b). In all cases, the
fluctuations present a peak around r = 0.9r9. The inten-
sities of the peaks are between 1% and 1.5% of the exit
velocity for all jets, indicating a similar turbulent intensity
level of the shear layer at the nozzle exit.
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Figure 1. Nozzle-exit radial profiles of (a) mean ax-

ial velocity (u.)/u. and (b) axial turbulence intensity
(W u)? Jue: ——= M31h0, — M31h13, — M31h2,
- --M31h3, - - - M31h4 and — M31.
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2.2 Numerical parameters

In the simulations, the unsteady compressible Navier-
Stokes equations in cylindrical coordinates (r,0,z) are
solved using an OpenMP based in-house solver. The time
integration is performed using a six-stage Runge-Kutta al-
gorithm [5] and the spatial derivatives are evaluated with
eleven-point low-dispersion finite-difference schemes [6].
At the end of each time step, a selective filtering is ap-
plied to remove grid-to-grid oscillations [5]. This filter
dissipates kinetic turbulent energy near the grid cut-off fre-
quency, thus acting as a subgrid-scale model. Solid and
adiabatic wall conditions are implemented at the plate and
nozzle walls. To handle shock waves, a damping procedure
using a dilatation-based shock detector and an optimized
filter are used to remove Gibbs oscillations in the vicinity
of shocks [7]. The radiation boundary conditions of Tam &
Dong [8] are imposed to the radial and lateral boundaries
of the computational domain. They are used in combina-
tion with sponge zones using grid stretching and Laplacian
filtering to prevent significant spurious reflections [9]. The
method of Mohseni & Colonius [10] is applied to remove
the singularity on the jet axis. The first point close to the
axis is located at r = Ar/2, where Ar is the radial mesh
size. The effective azimuthal resolution near the origin of
the polar coordinates is reduced down to 27 /16 to increase
the time step of the simulation [11].

2.3 Computational parameters

The parameters of the mesh grids used in the simulations
are provided in Tab. 1. In the six simulations, the numbers
of points in the radial and azimuthal directions are 501 and
256, respectively. In the axial direction, the numbers of
points are equal to 2628 for M31, to 1910 for M31h0 and
to 2950 for M31h13, M31h2, M31h3 and M31h4. The
grids thus contain between 250 and 380 millions of points.
They extend out to 7 = 157 in the radial direction. In the
axial direction direction, they extend down to z = 307¢
for the plate with no hole and down to z = 50r for the
other cases. The variations of the radial mesh spacing are
presented in Fig. 2(a). It is equal to Ar = 0.025r( on the
axis and progressively decreases down to Ar = 0.0072r¢
in the shear layer, at r = ry. It then increases to reach
Ar = 0.05rg, which allows to have a Strouhal cut-off
number St = fD/u, of 2.03 for an acoustic wave dis-
cretized with 5 points per wavelength, where f is the fre-
quency of the wave. The axial mesh spacing is plotted on
Fig.2(b). It reaches a minimum value of Az = 0.014r
at the nozzle exit. For the free jet, it increases up to
Az = 0.03r¢ at z = 507¢. For the impinging jets, the ax-
ial mesh spacing is stretched until it attains Az = 0.022rg
from z = 20ry to z = 257y. It is then reduced to reach
again its minimum value on the plate at z = 30rg, as in
recent simulations of subsonic jets impinging on a plate
with a hole [12]. For the plates with a hole, the axial
mesh size increases after the plate up to Az = 0.03rg at
z = b0rg. The extrema values of the mesh spacings and
the elongation rates in radial and axial directions are the
same as those in the simulations of jets at a Mach number
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Ny Ng n, Ny X Ng X Ny
M31 501 256 2628 340 x10°
M31h0 501 256 1910 250 %108
M31h13, M31h2, M31h3, M31h4 501 256 2950 380 x10°

Table 1. Mesh parameters: numbers of points n,., ng and n, in the radial, azimuthal and axial directions, and total numbers

of points.

of M = 2 of Pineau & Bogey [13]. The results presented
in this work have been obtained after simulation times of
10007 /u for all jets.
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Figure 2. Variations of (a) radial and (b) axial mesh spac-
ings: — impinging jets, — free jet, — positions of the
upstream and downstream faces of the plate.

3. SNAPSHOTS OF THE FLOW AND ACOUSTIC
FIELDS

Snapshots of the jet flow and acoustic fields are shown in
Fig. 3. Fluctuations of temperature are represented inside
the flow and fluctuations of pressure outside. For the six
jets, diamond patterns characteristic of shock cells are vis-
ible at the nozzle exit. Two shock cells are observed in
the jets until the cell pattern is progressively weakened by
the turbulent mixing. For the impinging jets represented in
Fig. 3(a) to 3(c), a wall jet is created by the impingement
of the flow on the plate. The wall jet is most developed for
the plate with no hole and is less apparent when the hole
diameter increases.
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The acoustic radiation of the jets can be seen in the pres-
sure fields of Fig. 3. For the free jet in Fig. 3(f), acous-
tic waves of weak amplitude propagate upstream. This
upstream radiation corresponds to the broadband shock-
associated noise (BBSAN), produced by the interactions
between the turbulent structures of the mixing layers and
the shock cells. In the downstream direction, inclined
wavefronts of strong amplitude are visible in the sound
field, which is typical of Mach wave radiation, as observed
for instance in the simulations of a jet at M, = 3.3 by De
Cacqueray et al. [14]. These waves are produced by the
convection of turbulent coherent structures at a supersonic
speed. The Mach angle o between the direction of propa-
gation of the Mach waves and the jet axis can be evaluated
with the relation
0) = 68°

o =cos ! (C
Ue

where u, is the convection velocity of the turbulent struc-
tures of the jet, estimated here by u. = 0.54u., and cg
is the ambient sound velocity. The angle given by Eq.(1)
is in agreement with the direction of propagation of the
Mach waves observed in Fig. 3(f). Similar Mach waves are
present in the pressure fields of the impinging jets in Fig.
3(a) to 3(e). Moreover, strong spherical acoustic waves
propagate in the upstream direction for these five cases.
Their levels are significatively higher than those of the up-
stream sound waves generated by the free jet. Those levels
are the highest for M31h0 and are the weakest for M31h4,
suggesting that they are due to the impingement noise. For
the plates with a hole in Fig. 3(b) to 3(e), the sound field
downstream of the plate has no clear organization, even if
acoustic waves seem to originate from the hole.

ey

4. PROPERTIES OF THE MEAN FLOW FIELDS

The variations of the centerline mean axial velocity are
plotted on Fig.4. For the six jets, the velocity does not devi-
ate too much from the exhaust velocity down to z = 167,
which corresponds to the end of the potential core defined
by an axis velocity of 0.9u.. Accelerations and decelera-
tions are visible. They are linked to the shock cells. Six
shock cells are found in the mean axial velocity profiles
and they are progressively dampened by the turbulent mix-
ing. The location and the amplitude of the shocks is the
same for all jets. The first cell length L is evaluated at
Ly = 4.6rg. For the free jet, the velocity decreases after
the end of the shock cell patterns. The sonic core, defined
by an axis velocity equal to c., closes around z = 40r.
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Figure 3. Snapshots in the (z,r) plane of the fluctuations of temperature in the flow and of pressure outside for (a) M31h0,
(b) M31h13, (c) M31h2, (d) M31h3, (e) M31h4 and (f) M31. The color scales range from 0 to 780K for the temperature
and from -2000 to 2000 Pa for the pressure. The dashed line - - - indicates the direction v = 68° with respect to the jet
axis.
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In the case of the plate with no hole, the velocity declines
abruptly from z = 287y down to the plate. For the plates
with a hole, the variations of velocity are similar to those
for the free jet. In particular, the sonic core closes after the
plate, around z = 407y, which is in agreement with the
simulations of Troyes et al. [3]. Therefore, the plate with a
hole has a weak effect on the mean axial velocity.
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Figure 4. Variations of the mean axial centerline ve-

locity (u.)/ue for —= M31, — M31h0, — M31h13,
— M31h2, - - - M31h3 and - - - M31h4; - - - 0.9u; and
- - - Ce-

5. PROPERTIES OF THE ACOUSTIC FIELDS
5.1 Pressure spectra near the nozzle

The acoustic spectra at r = 27y and z = 0 near the noz-
zle are shown in Fig.5. For the free jet, a bump is located
at St = 0.06 in the pressure spectrum. This frequency is
compared with the central frequency f, of BBSAN esti-
mated by the model of Harper-Bourne & Fisher [15]

Uc
e 2
To Ls(1 — M, cos®) @
with M. = wu./co the convection Mach number and 6

the angle between the jet axis and the far-field observation
point. The upstream direction # = 180° is considered here.
The relation (2) gives a Strouhal number of St, = 0.068,
which is close to the frequency of the bump in the spec-
trum of the free jet. For M31h0, the levels are about 12 dB
higher than those for the free jet. A large peak is found
around St = 0.04 in the acoustic spectrum. For the plates
with a hole, the levels decrease as the hole diameter in-
creases. With respect to M31h0, the noise reduction is ap-
proximately of 3 dB for M31h13, 4 dB for M31h2, 8§ dB
for M31h3 and 10 dB for M31h4. This noise reduction
suggests that the interactions between the jet and the hole
edges are less strong for larger holes, leading to a diminu-
tion of the impingement noise. For M31h13 and M31h2,
compared with the case with a full plate, the pressure levels
are only reduced for St > 0.1. For M31h3, a diminution of
the levels is noticed for all frequencies relative to M31h2.
Finally, for M31h4, the acoustic levels decrease only for
St < 0.2 with respect to M31h3.
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Figure 5. Sound pressure levels (SPL) at z = 0 and
r = 2rg as a function of the Strouhal number St for
— M31h0, = M31h13, — M31h2, - - - M31h3,

- --M31h4 and — M31.

5.2 Azimuthal structure of the jets

The pressure fields of the six jets have been decomposed in
their two first azimuthal modes. The contributions of these
modes to the spectra at 1 = 2ry and z = 0 are shown
in Fig.6. In all cases, the axisymmetric mode ng = 0
is predominant at Strouhal numbers lower than 0.1. The
acoustic levels are the highest for this range of frequen-
cies, suggesting that the axisymmetric mode is the domi-
nant mode of the upstream acoustic radiation. The acous-
tic levels associated to the axisymmetric mode decreases
drastically for St > 0.2. For the six jets, the contribution
of the azimuthal mode ng = 1 is negligible for St < 0.1.
For higher Strouhal numbers, it becomes more important
than the contribution of the axisymmetric mode. However,
at theses frequencies, the pressure levels of the two first
modes are lower between 1 and 15 dB than the total level,
which shows that higher order azimuthal modes are sig-
nificant here. The jet impingement on the plate does not
modify noticeably the azimuthal structure of the upstream
acoustic field.

5.3 Far field overall sound pressure levels

The overall sound pressure levels (OASPL) at » = 157
are plotted in Fig.7. For the free jet, they increase with the
axial distance up to a maximum value of 160 dB reached
at z = 29r9. Then they slowly decrease to 155 dB at
z = 50ry. The maximum value is obtained in the down-
stream direction of the jet because of the directivity of the
Mach waves. For the jet impinging on a plate with no hole,
the OASPL also increase with the axial distance. Its max-
imum value of 168 dB is located at z = 28r. Neverthe-
less, between z = 251y and 307y, hydrodynamic pressure
fluctuations of the wall jet are taken into account in the
OASPL. Outside of this zone, the OASPL of M31h0 are
higher between 3 and 7 dB than the levels of the free jet.
For the jets impinging on a plate with a hole, the OASPL
follow a similar evolution as for M31h0. They are reduced
as the hole diameter increases. With respect to the case
with no hole, the pressure levels are lower by approxi-
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Figure 6. Acoustic spectra at r = 2rg and z = 0 for (a) M31, (b) M31h0, (c) M31h13 and (d) M31h2: — full spectra, and

for modes — ng = 0, — ng = 1.

mately 1 dB for M31h13 and M31h2, 3 dB for M31h3 and
4 dB for M31h4. As the hole is larger, the interactions
between the jet and the plate are weaker, causing lower
upstream acoustic levels. Downstream of the plate, the
OASPL of the impinging jets are lower than for the free
jet, which can be explained by the shielding of the acoustic
radiation by the plate. This hypothesis is also supported by
the fact that the levels are the lowest for the plate with the
smallest hole and that they grow with the hole diameter.
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Figure 7. Variations of the OASPL at r 157
for =— M31, — M31h0, — M31h13, — M31h2,
---M31h3 and - - - M31h4.

5.4 Fourier decomposition of the pressure fields

A spatial Fourier transform in the radial and axial direc-
tions is applied to the pressure fields of the six jets, fol-
lowing the method developped by Nonomura et al. [16]
for free jets at an exit Mach number of 2. It is applied
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to an area extending from r = 5rg to r = 157y radi-
ally and from z = 5rg to z 257y axially. This area
is chosen far enough from the jet to avoid hydrodynamic
fluctuations of pressure. The amplitude thus obtained are
presented in Fig. 8 as a function of the radial and axial
wavenumbers k,. and k. For the free jet in Fig. 8(a), lobes
are observed in the quadrants where k,. and k, have the
same sign, indicating they are associated with downstream
propagating waves. Those lobes are aligned with the di-
rection of propagation of the Mach waves, showing that
the main acoustic component of the pressure field is linked
to these waves. Similar lobes are present in the amplitude
fields of the impinging jets, in Fig. 8(b) to 8(f). The same
alignment of the lobes with the propagation direction of
the Mach waves is noticed. However, the amplitude fields
also contain lobes in quadrants with k,. and k, of opposite
sign, corresponding to upstream propagating waves. The
orientation of the lobes is compared with the propagation
direction of reflected Mach waves, assuming their reflec-
tion on the plate is specular. The lobes are not centered in
this direction, implying the reflections of Mach waves are
negligible in this case. This suggests that the main com-
ponent of the upstream acoustic waves is produced by the
impingement of turbulent structures on the plate. More-
over, the size of the lobes in the quadrants with &, and &,
of opposite signs is reduced as the hole diameter increases,
supporting the idea that the dominant noise component is
generated by the impingement of turbulent structures on
the plate.

6. CONCLUSION

In this work, one jet impinging on a plate with no hole
and four jets impinging on a plate with a hole have been
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Figure 8. Amplitude fields of acoustic waves in the wavenumber (k,., k,) plane for (a) M31, (b) M31h0, (c) M31h13,
(d) M31h2, () M31h3 and (f) M31h4; - - - propagation directions of incident and reflected Mach waves.

simulated in order to study the noise generated in the up-
stream direction. They have been compared with the cor-
responding free jet. The upstream acoustic levels are re-
duced when the hole diameter increases, which suggests
that the impingement noise is the main contribution to the
noise in the upstream direction. A spatial Fourier trans-
form has been applied to the pressure fields to determine
the directivity of the upstream acoustic waves. This di-
rectivity differs from the one of the reflected Mach waves,
supporting that the impingement noise is dominant in the
upstream direction.
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