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ABSTRACT:

This study aims to numerically investigate the noise radiated by a reduced-scale rocket engine
jet at lift-off conditions including a flame trench. An over-expanded Mach 3.1 hot jet entering
a flame duct where it impinges on a deflector before being guided in a horizontal duct, is
considered. The computation is performed with a two-way coupled approach on unstructured
grids. This methodology relies on a large-eddy simulation of the jet and the acoustic near
field, associated with a full Euler simulation of the acoustic far field. The aerodynamic and
acoustic results are compared to a previous computation involving the Ffowcs Williams and
Hawkings approach and show a better agreement with the measurements conducted at the
MARTEL facility. A more careful analysis of the pressure field suggests that the noise is
strongly influenced by the flame trench geometry. Nonlinear propagation effects, natively
taken into account by the full Euler solver, are finally highlighted and discussed. Based on
appropriate metrics, a good agreement with the experiment is obtained.

DOI: https://doi.org/10.1121/10.0003759

I. INTRODUCTION

Rocket engine jets are known to generate a severe
acoustic environment at lift-off which can be harmful to
the launcher, its payload, and the launch pad structures.
The noise from supersonic jets has been widely inves-
tigated1. Experimental studies were first conducted to
identify the turbulent mixing noise, the broadband shock-
associated noise and the Mach wave radiation2. Specific
mechanisms such as nonlinearities and crackle3,4, screech
and feedback effects5 and interaction with elementary ob-
stacles6,7 have been considered. Studies on reduced-scale
launch pads8–10 have helped to develop noise reduction
devices for space applications. However, full-scale firings
or experiments with realistic launch pad geometries are
still challenging in terms of cost and quantitative mea-
surement possibilities.

Semi-empirical models11 provide low-cost jet noise
level predictions but installation effects cannot be prop-
erly taken into account. Consequently, these approaches
are gradually replaced by unsteady numerical simulations
of the Navier-Stokes equations which give access to com-
prehensive flow information on complex configurations.
The large-eddy simulation (LES) is now commonly used
to compute hot supersonic jets with the associated acous-
tic fields12 but a special attention must be paid to the
nozzle exit boundary layer state13,14. Impinging effects
have also been numerically examined. To mention a few,
Gojon et al.

15 and Dauptain et al.
16 have studied feed-

back loops, Brehm et al.
17 have detailed noise generation

mechanisms with an inclined plate, Nonomura et al.
18,19

have investigated plate distance and angle effects on noise

sources, and Tsutsumi et al.9,10 have focused on obstacle
shapes and launch pad design.

The acoustic far field can be extrapolated at low cost
by an integral method20 as applied in practical configu-
ration of impinging jet9,21. The assumptions of a homo-
geneous propagation medium and linear acoustic regime
are, however, required. Therefore, this approach might
be unsuitable for space applications where the acoustic
field is subject to complex installation effects and nonlin-
ear propagation effects induced by high noise levels3,22,23.
A coupling procedure between a flow solver and a com-
putational aeroacoustics solver based on the resolution
of the full Euler equations is a relevant alternative strat-
egy. One-way coupling methods have been successfully
applied to jet noise22,24,25 but are unable to deal with
feedback phenomena or secondary flows. Recently, a
two-way coupling procedure between fully unstructured
Navier-Stokes and Euler solvers has been developed, val-
idated26 then applied to free27 and impinging jet28 cases.

The present study aims at extending this two-way
coupling methodology to a realistic launch pad configu-
ration in order to gain more insight into the aeroacoustic
mechanisms. The noise from an over-expanded Mach 3.1
hot jet at lift-off conditions is simulated in the presence of
a model flame trench. The paper is organized as follows.
In Section II, the case parameters and the corresponding
available database are described, as well as the numerical
procedure encompassing the solver features, the coupling
method, the grid design, and the turbulence tripping.
The aerodynamic fields are discussed in Section III. The
main flow properties are commented on. Comparisons
with a previous computation and the available measure-
ments from the equivalent free jet case are then exhibited.
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The acoustic results are presented in Section IV focusing
on instantaneous fields and comparisons with noise mea-
surements and a Ffowcs Williams and Hawkings compu-
tation. Discussions about the flame trench effects on the
spatio-frequency content of the noise and the nonlinear
propagation effects are then proposed. The relevance of
several nonlinearity metrics is addressed. Concluding re-
marks are provided in Section V.

II. SIMULATION PARAMETERS

A. Case definition and database

1. Jet conditions

An over-expanded hot jet with a design Mach num-
ber Md = ue/ce = 3.1 and a Reynolds number ReD =
ueD/νe = 3 × 105 is considered, where the subscript e
refers to the jet exit conditions on the centerline. The
equivalent ideally expanded Mach number is Mj = 2.8.
The jet results from a hydrogen-air combustion at a to-
tal pressure pi = 30 × 105 Pa and a total temperature
Ti = 1750K. The equivalent propellant gas has a spe-
cific heat ratio γ = 1.3. The jet is exhausted from a
convergent-divergent nozzle with an exit diameter D =
60mm at the velocity ue = 1670m/s under the conditions
Te/T∞ = 2.6 and pe/p∞ = 0.6. The ambient medium is
air at γ = 1.4, T∞ = 293.15K and p∞ = 1× 105 Pa.

2. Experimental set-up

These jet conditions are chosen to match an experi-
mental study conducted at the MARTEL semi-anechoic
facility29. The test bench aims at investigating free or
impinging supersonic jet noise and allows the set up of
reduced-scale launch pads at lift-off conditions. The con-
figuration of interest in this work consists of a cylindri-
cal body, containing the motor and the nozzle, mounted
above a single-duct flame trench as represented in Fig-
ure 1. The flame trench is composed of a vertical square
duct with a circular inlet and a 45◦ inclined deflector fol-
lowed by a horizontal square duct. The nozzle exit is
located 1D above the trench inlet. The trench exit is
situated at x = 20.45D away from the jet axis.

3.Measurement and simulation database

No aerodynamic measurements have been performed
for this configuration. Nevertheless, a one point-two com-
ponents laser Doppler velocimetry (LDV) campaign has
been operated for a free jet with an identical nozzle and
close generating conditions27,30. These measurements in-
clude the profiles of mean axial and radial velocities, root
mean square fluctuating axial and radial velocities, along
the jet centerline and radially at four axial locations, 1D,
3D, 3.67D, and 6D away from the nozzle exit.

The present flame trench configuration involves nu-
merous near field and far field noise measurements. The
arrays marked as C, F, and G in Figure 1(a) consist of
three standalone microphones C1, C2, and G3 in addi-
tion to four rings of sensors F1, G1, F2, and G2, each

composed of four microphones spaced every ∆ϕ = 90◦ in
azimuth. The diameters of the rings F and G centered on
the motor axis are, respectively, 4.0D and 10.5D. Four
arcs of microphone denoted AZn |n ∈ [1, 2, 4, 5], with
a radius of 70D centered on the intersection point of
the jet axis with the ground, are located at azimuths
ϕ ∈ [−22.5◦, 67.5◦, 157.5◦, 247.5◦]. On each arc, the mi-
crophones are spaced by an observation angle of ∆θ =
11.25◦. The microphone recording bandwidth is 50 kHz.

A previous computation of this flame trench config-
uration has been also carried out31 which complement
the database. The same flow solver was used but on a
different mesh and no turbulence tripping strategy was
implemented. The acoustic far field was treated with the
Ffowcs Williams and Hawkings (FW-H) approach.

B. Numerical procedures

1. Overall set-up

The jet and the acoustic near field are simulated
by solving the Navier–Stokes equations by LES in the
region hereafter denoted zone Z1 and the acoustic far
field is computed solving the full Euler equations in zone
Z2 as illustrated in Figure 1. The solvers are coupled
through two disjoint surfaces. The first one, denoted
S1, links the circular section of the motor body to the
square section of the trench top. The second one, de-
noted S2, extends from the square section of the hor-
izontal duct just before the exit and gradually widens
downstream up to a semi-circular section in the plane
of the domain external boundary. The nozzle exit plane
is positioned at the altitude ynzl = 6.54D in the Carte-
sian coordinate system and the nozzle-to-plate distance
is himp = 6.72D. In this paper, the cylindrical coor-
dinate system (y, rcyl, ϕ), centered on the jet axis and
the origin (ynzl, 0, 0), or the spherical coordinate system
(rsph, θ, ϕ), centered on the intersection of the jet axis
with the ground, are sometimes preferred for convenience
of analysis. The convergent-divergent nozzle, the motor
body, and the ground are explicitly included in the com-
putation. The whole domain extends in a parallelepiped
of dimension 158.3×150.0×93.7D3. The external bound-
aries of Z2 are all set as non-reflective conditions except
for the ground and the motor body, set as purely reflec-
tive walls. The downstream boundary of Z1 is set as a
non-reflective subsonic outlet.

The widening rate of the surface S2 has to be care-
fully chosen to ensure that the hot and turbulent exhaust
flow is contained within Z1. Indeed, feeding the acoustic
solver with hot propellant gas can cause spurious noise
and robustness problems. At the same time, the volume
dedicated to the Navier–Stokes solver has to be limited
for computational cost reasons. Consequently, an addi-
tional mean flow of 20m/s in the direction ~x has been
arbitrarily imposed in the whole domain to ensure that
this secondary flow is maintained within Z1, but limited
repercussions on the acoustic field are assumed (see the
interference discussed in section IVB).
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(a) (b)

FIG. 1. (Color online) Configuration set-up in side view (a) and top view (b). The blue squares and crosses indicate the near

field microphones and the blue dots the far field microphones. The origin is marked as a red square in Cartesian coordinates,

as a red circle in cylindrical coordinates, and as a red dot in spherical coordinates.

2. Flow solver

The computation in Z1 is carried out with the multi-
physics platform CEDRE which operates on general
unstructured elements32,33. The filtered compressible
Navier–Stokes equations are solved with a Smagorinsky
subgrid-scale model with a constant value Cs = 0.1. No
wall model is used but the van Driest damping function
is implemented. The specific heat is defined by a 7th

order polynomial for air and is set constant for the pro-
pellant gas. Species viscosity is calculated according to
the Sutherland law. The time integration is performed
with an implicit 2nd order Runge–Kutta scheme asso-
ciated with a GMRES linear system solver. The flux
is calculated with a 2nd order k-exact method34 and
a Harten–Lax–van Leer contact flux-difference splitting
scheme35.

3. Acoustic solver

The unstructured computational aeroacoustics code
SPACE36 is used in Z2. The full Euler equations are
solved via a nodal discontinuous Galerkin (DG) method
using high-order polynomial elements. The propagation
medium is air, whose thermodynamic properties are set
constant with γ = 1.4. The time integration is achieved
with an explicit 2nd order Runge–Kutta scheme and ele-
ments up to the 4th order are employed. The DG method
in SPACE allows to locally adapt the element orders.
This feature is called order mapping or p-adaptation.
Characteristic-based non-reflective boundary conditions
and a shock-capturing scheme are also implemented.

4. Two-way coupling

The flow and the acoustic solvers are two-way cou-
pled at the interfaces S1 and S2. The cell localization and

the data exchange are handled by the CWIPI coupling
library32,37. Conformal tetrahedral meshes without over-
lapping are considered at the interfaces. The coupling
algorithm consists of locating the boundary cells on each
side of the interfaces, then calculating and exchanging
at every time step the quantities required by the other
solver. A more complete description of the coupling fea-
tures can be found in reference26. Since the flow and
the acoustic computations are, respectively, second and
fourth order accurate, the coupling interface can be seen
as an accuracy discontinuity which could generate spuri-
ous noise and numerical instabilities. This issue is treated
by locally adapting element orders close to the interface
on the SPACE side. The small size cells imposed by the
flow solver at the interface in Z1 are set to the second
order in Z2. Moving away from the interface, the cell
size increases and the element orders quickly rise to the
third, then to the fourth order. This method ensures a
smooth transition from the numerical accuracy point of
view, without reducing the computation order since the
flow solution remains second order accurate.

5. Turbulence tripping

The jet exit conditions have been found critical to
properly reproduce the shear layer thickness, its spread
rate, and the generated noise13,38,39. In order to con-
trol the initial turbulence level, the flow can be either
seeded with synthetic fluctuations14,39,40 or geometrically
disturbed at the nozzle wall via surface roughness41 or
obstacles42. In the present work, a 0.01D high axisym-
metric step is added in the convergent nozzle, 1.37D up-
stream of the nozzle exit plane. Combined with a suffi-
ciently refined grid along the nozzle downstream wall, the
tripping yields peak fluctuating velocity levels u′

y/ue of
about 7% in the exit plane as shown below in Figure 5(b).
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6. Validation

All aspects of the numerical procedure have been val-
idated independently. Academic cases involving acous-
tics have been directly simulated with the flow solver
CEDRE26. In practical simulations, the required spatial
resolution in terms of point per wavelength (PPW) has
been found to be PPW = 20 for a proper wave prop-
agation on unstructured tetrahedral meshes27,33. The
acoustic solver SPACE has been similarly evaluated36,43.
A spatial resolution of PPW = 5 at the 4th order, higher
than the minimal requirement, is used here. The result-
ing numerical dissipation is approximately 10−3 dB per
wavelength at the cut-off frequency which is on the or-
der of the atmospheric viscous damping44. The two-way
coupling between the solvers has been also validated on a
series of appropriate cases including propagation of high
amplitude waves and shocks26.

The methodology has then been applied to the free
jet case. The effect of the step on the turbulence trip-
ping inside the mixing layer has been quantified indepen-
dently of the mesh refinement27 and the best geometrical
parameters have been adopted here. The effect of the
acoustic method, i.e., the full Euler solver or the FW-H
approach, on the far field noise computation has been
examined both in case of a coarse mesh30 and a refined
mesh27. A significant grid effect on the noise levels has
been found and is discussed in the references. The Euler
solver compared to the FW-H approach has given better
predictions in terms of noise directivity as well as fre-
quency content and statistical properties of the pressure
time histories. This fully validated new approach is used
in the present work. To illustrate the benefits on the
present configuration, it will be compared to a similar
computation performed with the previous approach (no
turbulence tripping and FW-H extrapolation).

7. Grid parameters

The unstructured grid used in the previous compu-
tation is depicted in Figure 2(a) and is denoted grid A.
It is composed of 74× 106 tetrahedra and prisms, where
6.7×106 cells were devoted to the nozzle, 32.7×106 to the
trench, 24.9×106 to the external field extending up to the
FW-H surface, and 9.9× 106 beyond as buffer zone. The
edge of the tetrahedra was typically a = 28× 10−3D in-
side the nozzle, 33× 10−3D ≤ a ≤ 73× 10−3D inside the
trench, and a = 97× 10−3D outside. The prisms height
at the trench walls was constant with h = 7× 10−3D.

The new mesh presented in Figure 2(b), denoted
grid B, is unstructured and mainly composed of tetrahe-
dra. It includes 117×106 cells in Z1 for the Navier–Stokes
computation, where 31.0 × 106 cells are devoted to the
nozzle, 55.2× 106 to the trench, 30.9× 106 outside, and
93× 106 cells in Z2 for the Euler computation, or, equiv-
alently, 1.8×109 degrees of freedom when the high-order
elements are taken into account. The characteristic cell
sizes according to the geometrical type are given at key
locations in Table I. Note that the equivalent cell diam-
eter is defined by dcell = 6V/A where V and A are, re-

dcell × 103/D

(a)

dcell × 103/D

(b)

FIG. 2. (Color online) Mesh visualization in the plane ~x~y(z =

0) colored by dcell for grid A (a) and grid B (b). The FW-H

integration surface on grid A and the coupling interface on

grid B are represented as a dashed black line.

spectively, the volume and the total face area of the cell.
For a regular tetrahedron of edge a, dcell is then equal to
the diameter of the inscribed sphere a

√
6/6.

Particular attention is paid to the refinement of the
step and the downstream nozzle wall with hexahedra.
The azimuthal resolution at the lips is 2π/∆ϕ ≃ 800
points. The trench walls are discretized with ten layers of
prisms. The impingement point on the deflector and the
wall immediately downstream are especially refined. The
tetrahedra size inside the jet gradually increases down-
stream of the lips. The overall acoustic cut-off frequency
Stc of the simulation, with St = fD/ue the Strouhal
number, is estimated from the maximum cell size im-
posed in the refined domain, which extends up to the
far field microphones of the arrays AZn. This results in
Stc ≃ 0.24 considering dcell = 35×10−3D and PPW = 20
in the Navier–Stokes zone Z1, and Stc ≃ 0.23 considering
dcell = 150× 10−3D and PPW = 5 in the Euler zone Z2.
In comparison, grid A was coarser than grid B, providing
an azimuthal resolution at the lips of 400 points, thicker
prisms inside the trench and finally an acoustic cut-off
frequency of Stc ≃ 0.2.

The computation has been performed on 1736 Broad-
well processors of the ONERA’s parallel scalar clus-
ter. The total cost is 4 × 106 CPU hours. The simula-
tion provides an established aerodynamic state duration
of 1110D/ue = 230D/c∞ and a minimum established
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TABLE I. Characteristic sizes of the hexahedra at the nozzle

walls (top), the prisms at the flame trench walls (mid), and

the tetrahedra inside the jet, the flame trench and in the outer

acoustic field (bottom).

step throat divergent lips

ynzl − y −1.37D −1.16D −0.17D −0.0D

∆y × 103/D 2.3 1.6 3.3 2.5

r∆ϕ× 103/D 2.1 1.6 3.5 3.8

∆r × 103/D 0.5 0.3 0.8 0.8

dcell × 103/D 1.0 0.7 1.4 1.6

imp. point lower wall upper wall

x 0.0D 1.8D 20.45D 1.8D 20.45D

h× 103/D 2.2 1.7 6.7 10.0 10.0

a× 103/D 5.0 8.3 25.0 50.0 33.3

dcell × 103/D 2.7 3.0 10.4 17.7 14.7

lips shear layer jet axis Z1 Z2

ynzl − y 0.0D 1.0D 0.0D 1.33D N/A N/A

a× 103/D 2.5 8.3 25.0 16.7 85.7 367.0

dcell × 103/D 1.0 3.4 10.2 6.8 35.0 150.0

acoustic state duration of 835D/ue = 175D/c∞ as ex-
ploitable time, which can be limited in terms of temporal
convergence for low frequencies. The minimum accessible
frequency in the far field is then Stmin = 1.2× 10−3 but
in practice, a relevant low frequency bound considering
a few periods is set to Stmin = 1× 10−2.

III. FLOW FEATURES

A time-resolved simulation of the transient flow im-
mediately after the motor ignition has been first con-
ducted on grid B. The primary and secondary flows in the
near field are roughly established within 420D/ue of time.
A mass flow rate of 1.28 kg/s is injected by the nozzle.
Once the mean trench inflow and outflow are balanced,
the entrained air accounts for more than half of the total
mass flow rate of 2.7 kg/s inside the duct. Similar mass
flow rates are recovered on grid A. Instantaneous vortic-
ity fields after the transient period are displayed in the
three cut planes ~x~y(z = 0), ~y~z(x = 0) and ~y~z(x = 10D)
in Figure 3(a). They show the shear layer development
and the turbulent structures downstream of the impinge-
ment. Significant vorticity levels are found close to the
nozzle exit thanks to the turbulence tripping strategy.

The mean Mach field is depicted in the same three
cut planes in Figure 3(b). The impingement of the su-
personic jet induces a strong plate shock followed by a
wall jet showing a secondary shock train as obtained by
Nonomura et al.

19 for instance. The plate shock yields

(a)

(b)

FIG. 3. (Color online) Instantaneous vorticity field (a) and

mean Mach number field (b) in the planes ~x~y(z = 0), ~y~z(x =

0), and ~y~z(x = 10D). The sonic line is represented as a solid

black line and the coupling interface as a dashed black line.

a subsonic flow immediately downstream, which explains
the local shrinkage of the sonic line. The junction of the
deflector with the bottom wall can be seen as a second
impingement and generates another shock. The wall jet
also spreads on the sides and goes up the lateral walls.

Given that no aerodynamic measurements have been
performed on this specific configuration, the velocity field
is compared with the LDV data acquired for the free jet
at a nearly identical motor operating point27. In the fol-
lowing, all positions and lengths indicated by an asterisk
are made dimensionless by the jet exit diameterDe. Note
that the simulated jet is slightly separated in the vicin-
ity of the nozzle lips, leading to an effective jet diameter
De = 0.97D. The dimensionless nozzle-to-plate distance
then becomes h∗

imp = 6.95.
The mean axial velocity and the fluctuating (RMS)

velocity along the jet centerline are reported in Fig-
ures 4(a) and 4(b), respectively. The mean velocity in
the present simulation on grid B shows analogous val-
ues with the measurements but a shifted second shock.
The early drastic velocity decrease matches with the first
shock which turns out to be a small Mach disk. Its lo-
cation on the axis is similar to that of the free jet but
the following shock cell is substantially longer. A length
of L∗

1st shock = 3.0 is obtained while L∗

1st shock = 2.6 is
found in the free jet case, whether based on the exper-
iment, the simulation27 or the analytical model of Tam
and Tanna’s45. The difference can be attributed to both
the ambient air suction and confinement effects in the
vertical duct. Knowing that the geometrical tripping
only seeds fluctuations in the vicinity of the nozzle wall,
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FIG. 4. (Color online) Profiles along the jet centerline of

dimensionless mean axial velocity (a) and fluctuating veloc-

ity (b) for the free jet experiment (red line with dots), the pre-

vious simulation on grid A (solid gray line), and the present

simulation on grid B (solid black line).

the simulation shows a lack of turbulence on the axis at
the nozzle exit compared to the experiment as already
stressed in past studies30,46. A better agreement is ob-
tained downstream of the Mach disk thanks to fluctu-
ations generated by the triple-points27. The mean and
fluctuating velocities decrease downstream of the plate
shock at y∗nzl−y∗ = 6.7 and finally fall to zero at the im-
pingement point y∗nzl − y∗ = h∗

imp. Small discrepancies
are found between grids A and B regarding the centerline
which suggests limited grid effects.

Radial profiles of the mean axial velocity and the
fluctuating axial velocity are depicted in Figures 5(a)
and 5(b), respectively. It should be noticed that the jet is
no longer axisymmetric at the last location y∗nzl− y∗ = 6
because of the impingement. Consequently, the corre-
sponding profiles are plotted without azimuthal averag-
ing, only taking into account the radius x > 0 along the
~x-axis. The mean velocity on grid B remains close to the
measurements and slows down just before the impinge-
ment. The turbulence tripping allows significant fluc-
tuation levels in the emerging shear layer leading to a
reasonable agreement downstream. On the contrary, the
fluctuating velocity is strongly underestimated on grid A
near the nozzle exit, leading to a narrower shear layer, an
abrupt laminar-turbulent transition and finally an over-
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FIG. 5. (Color online) Radial profiles of dimensionless mean

axial velocity (a) and fluctuating axial velocity (b) for the free

jet experiment (red line with dots), the previous simulation on

grid A (solid gray line), and the present simulation on grid B

(solid black line).

estimation of turbulence intensity at y∗nzl − y∗ = 6. The
improvement provided by the turbulence tripping and
the mesh refinement on grid B appears necessary for a
proper turbulence development. Near the impingement
at y∗nzl − y∗ = 6, the fluctuation rate in the shear layer
close to the jet core increases faster in the simulations
than in the free jet case. It is likely that the confinement
and the recirculating flows in the vertical duct favor the
penetration of turbulent structures into the potential core
as occurring on the snapshot in Figure 3(a).

The properties of turbulence are examined by cal-
culating power spectral densities (PSD) of the velocity
field. The dB scale is computed with a reference value
of 1m/s. The axial velocity spectra inside the jet shear
layer in Figure 6 indicate that the turbulence has still not
reached an homogeneous and isotropic state before the

impingement since the St−5/3 slope of the Kolmogorov’s
law is not clearly followed. Downstream of the impinge-
ment inside the horizontal duct, PSDs of the velocity ux

above the bottom wall at the locations marked by black
dots in Figure 3(b), are given in Figure 7. The spectra

fit the St−5/3 slope over a decade. The range of the tur-
bulent energy cascade gradually shifts to lower frequen-
cies when moving downstream, reflecting the formation
of larger turbulent structures as expected.
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IV. ACOUSTICS

Because the flow and the acoustic field inside the
flame trench are particularly complex due to the geome-
try, the noise sources are hard to distinguish. Looking at
the analyses from the literature dealing with jets imping-
ing on inclined plates7,17,19, it is assumed that the noise
generation mechanisms mainly consist of the Mach wave
radiation from the free jet, including the reflections on
the deflector, the noise associated with the interaction of
large turbulent structures with the plate and tail shocks,
and the Mach wave radiation from the wall jet.

A. Instantaneous fields

Instantaneous pressure fields in the four cut planes
~x~y(z = 0), ~y~z(x = 0), ~x~z(y = 20D), and ~y~z(x = 20D)
in Figure 8 illustrate the wave propagation in the whole
refined domain of grid B. A proper continuity can be ob-
served at both coupling interfaces S1 and S2, indicated
by black dashed lines. The noise is emitted mostly from
the trench exit area and to a lesser extent from the spac-
ing between the nozzle and the trench inlet. The wave
pattern in Figure 8(c) suggests a quite directive source
near the location (x, y, z) = (22D, 0, 0). If these coor-
dinates are taken as reference point, the angle range of
dominant radiation roughly extends from 55◦ to 85◦ in
the plane ~x~y(z = 0) and from ±40◦ to ±80◦ in the plane
~x~z(y = 20D) as represented by red dotted lines, respec-
tively, in Figures 8(a) and 8(c). Directions of dominant
radiation do not stand out so clearly in the two trans-
verse planes in Figures 8(b) and 8(d). Since it is not ob-
vious on the snapshots, it has been verified that the noise
emanating from the spacing between the nozzle and the
trench comes from both the free jet, especially early Mach
waves reflected on the trench top, and the waves escaping
from the trench inlet. The resulting acoustic field fed by
the two sources is subject to complex reflection, diffrac-
tion, and interference phenomena. In addition, the waves
diffracted by the trench exit edges radiate toward the
motor and can be reflected, diffracted, or re-transmitted
to the Navier–Stokes zone through S1. The wavelengths
longer than the motor body diameter, i.e. St < 0.05 ap-
proximately, are especially diffracted. Consequently, sig-
nificant interference are expected in the x < 0 region, be-
hind the motor body and the vertical part of the trench.
Moreover, the noise from the trench exit can interfere
with its own reflections and also directly with the noise
from the spacing between the nozzle and the trench inlet.
Finally, shadow zones are noticeable, in the +~x direction
downstream of the trench exit, and in the −~x direction
behind the motor body.

B. Comparison with noise measurements

The acoustic results are first compared to the exper-
iment regarding the overall sound pressure levels. The
OASPL is calculated by integrating the PSD over the re-
solved frequency range 0.01 ≤ St ≤ 0.23. The dB scale is
computed with a reference value of 2× 10−5 Pa. The mi-
crophone locations as well as the definition of the angles
θ and ϕ are reminded in Figure 8.

The levels at the near field microphones on the arrays
C, F, and G are provided in Table II. Very good agree-
ment is obtained at most of the locations in the present
Euler simulation on grid B, with an absolute difference of
1.1 dB on average. In comparison, the FW-H extrapola-
tion from grid A provides a reasonable absolute difference
of 2.3 dB on average. The field symmetry is respected
to within 1 dB when considering the microphones at az-
imuths ϕ = ±90◦. Drops in level in the shadow zone at
the azimuth ϕ = 180◦ behind the motor body are found
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FIG. 8. (Color online) In-
stantaneous pressure field
in the planes ~x~y(z =
0) (a), ~y~z(x = 0) (b),
~x~z(y = 20D) (c), and
~y~z(x = 20D) (d). The
estimated angle range of
dominant radiation is in-
dicated by dotted red
lines. The coupling in-
terface is represented as a
dashed black line and the
boundary of the refined
computational domain as
a dashed blue line. The
blue squares and crosses
indicate the near field mi-
crophones and the blue
dots the far field micro-
phones.

at F1c, F2c, G1c, and G2c while the FW-H approach
fails to capture this behavior since the installation ef-
fects are not properly taken into account. Note that this
drop is not recovered experimentally at G1c. It could be
explained by slight discrepancies in interference patterns
or by additional installation effects since the motor body
is not a perfect cylinder in the experiment. A limited
overestimation of about 2 dB is predicted at the closest
points from the main noise source, i.e., C1 and C2.

Regarding the far field microphones, the OASPLs are
plotted in Figure 9 against the observation angle θ along
the arrays AZn. Both the OASPL from bounded and full
experimental spectra are displayed for completeness. The
directivity shapes are well reproduced in the Euler simu-
lation on AZ1 and AZ2 with peak angles at θpeak ≃ 50◦

and θpeak . 20◦, respectively. These maximums are as-
sociated with the directive noise from the trench exit pre-
viously highlighted. The largest deviations on these two
arrays compared to the experiment is +1.7 dB on AZ2
at θ = 11.25◦. The levels are significantly lower on AZ4
and AZ5. The fine variations are more difficult to sim-
ulate because of the complex reflection, diffraction, and
interference effects in the x < 0 region. The maximum
deviation reaches −2.8 dB on AZ4 at θ = 78.75◦ but the
overall accordance remains satisfactory. The FW-H sim-
ulation gives very good estimations on AZ4 and AZ5 with
a 2.3 dB maximum deviation. On the contrary, the peak
angle is shifted by 10◦ on AZ1 and the levels are overes-

timated by 2 to 5 dB on AZ2. The Euler computation on
grid B is clearly superior in these regions.

The acoustics are now compared in terms of PSDs.
Unless otherwise stated, the Welch method is used with
a 50% overlapping and a natural windowing as recom-
mended for broadband signals. The number of blocks
is adjusted according to each exploitable time to obtain
the same frequency sampling ∆St = 7× 10−3. Figure 10
includes the PSDs on the arrays AZn at θ = 45◦ while
Figure 11 gives the PSDs on AZ1 at all observation an-
gles where measurements are available. The PSDs at the
locations C1 and G3 are also provided in Figure 10.

The experimental data exhibit recurrent broadband
peaks roughly centered on St ∈ [0.015, 0.03, 0.06, 0.12,
0.175, 0.22], particularly visible at C1 and G3 or at
AZ1(θ = 78.75◦). Except for some poorly captured
peaks, for example, St ≃ 0.03 at AZ4(θ = 45◦), the ma-
jor trends and peaks are finely predicted by the present
simulation. In the x > 0 region, the PSDs at C1, C2,
and AZ1(θ ≥ 45◦) point out that the noise from the
trench exit, that is radiating in the dominant direction
as well as at larger angles, mainly contains mid frequen-
cies 0.05 < St < 0.20 in particular around St = 0.06 and
St = 0.12. On the contrary, the noise emitted at shallow
angles is dominated by lower frequencies, in particular
around St = 0.015 and St = 0.03. The drop in level
around St = 0.04 found on AZ4 at θ = 45◦ as well as on
the upper half of the array (not shown) is certainly the
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TABLE II. OASPL in the near field at the microphone arrays C, F, and G. All levels are integrated over the range 0.01 ≤ St ≤

0.23. The measurement at F1b suffers from a spurious noise. The microphone G3 is located inside the FW-H surface.

array micro azimuth ϕ

OASPL

experiment
previous deviation present deviation
simul.(FW-H) from exp. simul.(Euler) from exp.

C
C1 +0◦ 141.9 dB 144.4 dB +2.5 dB 143.7 dB +1.8 dB
C2 +0◦ 148.4 dB 149.4 dB +1.0 dB 150.7 dB +2.3 dB

F

F1a +0◦ 133.7 dB 130.4 dB −3.3 dB 132.8 dB −0.9 dB
F1b +90◦ N/A 130.4 dB N/A 130.4 dB N/A
F1c +180◦ 125.7 dB 129.8 dB +4.1 dB 124.8 dB −0.9 dB
F1d −90◦ 131.1 dB 130.6 dB −0.5 dB 131.4 dB +0.3 dB

F2a +0◦ 134.5 dB 130.6 dB −3.9 dB 133.2 dB −1.3 dB
F2b +90◦ 131.1 dB 132.9 dB +1.8 dB 132.4 dB +1.3 dB
F2c +180◦ 126.7 dB 131.3 dB +4.6 dB 126.8 dB +0.1 dB
F2d −90◦ 131.4 dB 132.0 dB +0.6 dB 132.5 dB +1.1 dB

G

G1a +0◦ 130.3 dB 131.1 dB +0.8 dB 130.7 dB +0.4 dB
G1b +90◦ 128.2 dB 130.7 dB +2.5 dB 128.8 dB +0.6 dB
G1c +180◦ 128.2 dB 129.5 dB +1.3 dB 125.4 dB −2.8dB
G1d −90◦ 128.3 dB 131.1 dB +2.8 dB 129.2 dB +0.9 dB

G2a +0◦ 131.3 dB 131.9 dB +0.6 dB 132.0 dB +0.7 dB
G2b +90◦ 129.5 dB 132.5 dB +3.0 dB 130.7 dB +1.2 dB
G2c +180◦ 127.0 dB 131.1 dB +4.1 dB 127.9 dB +0.9 dB
G2d −90◦ 129.7 dB 131.7 dB +2.0 dB 130.7 dB +1.0 dB

G3 +0◦ 134.5 dB N/A N/A 135.9 dB +1.4 dB
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FIG. 9. (Color online) OASPL as a function of the observation angle θ on the arrays AZ1 (a), AZ2 (b), AZ4 (c), and AZ5 (d)

for the experimental data integrated over the range 0.01 < St < 0.23 (red line with dots) and integrated over the full spectrum

(dashed red line), the previous simulation with the FW-H approach (gray line with crosses), and the present simulation with

the Euler solver (black line with squares) both integrated over the range 0.01 < St < 0.23.
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AZn at the observation angle θ = 45◦ and on the micro-

phones C1 and G3, for the experimental data (solid red line),

the previous simulation with the FW-H approach (solid gray

line), and the present simulation with the Euler solver (solid

black line). The estimated cut-off frequency Stc = 0.23 is

represented as a dashed black line.

result of an interference because the corresponding wave-
length is close to the motor body diameter. The differ-
ence with the experiment and the previous computation
could be a side effect of the motor body modeled as a per-
fect cylinder, or of the free stream imposed in the present
computation which shifts the interference patterns.

The PSDs calculated from the FW-H simulation in
Figure 10 show more discrepancies with the experiment.
The levels at mid frequencies 0.04 < St < 0.1 are over-
estimated in most of the spectra, in particular on AZ2,
AZ4, and AZ5 at all angles (not shown), while they are
underestimated at low frequencies St < 0.3, especially at
shallow angles on AZ1 and AZ2. The difference is less
pronounced in the near field for the arrays C, F, and G
in the region x > 0 which suggests a major effect of the
acoustic method on the far field propagation.
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FIG. 11. (Color online) PSDs of the pressure on the array AZ1

at all the observation angles θ for the experimental data (solid

red line) and the present simulation with the Euler solver

(solid black line). The estimated cut-off frequency Stc = 0.23

is represented as a dashed black line.

C. Flame trench effects on the radiated noise

It can be shown that the flame trench tends to re-
duce the overall radiated noise level. The acoustic power
integrated over a duct section is approximated by

Pac =

∫

p′2

ρ.c
dydz (1)

where p′2 = p(t)2−p(t)
2
is the square fluctuating pressure

and c the mean speed of sound. This quantity is plotted
against the location in the horizontal duct in Figure 12.
The section surface is constant and equal to 0.046m2.
The trends are similar on both grids A and B, showing
a decreasing acoustic power when moving downstream
of the main noise sources. This effect is attributed to
the interaction between the wave propagation and the
turbulent mixing inside the duct.

A. Langenais et al., 2021 Noise radiated by a jet deflected in flame trench 10



 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 80000

 90000

 0  5  10  15  20

x/D

P a
c
[W

]

FIG. 12. Estimated acoustic power inside the horizontal duct

for the previous simulation on grid A (gray line with crosses)

and the present simulation on grid B (black squares).

The spatio-frequency content of the acoustic field is
also affected by the flame trench, obviously because of
the jet impingement on the deflector which deeply modi-
fies the dominant noise sources, but also due to the duct
geometry. The pressure field inside the horizontal duct is
represented as a spatial spectrogram in Figure 13. The
spectrogram is built from PSDs calculated at 1111×5×5
scatter points, equally distributed in each direction of the
horizontal duct. The PSDs are averaged over the 5 × 5
points in the y and z directions, then plotted against
x/D. The frequency sampling is ∆St = 2.6 × 10−3.
A Hann windowing has been used here to improve the
peak capture. In the first half of the duct, the pressure
fluctuations are strongly contaminated by the broadband
turbulence spectrum. The very high levels at x = 2D,
3.8D, and 5.7D are associated with structures convected
by the wall jet through the tail shocks as similarly ob-
tained by Brehm et al.

17. However, several peaks also
emerge from the noise downstream. For x > 12D, peaks
clearly appear at precise frequencies, especially in the
range 0.05 < St < 0.16. An explanation could be the
excitation of the transverse acoustic modes of the square
duct. The corresponding frequencies are given by

Stm(x) =
mc(x)

2L
× De

ue
(2)

where m is the mode order, L the duct width or height,
and c(x) the mean speed of sound at the location x. The
first four modes are calculated, taking c(x) equal to the
time-averaged speed of sound along the x-axis, and super-
imposed as blue dashed lines in Figure 13. In the second
half of the duct, the modes are consistent with the peaks
on the spectrogram around St = 0.05, 0.11, and 0.16.
In practice, c is heterogeneous inside the duct implying
that this approach is approximate. Moreover, longitudi-
nal duct modes could also be excited and a feedback on
the jet would be possible in the vertical part. All these
phenomena could justify the other peaks on the spectro-

gram around 0.06 < St < 0.08, St = 0.12 and even at the
lower frequencies St = 0.015 or 0.025.

As a consequence, the radiated noise outside the
trench is expected to contain peaks at specific frequen-
cies. In the near field, such features have been highlighted
earlier, for instance for the microphones C1 and G3 in
Figure 10, respectively close to the trench exit and to the
trench inlet. The broadband peaks around St ∈ [0.015,
0.03, 0.06, 0.12, 0.175, 0.22] are linked to the behavior
emphasized on the spectrogram inside the duct. Similar
results are found in the far field. To get an overview,
the fields of OASPL and peak frequency of the pres-
sure spectrum are depicted in the planes ~x~y(z = 0) and
~y~z(x = 20D) in Figure 14. The directions of dominant
radiation are associated with the highest peak frequen-
cies (light yellow-white) along narrow corridors. The mid
peak frequencies 0.05 < St < 0.16 (orange-yellow) which
are predominant on the spectrogram, are recovered in a
major part of the x > 0 region, at large angles in the
plane ~x~y(z = 0) and at all angles in the side directions.
The lowest peak frequencies (black-red) are finally found
at shallow angles in the x > 0 region and over a wide
area in the x < 0 region because of the shadow zone be-
hind the motor body. This distribution is consistent with
the PSDs on the arrays AZn in Figures 10 and 11. Note
that the high levels at low frequency in the Navier–Stokes
zone downstream of the trench exit are due to aerody-
namic perturbations. In conclusion, the whole acoustic
field seems marked by the frequencies favored by the duct
geometry.

D. Nonlinear effects

At high acoustic levels, the propagating waves can
experience cumulative nonlinear effects such as waveform
steepening, shock formation and shock coalescence. The
steepening can be seen as an energy shift to higher fre-
quencies in the spectrum. Quantifying these effects is
therefore essential to correctly determine the jet noise
properties and to assess the usefulness of solving the full
Euler equations in the far field. Given the OASPLs re-
ported in Figure 14(a), with levels higher than 160 dB at
the trench exit and higher than 140 dB on a large sec-
tion of the coupling interface S2, nonlinear effects can be
expected in the far field even at such a reduced-scale27.
A set of appropriate metrics from the literature is then
introduced, including the Goldberg number Γ, the skew-
ness Sk, the kurtosis Kt, the wave steepening factor
WSF, and the average steepening factor ASF. The skew-
ness and the kurtosis are defined for a discrete signal s
by

Sk(s) =
s3

σ3
, Kt(s) =

s4

σ4
(3)

where s3 and s4 are the third and fourth statistical mo-
ments, s the mean, and σ the standard deviation of the
signal. These metrics measure the distortion of the sig-
nal probability distribution. Their values are equal to
Sk(s) = 0 and Kt(s) = 3 in case of a Gaussian sig-
nal and increase regarding the pressure signal when the
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aged spectrogram of the pres-
sure inside the horizontal duct
as a function of x. Iso-contours
are plotted every 2 dB/St as
solid black lines. The estimated
frequencies of the transverse
acoustic modes m ∈ [1, 2, 3, 4]
of the square section are repre-
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FIG. 14. (Color online) Fields of OASPL (a), (b) and pressure spectrum peak frequency (c), (d) in the planes ~x~y(z = 0) and

~y~z(x = 20D). Iso-contours are plotted every 5 dB for the OASPL and for St ∈ [0.015, 0.03, 0.045, 0.06, 0.09, 0.11, 0.14, 0.17,

0.20] for the frequency as solid black lines. The coupling interface is represented as a dashed black line and the boundary of

the refined computational domain as a dashed blue line.

nonlinear effects are predominant over the atmospheric
viscous damping. It should be stressed that the pressure
derivative skewness Sk(ṗ) and kurtosis Kt(ṗ) are usually
considered as more sensitive to nonlinear effects than the
raw pressure metrics Sk(p) and Kt(p)4,47. The Goldberg
number3 is defined by

Γ =
βωp′λ

ρ∞c3
∞
α

(4)

where β = (1 + γ) /2 is the nonlinearity coefficient, ω the
frequency, λ the considered wavelength, and α the di-
mensionless atmospheric damping depending on the fre-
quency according to the standard ISO-961344. The rel-
ative humidity is arbitrarily set to 50% to calculate α.
The propagation is nonlinear when Γ ≫ 1. The WSF
is defined as the modulus of the average negative slope
divided by the average positive slope of the signal wave-
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form3. The reference value WSF = 1 corresponds to a
pure harmonic waveform and WSF = 0 to a perfect saw-
tooth waveform. It decreases when the nonlinear effects
are predominant over the atmospheric viscous damping.
The ASF is simply defined as the inverse of WSF and is
sometimes preferred for its more convenient dynamic48.

Four of these metrics are displayed in the plane
~x~y(z = 0) in Figure 15. The peak frequency of the pres-
sure spectrum is chosen to compute the Goldberg number
Γ in Figure 15(a). Values of Γ typically greater than 300
on the coupling interface S2 and greater than 50 (first
iso-line) in the far field in the direction of dominant radi-
ation are found which implies that the acoustic levels are
high enough to trigger the nonlinear effects. It also sug-
gests that the waves reaching the motor body could be
subject to nonlinearities. However, their significance and
actual impact on the pressure waveforms can be debated.
Hamilton49 recommends the use of an effective Goldberg
number Λ to take into account the wave divergence dur-
ing the propagation. Far smaller values of Λ compared
to Γ would have been reached considering a cylindrical or
spherical spreading hypothesis, indicating that cumula-
tive nonlinear effects are probably not important enough
to lead to shock formation far from the source once the
waves are in a spherical-spreading regime. This point
is consistent with the findings of Baars et al.

50 regard-
ing the existing laboratory-scale studies. Nevertheless,
distortion phenomena are still occurring as clearly high-
lighted by other metrics. The fields of ASF and Sk(ṗ)
in Figures 15(b) and 15(c) show increasing values along
the propagation path within a corridor in the direction of
dominant radiation. For each metric, a peak is met be-
fore the boundary of the resolved domain at rsph = 70D.
A similar result is observed with the kurtosis of the pres-
sure derivative Kt(ṗ) in Figure 15(d) but several spots
are additionally accentuated in the acoustic near field.
This same behavior has been noticed in the near field of
the free jet case27 and has been associated with localized
sharp pressure rises and drops distinct from the cumula-
tive effects. The fields of Sk(p) and Kt(p) (not shown)
do not present a satisfactory dynamic to discern the non-
linearities since identical maximum values are reached in
the x < 0 region where the acoustics levels and Goldberg
numbers are incompatible with significant cumulative ef-
fects. It confirms that the metrics based on the pres-
sure derivative are more appropriate for characterizing
the cumulative nonlinearities while the distortion of the
raw pressure probability distribution is mainly driven by
the noise sources as explained by Pineau and Bogey23.

The four quantities Γ(St = 0.06), ASF(p), Sk(ṗ),
and Kt(ṗ) are plotted in Figure 16 to compare the Euler
simulation with the experiment on the array AZ1. Know-
ing that the time sampling rate can influence the statisti-
cal properties4, the numerical signals have been degraded
to match the experimental sampling ∆t = 1× 10−5 s. In
practice, the bias has turned out to be rather marginal
because of the far more limited cut-off frequency in the
computation. The experimental trends are recovered for
all metrics with a peak angle around θ = 50◦ which is

consistent with the maximum in OASPL in Figure 9(a).
The Goldberg number profile presents a good agreement
with the experiment due to the correspondence in SPL at
St = 0.06 since α is assumed identical. On the contrary,
the levels of Sk(ṗ) and Kt(ṗ) are not well estimated. The
discrepancies are attributed to a lack of resolved high fre-
quencies, in other words because of the limited cut-off
frequency. This conclusion is corroborated by the better
agreement regarding the ASF. This metric, as well as
the WSF, is indeed more sensitive to low frequencies48

than Sk(ṗ) and Kt(ṗ). Given that the wave steepen-
ing results in an energy transfer to higher frequencies, it
also explains why the maximum deviation from the ex-
periment takes place around the peak radiation angle.
Based on the Goldberg number and the ASF, the cumu-
lative nonlinear effects are thus considered to be properly
predicted over the resolved frequency range but the pre-
dictivity remains limited by the cut-off frequency for the
other metrics.

The same metrics obtained from the FW-H compu-
tation on grid A are appended in Figure 16 for complete-
ness. As expected, Γ presents a shifted peak compared
to the experiment because of the shift exhibited in Fig-
ure 9(a). In contrast to the Euler simulation, no peak
of Sk(ṗ), Kt(ṗ) and ASF(p) are found. An analogous
finding has been obtained in the free jet case27. It con-
firms that significant nonlinear effects occurred in the far
field and that the Euler approach greatly contributes to
the fidelity of the overall simulation. Moreover, if the
use of a full Euler solver appears already necessary on
this reduced-scale configuration, it will be essential when
actual launch pads will be treated since the degree of
nonlinearity is expected to increase at full-scale50.

V. CONCLUSION

In this numerical study, the noise from a hotM = 3.1
supersonic jet impinging on a deflector inside a flame
trench is simulated. A recently implemented two-way
Navier-Stokes−Euler coupling approach is successfully
adapted to this realistic launch pad configuration cor-
responding to an experiment conducted at the MARTEL
facility. The validated numerical methodology includes
a fine meshing, a geometrical tripping of the turbulence
at the convergent wall, and locally defined high-order el-
ements in the full Euler solver.

The established flow analysis shows that the velocity
field of the jet before the impingement is affected by the
confinement and the massive air suction induced at the
trench inlet. Minor grid effects are noticed regarding the
mean flow. However, only the present simulation includ-
ing the turbulence tripping allows a proper turbulence de-
velopment in the shear layer and a reasonable agreement
with the fluctuating velocity measurements operated on
the equivalent free jet case. Fully established turbulence
spectra are found downstream of the impingement in the
horizontal duct.

The acoustic field is then discussed. The trench exit
is identified as the main noise source which radiates in
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FIG. 15. (Color online) Fields of nonlinearity metrics in the plane ~x~y(z = 0), including the Goldberg number at the pressure

spectrum peak frequency (a), the average steepening factor (b), the pressure derivative skewness (c), and the pressure derivative

kurtosis (d). Iso-contours are plotted as solid black lines. The coupling interface is represented as a dashed black line and the

boundary of the refined computational domain as a dashed blue line.
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FIG. 16. (Color online) Nonlinearity metrics on the array AZ1, including the Goldberg number at the frequency St = 0.06 (a),

the average steepening factor (b), the pressure derivative skewness (c), and the pressure derivative kurtosis (d), for the exper-

imental data (red line with dots), the previous simulation with the FW-H approach (gray line with crosses), and the present

simulation with the Euler solver (black line with squares).
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multiple dominant directions in the downstream region.
Very good agreement between the noise measurements
and the Euler simulation is pointed out. Most of the
overall sound pressure levels are recovered within a 2 dB
error, both in the near field and the far field. Complex
installation effects are highlighted including reflection,
diffraction, and interference phenomena associated with
the ground, the trench or the motor body walls. In par-
ticular, the drops in level behind the motor body are well
reproduced while the Ffowcs Williams and Hawkings ap-
proach does not capture this behavior. The frequency
content of the noise is checked by comparing the power
spectral densities and appears to be finely predicted.

Taking a closer look at the pressure field inside the
duct, the transverse acoustic modes are found to be fa-
vored. It results in broadband peaks around specific fre-
quencies in the spectra. These peaks are then recovered
in the whole acoustic field at close frequencies, partic-
ularly in the range 0.05 < St < 0.16 in the directions
of dominant radiation. The analysis suggests that the
frequency content of the noise keeps the trace of the par-
ticular duct mode frequencies in the far field.

The cumulative nonlinear effects are finally exam-
ined thanks to a set of metrics from the literature. As
expected with acoustic levels higher than 160 dB at the
trench exit, the Goldberg number exhibits values that
demonstrate a nonlinear propagation regime. However,
these findings must be put into the perspective of the
acoustic wave divergence. The use of an effective Gold-
berg number taking into account the cylindrical or the
spherical spreading would have led to far smaller values.
Significant distortion effects are nevertheless detected in
the far field by the pressure derivative skewness and kur-
tosis, as well as by the average steepening factor. These
metrics are employed to compare the experimental and
numerical signals. A satisfactory match is obtained with
the most sensitive quantities to low frequencies which
stresses out that the cut-off frequency is here the main
limitation in accurately reproducing the nonlinearities.

The degree of nonlinearity and the geometrical com-
plexity are finally expected to increase at larger scales.
The present Navier-Stokes−Euler coupling on unstruc-
tured grids thus appears appropriate to predict the acous-
tic environment at lift-off on real launch pads.
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