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15 Abstract

16 Wall-Modelled Large Eddy Simulations (LES) are conducted using a
17 high-resolution CABARET method, accelerated on Graphics Process-
18 ing Units (GPUs), for a canonical configuration that includes a flat
19 plate within the linear hydrodynamic region of a single-stream jet. This
20 configuration was previously investigated through experiments at the
21 University of Bristol. The simulations investigate jets at acoustic Mach
22 numbers of 0.5 and 0.9, focusing on two types of nozzle geometries:
23 round and chevron nozzles. These nozzles are scaled-down versions (3:1
24 scale) of NASA’s SMC000 and SMCO006 nozzles. The parameters from
25 the LES, including flow and noise solutions, are validated by com-
26 parison with experimental data. Notably, the mean flow velocity and
27 turbulence distribution are compared with NASA’s PIV measurements.
28 Additionally, the near-field and far-field pressure spectra are evaluated
29 in comparison with data from the Bristol experiments. For far-field
30 noise predictions, a range of techniques are employed, ranging from
31 the Ffowcs Williams-Hawkings (FW-H) method in both permeable and
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2 Jet Installation Noise Modelling for Round and Chevron Jets

impermeable control surface formulations, to the trailing edge scatter-
ing model by Lyu and Dowling, which is based on the Amiet trailing
edge noise theory. The permeable control surface FW-H solution, incor-
porating all jet mixing and installation noise sources, is within 2dB of
the experimental data across most frequencies and observer angles for
all considered jet cases. Moreover, the impermeable control surface FW-
H solution, accounting for some quadrupole noise contributions, proves
adequate for accurate noise spectra predictions across all frequencies
at larger observer angles. The implemented edge-scattering model suc-
cessfully captures the mechanism of low-frequency sound amplification,
dominant at low frequencies and high observer angles. Furthermore, this
mechanism is shown to be effectively consistent for both M = 0.5
and M = 0.9, and for jets from both round and chevron nozzles.

Keywords: Jet installation noise, trailing edge noise scattering, WMLES,
GPU CABARET, chevron nozzles

1 Introduction

The advent of modern high-bypass area-ratio turbofan engines in commercial
aircraft led to a significant improvement in engine-fuel efficiency and reduction
of jet noise due to the decrease in the nozzle exhaust velocity. However, the
increase in bypass ratio also increased the engine diameter. In typical jet-
under-the-wing configurations, this required the installation of engines in close
proximity to the wing to maintain the required ground clearance. Altogether,
this increased the interaction between the jet and the airframe, thereby leading
to an increased low to mid-frequency noise referred to as the jet-installation
(JI) effect. In a NASA study, Brown [1] showed that jet installation noise for a
canonical jet-flat-plate configuration depends on the vertical position of the jet
centre line with respect to the solid surface as well as the horizontal distance
between the end of the jet potential core and the flat plate edge.

In comparison to pure jet mixing noise, which primarily stems from
turbulence-turbulence interactions, the jet installation noise is caused by the
scattering of the hydrodynamic pressure field of the jet by a solid surface.
While in isolated jets, the hydrodynamic pressure field is evanescent and decays
exponentially in the radial direction [2], the presence of a solid surface in near-
jet hydrodynamic field leads to its efficient propagation to the far-field, with
notable scattering effects, particularly pronounced at the trailing edge of the
surface. One of the earliest studies, conducted by Head and Fisher [3], iden-
tified the dipole nature of jet installation noise, a finding later validated by
[4-6], underscoring the significant role played by scattering of surface pres-
sure fluctuations. In accordance with Curle’s theory [7], the surface pressure
fluctuations induced by the jet can be represented by distributing acoustic
dipoles on the surface. Ffowcs Williams and Hall [8] developed an analytical
model of sound scattering by the trailing edge of a semi-infinite flat plate,



74
75
76
s
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

Springer Nature 2021 BTEX template

Jet Installation Noise Modelling for Round and Chevron Jets 3

assuming a quadrupole source close to the surface. An alternative sound scat-
tering model was developed by Amiet [9], wherein the effective acoustic source
was identified as pressure fluctuations induced on the surface near the trail-
ing edge. These fluctuations are then scattered to the far-field. Furthermore,
compared to the Ffowes Williams and Hall [8] model, the Amiet [9] trailing
edge noise model is simpler, as it only requires a point source at the trailing
edge to obtain far-field noise predictions and does not require the computa-
tion or measurement of the effective acoustic source in the volume. Using the
underlying formulation of the Amiet model, Lyu and Dowling [10] investigated
the jet installation noise and formulated a semi-analytical model for its pre-
diction. This model utilised near-field hydrodynamic evanescent waves as the
acoustic source, derived from experimental data. The scattering of these waves
by the trailing edge to the far-field is then described by an analytical trans-
fer function. The research findings revealed that the model could accurately
predict the mechanisms of edge-scattering noise generation for cases in which
the edge of the plate was positioned within a linear hydrodynamic pressure
field, i.e., at a location where the jet plume did not directly contact the sur-
face. In addition, the accuracy of the model was closely associated with the
accurate calculation of the hydrodynamic pressure field. However, the imple-
mentation was limited to considering the axi-symmetric azimuthal mode and
round jets at a relatively low Mach number, which left a few open questions
regarding the role of higher-order azimuthal modes for higher Mach numbers
and asymmetric jets including chevrons.

In particular, the application of asymmetric nozzles such as chevrons offers
an opportunity to enhance large-scale mixing in jet flow, thereby breaking the
large-scale coherent structures and reducing the impact of the hydrodynamic
waves on the solid surface. Consequently, this could lead to a reduction of
jet installation noise. Along this line of thought, for isolated jets, Bridges and
Brown [11] analysed the factors influencing the acoustic benefits of chevron
nozzles and showed that the number of chevrons, the length of the chevron,
and the penetration angle strongly affect the peak jet noise associated with
large-scale structures in the jet. More recently, Jawahar et al. [12] performed
a series of experiments to investigate the effect of chevrons on jet-installation
noise for a jet-flat plate configuration at various Mach numbers and chevron
geometries, when the flat plate was installed in a linear hydrodynamic jet
region. Their findings demonstrated that the SMC006 chevron nozzle, iden-
tified as the most efficient for isolated jets, according to Bridges and Brown
[11], also leads to the best reduction of jet installation noise at least for the
considered jet-plate configuration. At the same time, the study indicated that
some of the fundamental mechanisms of jet installation noise, for example, the
effect of high azimuthal pressure modes for chevron jets still remain unclear
and merit further investigation. Addressing these effects is the main focus and
novelty of the current work via high-resolution computational modelling.

In particular, the goal here will be to perform a series of Wall Modelled
Large Eddy Simulations (WMLES) focusing on both installed and isolated,
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round and chevron jets from the experimental database of Jawahar et al. [12].
For validation in comparison with the Bristol experiment, the flow solutions are
combined with the Ffowcs Williams and Hawkings method to obtain far-field
noise spectra. Following this, the LES solutions of axi-symmetric and chevron
jets are analysed in detail in terms of the noise sources by implementing the
Amiet theory-based model of Lyu and Dowling [10] and coupling it with the
jet LES.

The WMLES calculations are based on the Compact Accurately Boundary
Adjusting high-Resolution Technique (CABARET) solver [13-15], accelerated
using Graphics Processing Units (GPUs) [16]. The solver employs a GPU-
optimised CABARET algorithm with asynchronous time stepping, aimed at
minimising dispersion and dissipation errors by utilising the optimal local
Courant-Friedrichs-Lewy (CFL) number for linear acoustic wave propagation
[15, 17]. In previous studies [18-21], the WMLES CABARET method has been
validated for various jet flow and noise computations, as well as for aerofoil
self-noise simulations [22, 23].

2 Numerical Setup

2.1 Installed jet configuration and flow condition

The installed jet setup and flow conditions are based on experiments conducted
at the University of Bristol’s Jet Aeroacoustics Research Facility (B-JARF).
In these experiments, the jets are positioned in a linear hydrodynamic region
(outside jet plume) relative to a flat plate, where the flow velocity is much
less than one per cent of the jet exit velocity [12]. The performance of the
anechoic test facility for a range of frequencies relevant for jet-installation-
noise has been thoroughly validated in comparison with larger scale facilities
including the NASA one for a wide range of jet flow Mach numbers [24-27].
The experiments utilised a round convergent nozzle as well as chevrons. All
of the nozzles considered in Bristol are scaled-down versions (3:1) of the base-
line round SMCO000 nozzle and its chevron derivatives employed in the NASA
experiments [1], so that the exit nozzle diameter was D; = 0.0169m. The flat
plate dimensions span 10D; axially and 24D; in the spanwise direction. To
mitigate strong scattering effects from the leading and side edges, the nozzle
exit was positioned 3.5D; downstream of the leading edge and is located at
the mid-span. The jets are considered in static conditions so that there is no
flow over the flat plate. The jet installation set-up is such that an axial dis-
tance from the jet exit plane to the trailing edge of the plate is L/D; = 6.5,
and the plate is positioned at a vertical distance of H/D; = 2 from the jet
centreline in a linear hydrodynamic jet region or outside the jet plume.

For the purpose of the present computational study, in addition to the
baseline round jet, only the SMCO006 chevron nozzle is considered. Two jet
upstream conditions are considered, which correspond to the jet acoustic Mach
numbers 0.5 and 0.9. For the Mach 0.5 jet, the corresponding total pressure
and stagnation temperatures are 121286 Pa and 273.74 K, while for Mach 0.9
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the corresponding stagnation pressure and temperature are 188566 Pa and
292.31 K. In all cases, the ambient pressure and temperature are P,,=101325
Pa, T,=288.15 K. Fig. 1 and Fig. 2 illustrates the nozzle geometries and the
setup of acoustic microphones for the installed jet case. The measurements are
taken on the reflected side of the flat plate at a distance of 95 nozzle diameters
from the nozzle exit. The observer polar angle is defined with respect to the
jet downstream flow axis.

(a) (b)
Fig. 1: Nozzle Shapes (a) SMC000 (b) SMCO006; Nozzle exit diameter
D; = 0.0169m

Polar microphone array
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Fig. 2: Schematic of the Jet-Installation configuration: L = 6.5D;,
H = 2D;, and nozzle exit diameter D; = 0.0169m



169

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

199

200
201
202
203
204
205
206
207
208
209
210
211

Springer Nature 2021 BTEX template

6 Jet Installation Noise Modelling for Round and Chevron Jets

2.2 GPU CABARET LES Solver

Flow solutions of the isolated and installed jet cases are performed with the
Wall Modelled LES method based on the Compact Accurately Boundary-
Adjusting High-Resolution Technique (CABARET) [18-21]. CABARET is a
low-dispersion and low-dissipation finite-volume scheme for solving unsteady
gas dynamics equations. As detailed in [15, 17], an explicit asynchronous time-
stepping algorithm is utilised to time-march the flow solution in an optimal
manner with a Courant-Friedrichs-Lewy (CFL) number of CFL=0.5, which
corresponds to exact solutions for the linear advection equation. The algorithm
employs a hierarchy of local time steps that are distributed in several update
groups in accordance with the cell sizes, making the algorithm highly effi-
cient for non-uniform meshes. In the current LES calculations, 8 time update
groups of the asynchronous time-stepping method were used, thereby cover-
ing a 27 = 128 range in terms of the time scale ratio between the smallest
and largest grid cells. A wall model algorithm was implemented following the
work of Parks [28]. Within this algorithm, the cell-centred values of veloc-
ity (and density) are calculated at each time step within the boundary layer
mesh. These computed values are then supplied to the wall model, which cal-
culates the wall shear stress. This wall shear stress serves as the boundary
condition for the LES calculation at the wall. The wall model is based on the
algebraic method and uses Reichardt’s law, as described in Mukha et al. [29].
This law of the wall provides a relationship between the local u™ and y™ at the
wall and assumes that the instantaneous velocity can be used as input for the
wall law. The resulting nonlinear algebraic equation for the velocity profile is
solved through a simple Newton iteration, yielding the wall shear stress. The
CABARET LES solver is implemented on Graphics Processing Units (GPUs)
with a low memory footprint to avoid computational bottlenecks due to GPU
processes competing for the same memory. This implementation leads to a
notable increase in computational speed in comparison with standard jet LES
solvers.

2.3 Mesh Generation

The LES mesh for both isolated and installed jet cases was generated using the
snappyHexMesh utility in OpenFOAM. Within this mesh generation method,
the grid around the nozzle and plate geometry (for installed jets) was covered
by a Cartesian grid. Near the wall boundaries, body-fitted hexahedral layers
were added with controlling the layer thickness within an automated meshing
procedure to merge the near-field body-fitted grid to the outer Cartesian mesh.
During this process, the distance between the centre of the wall-nearest con-
trol volume and the boundary was maintained within predefined limits. The
mesh topology was designed with a template prescribing several areas of grid
refinement in the jet shear layers and the potential core.

The spatial domain of the numerical mesh encompassing both isolated and
installed configurations spans from 10D; upstream of the nozzle exit to 100D;
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in the axial direction, and within a range of £30D; in the vertical (y) and
lateral (z) directions. The meshing topology incorporates six refinement zones,
outlined in Figs. 3a and 3b. The location of these zones, in terms of the axial
(x), vertical (y), and span-wise sizes (z), are detailed in Table 1 for the SMC000
and SMCO006 mesh configurations. In these regions, Zone 1 corresponds to the
early shear layers starting from the nozzle exit and extending 2D; axially for
SMCO000 nozzle and 1.5D; for SMCO006. Zones 2 and 3 denote areas where the
jet’s potential core is prominent, while Zones 4 to 6 represent far-field regions.

Table 1: Distances between the end of each refinement zone and the
nozzle exit centre, x/D;, y/D;, and z/D; for SMC000 and SMC006
nozzles

Zone SMC000 SMC006

z/ D y/D; z/D; z/ D y/D; z/D;
Zone 1 2.0 0.7 0.7 1.6 0.8 0.8
Zone 2 12.0 1.6 1.6 12.0 1.6 1.6
Zone 3 20.0 2.3 2.3 19.0 2.3 2.3
Zone 4 40.0 7.7 7.7 39.9 7.7 7.7
Zone 5 78.4 15.5 15.5 78.5 15.5 15.5
Zone 6 100.0 30.0 30.0 100.0 30.0 30.0

The grid resolution dx/D;, dy/D; and dz/D; in each defined zone are
adjusted to resolve relevant spatial and temporal (due to the use of the asyn-
chronous time-stepping algorithm) scales of coherent flow structures. The
resolution is coarsened from Zone 1 to 6, as shown in Fig. 3. Notably, the LES
grid in Zones 1-3 is almost isotropic to properly resolve the 3D structure of
developing jet shear layers. The grid in Zones 2-5 is kept sufficiently fine to
resolve acoustic waves in the region around the jet, where acoustic control sur-
faces of the Ffowcs Williams and Hawking (FW-H) method are placed. The
same mesh refinement strategy is applied for both the medium and the fine
LES mesh considered for the isolated and installed, round, and chevron jet
configurations.

2.3.1 Isolated Jet

The isolated round jet SMCO000 was simulated at two grid resolutions: 40
and 110.7 million cells. On both grids, the resolution in Zone 1 (Fig. 3a ) is
dz/Dj = dy/D; = dz/D; =~ 0.006. The refined LES mesh, consisting of 110.7
million cells, differs from the 40 million grid through a twice denser mesh in
terms of the dx, dy, and dz in Zones 4 to 6 to better resolve the end of the jet
potential core region. In particular, for numerical wave resolution of 8 points
per acoustic wavelength (p.p.a.w.), the maximum resolved Strouhal number
near the nozzle exit for the 40 million LES grid corresponds to St = 9, and
the resolution up to St = 2 is achieved near the end of the jet potential core.
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Change in dx/D; and dy/D; for Change in dx/D; and dy/D; for
Isolated and Installed SMC000

Isolated and Installed SMC006

—o— Isolated dx/D; —o— Isolated dx/D;
~#- Isolated dy/Dj = d2/D, ~#- Isolated dy/Dj = d2/D,
047 —m- Installed dx/D, 047 —m- Installed de/D,
" Installed dy/D; = dz/D; " Installed dy/D; = dz/D;
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Fig. 3: Grid refinement parameters (dx/Dj,dy/Dj, and dz/Dj) for
isolated and installed SMIC000 and SMCO006 nozzles using a 40 mil-
lion grid point mesh.

For the 110.7 million LES grid, the resolution in the end of the jet potential
core is increased to St = 4 , while remaining the same grid density near the
nozzle exit.

For the isolated chevron SMCO006 jet, medium-fine 40 and fine 85 million
cell LES were generated. The initial shear layers of the chevron jets are thicker
in comparison with the round jets, hence the grid resolution at the nozzle lip
of de/D; = dy/D; = dz/D; = 0.01 was deemed sufficient in this case. For
both nozzles, to correctly represent the boundary layer profile upstream of the
nozzle exit, the grid layers at the nozzle lip were adjusted to have 8 grid cells per
boundary layer thickness, with the first off-the-wall cell corresponding to y ~
60. Assuming the numerical wave resolution of 8 points per acoustic wavelength
(p-p-a.w.) in the FW-H surface region, the maximum resolved Strouhal number
near the chevron nozzle corresponded to St = 6 and St = 3 near the end
of the jet potential core for the 40 LES grid. Again, the resolution of the 85
million cell LES grid was twice finer and corresponded to St = 6. The improved
resolution in the end of potential core region of the chevron jet in comparison
with the round jet is due to a shorter potential core in the former case, where
the end or the jet is located in a more refined mesh zone. Locations of the grid
refinement zones around the round and chevron nozzles are shown in Fig. 4.

2.3.2 Installed jet

Two computational grids were generated for the installed SMC000 jet case,
comprising 40 million and 125.8 million grid cells, respectively. The grid topol-
ogy near the nozzle and in the downstream region was similar to that of the
isolated SMCO000 nozzle, with details presented in Fig. 3a and Table 1, and the
corresponding zones depicted in Fig. 4. For the installed round jet on the 125.8
million cell mesh, in addition to the factor of two grid refinement in Zones 4-6
similar to the fine grid for the isolate nozzle, the grid cell sizes in zone 1 were
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Zpng -6|

(a) SMC000

(b) SMC006
Fig. 4: LES grid in the vicinity of the Isolated (a) SMIC000 and (b)
SMCO006 Nozzle

reduced by another factor of two to reach do/D; = dy/D; = dz/D; ~ 0.003,
where the wall-normal cell size is closer to the grid refinement near the flat
plate surface.

For the installed chevron jet SMC006, the medium-course and fine LES
grids around the nozzle were the same as those generated for the isolated cases
with the total cell count of 40 and 98 million cells, respectively. Similar to
the grid setup for the installed round jet, the grid resolution in Zone 1 of the
refined mesh for the installed jet case was also increased by a factor leading
to de/Dj = dy/D; = dz/D; = 0.005.

The grid on the flat-plate was generated with placing prism layers on the
wall surface. The maximum thickness of the prism layer was set to 0.06D;, and
the expansion ratio of the cells from the plate wall surface to the outer prism
layer was set to 1.4. Two resolutions for the flat plate grid were examined,
involving 4 and 10 prism layers per the prism layer thickness. After the initial
examination, it was noted that employing LES models with either 4 or 10 grid
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cells per the prism layer thickness did not yield any significant difference in
the computed far-field noise spectra up to St = 2 relevant for the current jet-
surface interaction noise study. Consequently, the LES grids with 4 grid layers
per boundary layer thickness were employed to simulate the installed jet flow
cases in all production runs reported in this publication.

For all considered jet cases, characteristic non-reflecting boundary condi-
tions were used at all open-domain boundaries. The inlet boundary inside the
nozzle was specified four nozzle diameters upstream of the nozzle exit, where
the corresponding total pressure and temperature conditions were imposed
to provide the required mass flow rate in accordance with the target acous-
tic Mach number. No turbulence measurements were available at the nozzle
exit from the experiment, hence, similar to the previous CABARET LES of
SMCO000 jets by Markesteijn et al. [16], no synthetic turbulence inflow condi-
tion was imposed in the nozzle to avoid ambiguity. Notably, this strategy relies
on a fast flow transition to turbulence in the jet early shear layers, which are
known to be very thin for the SMC000 nozzle at considered jet Mach numbers
0.5-0.9.

2.3.3 Details of LES Runs and Computational Requirements

All simulations were initially run for a period of 300 convective time units to
facilitate the initial-solution spin-out to a statistically stationary state. Here, a
convective time unit, denoted as TU is defined as the characteristic time based
on the nozzle exit diameter and the jet velocity at the nozzle exit, expressed
as TU = Agij", where At represents the physical flow through time of the

numerical simulation.

After the initialisation, the production runs were performed for at least
1100 TUs to ensure sufficient statistical convergence. The computations were
performed on JADE-2, which is a high-performance GPU computing facility
equipped with NVIDIA TESLA V-100 (32GB) GPU cards. The simulations
for both isolated and installed jets on 40 million LES grids were run on a single
GPU card, while the fine grid simulations were performed on 2 GPUs to fit
in the memory requirements. Computational run times for all performed GPU
LES cases are summarised in Table 2.

3 Far-field Noise Modelling

This section outlines the method to compute the far-field noise for isolated and
installed jet flows by first combining the LES flow solutions with the Ffowcs-
Williams - Hawkings method and then the edge-scattering noise propagation
model of [30].

3.1 Ffowcs Williams - Hawkings Models

In the first approach, the LES solution including velocity vector, density, and
pressure were stored on a designated set of acoustic integration surfaces in
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Table 2: Computational run times of GPU CABARET for different
jet cases and grid resolutions

Jet LES Test Cases

Case Grid Size GPUs TUs/24
(109) hours
Isolated SMC000 40 1 380
Isolated SMC000 110.7 2 200
Isolated SMC006 40 1 480
Isolated SMC006 85 2 450
Installed SMC000 40 1 660
Installed SMC000 125.8 2 180
Installed SMC006 40 1 680
Installed SMC006 98 2 400

accordance with required input for the retarded time formulation of the Ffowcs
Williams - Hawkings (FW-H) method [31] for far-field noise computation.
Here, two variants of the FW-H method were considered: the permeable and
impermeable formulations.

In the permeable FW-H formulation, the acoustic control surfaces were
placed around the jet to confine all major noise sources such as turbulence-
turbulence and jet pressure waves/flat plate interactions. To exclude numerical
artefacts in the far-field acoustic predictions, such as caused by vorticity waves
crossing the integration surfaces [31, 32|, and following the previous jet LES
CABARET calculations by Gryazev et al. [33], 16 closing discs were used
downstream of the end of the jet potential core. For the installed jets, in
addition to the closing discs, several control integration surfaces confining the
jet and a part of the flat plate were used. The locations of the FW-H surfaces
around the isolated and installed jets are illustrated in Fig. 5 and Fig. 6. The
resulting far-field noise signal was computed as an average of noise predictions
obtained using each of the individual control surfaces.

Additionally, for all installed jet cases, a second variant of the FW-H
method was employed using the impermeable surface formulation. Here a sin-
gle acoustic integration surface was selected to coincide with the flat plate
wall, thereby only including the pressure fluctuations on the flat plate surface
as the effective far-field noise sources. The comparison of the solutions of the
permeable and the impermeable FW-H method formulations is useful for sep-
arating the contribution of volume jet noise from the jet-surface interaction
effects. For unheated jets, such as considered in the current study, the for-
mer correspond to pure jet mixing, or turbulence-turbulence interaction noise,
while the latter, predominantly, due to the interaction of jet pressure waves
with the plate trailing edge, is associated with dipole noise.
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Fig. 5: Position of acoustic integration surfaces in the isolated
jet confining the regions of maximum vorticity associated with
turbulence-turbulence interactions

Fig. 6: Position of acoustic integration surfaces in the installed
jet confining the regions of maximum vorticity associated with
turbulence-turbulence and jet-wing interactions

3.2 Hydrodynamic Pressure Trailing Edge Scattering
Model

In Lyu and Dowling [30] , an edge-scattering jet installation noise model was
developed along the lines of the Amiet trailing edge noise theory. Unlike the
planar boundary layer interacting with a semi-infinite plane originally con-
sidered by Amiet [9], the acoustic source in the Lyu and Dowling [30] model
corresponds to the trailing edge scattering of azimuthal modes of the jet near-
field hydrodynamic pressure. The flat plate is assumed to be located in a linear
hydrodynamic region of the jet, so that the jet flow does not interact with the
plate surface directly. Following this, the jet installation noise is modelled as
dipole noise due to scattering of linear pressure waves, emanating from the jet,
by the flat plate trailing edge, using the theories of Curle and Kirchoff [7].
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Assuming that the far-field observer is located in mid span z = 0, the
general expression for the farfield acoustic pressure Sy, at frequency w is given
by:

27¢

2 2 oy, N
wy I'(c,ppa e Ve
S;DP (x,y,z:(); w)% |:COS(%:| [( ( LA )> 2 ZHs(wvm) ’ (1)

m=0

where ¢, is the speed of sound, U, is the convection velocity of the hydro-
dynamic evanescent waves, o is flow corrected far-field observation location
defined as Sz = 22 + 32 (y2 + 22), Be = /1 — M2 is the compressibility
correction. The coordinate x , y and z represents the observer coordinates in
streamwise, vertical and spanwise direction of the jet-flat plate configuration.
Additionally, . signifies the radial decay function of hydrodynamic pressure,
while H denotes the vertical distance between the nozzle exit and trailing edge
of the plate.

In Eq. (1), IIs(w, m) represents the azimuthal modal spectra characteris-
ing the near-field hydrodynamic pressure at radial frequency w and azimuthal
mode m. As shown by Lyu and Dowling [10], when the convection velocity of
the hydrodynamic pressure does not depend on the mode number, the stream-
wise wave number, k; = w/U, is the same for each mode and the acoustic
transfer function, I" (¢, 1, 104) becomes independent of the azimuthal mode too.
This simplifies the last term in the square brackets on the right-hand-side of
Eq. (1), which involves IT;(w, m) that can be evaluated as:

H; (wﬂ m) . (2)
Km(’}/c’f‘o)

where K, is defined as is the m—th modified Bessel function of the second kind
and II,(w, m) is m—th harmonic single sided power spectral density measured
at rg.

Previously, Lyu and Dowling [10] demonstrated that the zeroth pressure
mode is sufficient for capturing the jet installation noise of a round jet at
M=0.5. However, the jet installation noise effect of the higher order azimuthal
modes at Mach number 0.9 for chevron jets especially remained unexplored.
Hence, in this work, the LES solutions obtained for different Mach numbers
for the round and chevron nozzles are implemented with the Lyu and Dowling
model using Eq. (1). For each mode, the pressure solution component from LES
is used to compute the pressure spectrum II,(w, m), the radial decay function
¢, and the convection velocity U.. To compute the azimuthal mode spectrum,
LES pressure-time signals are interpolated to a uniform cylindrical grid in the
jet volume extending from x = 1D; to 16D; downstream of the nozzle exit,
with intervals (Az/D;) set at 0.1, corresponding to ¢ = 1,...,151 points in
the axial direction. The radial dimension of the grid ranges from r = 0.51D;
to r = 2.51D;, with intervals defined by (Ar/D;) = 0.1, corresponding to
j =1,..,101 points. In the azimuthal direction, Ny=64 points are sampled with

II(w,m) =
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A0 = 56.25 degrees. The numerical calculation of the azimuthal pressure mode
spectrum from LES is summarised as follows: First, the hydrodynamic pressure
fluctuations are calculated in each cylindrical grid point (z;,7;), o’ = p — (p),
where p is instantaneous pressure and (p) is the local time-average. This is
followed by the discrete Fourier transform in the azimuthal direction to extract
the cylindrical modes,

Ng—1
ﬁ (lL‘i, rj,m, t) = Z p/ (xiv Tj, 9la tn) ei(m@z)Ag. (3)
=0

Having transformed the pressure time signal to the frequency domain, the
power-pectral density of each pressure mode is given by

I, (2,75, w,m) = |ﬁ(mi7rj,m,w)\2. (4)

The reference point is selected to coincide with the flat plate trailing

edge, which in the case of the Bristol experiment corresponds to r = H =

2Dj and x = L = 6.5D;. In addition, the radial decay function ., is calculated
in accordance with

k18 + kM)? — k2
Ye = \/( 6 ) ’ (5)

where k; is axial convective wave number defined as:

w
0@ (6)
In the above, the frequency-dependent convection velocity, U.(w) is com-
puted from LES for each pressure mode to verify the assumption of convection
velocity independence across modes for each jet case. The LES-informed imple-
mentation of the Lyu and Dowling model is then used to probe the sensitivity
of far-field noise spectra predictions to higher order azimuthal modes for the
installed round and chevron jets at acoustic Mach numbers 0.5 and 0.9.

k1=

4 Results and Discussion

4.1 Jet Velocity Solutions

Comparisons of the computed radial time-averaged and root-mean-square
(RMS) profiles of the axial velocity with the experimental data for the isolated
and installed SMCO0O jets are shown in Figs. 7 and 8.

The experimental data correspond to the Particle Image Velocimetry (PIV)
measurements performed by NASA [1] for the isolated SMCO000 jet at the same
acoustic jet Mach number. Since the plate in the configuration of Jawahar et al.
[12] was located away from the jet, there is no difference between the isolated
and installed jet flow solution profiles. While the NASA data correspond to a
larger nozzle diameter (D;=0.0508m) in comparison with the Bristol experi-
ment (D;=0.01693m), there is no appreciable difference expected between the
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isolated jet flows issuing from the same geometry nozzles at Reynolds numbers

larger than =~ 300,000 in line with the previous jet LES experience [16].

Nozzle = SMC000, Mach =0.50
Time - Averaged Axial Velocity Profile U,
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Fig. 7: Comparison of the computed radial axial velocity profiles
downstream of the nozzle exit for the isolated (iso) and installed
(inst) SMICO00 jets at acoustic Mach number 0.5 at different grid
resolutions with the PIV data from NASA.

The mean flow velocity profiles of both the isolated and installed jets,
obtained at fine grid resolutions of 110.7 million and 125.8 million cells, agree
well with each other and align closely with experimental data across all dis-
tances from the nozzle exit. For the turbulent velocity fluctuation profiles,
discrepancies between the isolated and installed flow solutions emerge near the
nozzle exit, attributed to a higher grid density in this region of the 125.8 mil-
lion cell LES grid. However, starting from a distance of x/D; = 2, both the
fine-grid installed and isolated jet LES solutions are in good agreement with
each other, as well as with the measurements up to z/D; = 8 — 10.

The medium-fine LES solutions at the 40 million cell resolution for the iso-
lated and installed jet cases are in encouraging agreement with one another
and the experiment within the main part of the jet potential core region up to
x/D;=4-6. Within the same jet region, both LES models reasonably well pre-
dict the mean flow velocity and turbulent velocity fluctuation profiles. Larger
discrepancies between the two LES solutions and the experiment, which are
especially notable downstream of 2 /D;=6-8, are attributed to insufficient LES
grid resolution at larger distances from the nozzle exit.
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Fig. 8: Comparison of the computed radial Reynolds stress profiles
downstream of the nozzle exit for the isolated (iso) and installed
(ins) SMCO000 jets at acoustic Mach number 0.5 at different grid
resolutions with the PIV data from NASA.

Overall, the above results suggest that the medium-fine LES grid resolution
of 40 million should be sufficient to capture the major jet installation features,
which are driven by relatively large-scale sources within the jet potential core
region. A similar conclusion has been reached regarding the chevron SMC006
nozzle, where LES flow solutions on 40 million cell grids were compared against
isolated and installed jet solutions employing 85 million and 98 million cells,
respectively.

4.2 Pressure Solutions in the Linear Hydrodynamic Field

The near-field hydrodynamic pressure waves generated in the jet provide an
effective source of jet installation noise due to the scattering by the trail-
ing edge. Figs. 9a and 9b visualise instantaneous pressure waves around the
isolated and installed jet for the same acoustic Mach number, M=0.5. In com-
parison with the isolated jet, an additional source of acoustic waves can be
noted at the plate trailing edge in the installed jet case. The acoustic waves
generated by this source tend to propagated at large angles to the jet flow and
are particularly prominent on the reflected side of the plate.

Fig. 10 presents a comparison of the pressure spectra within the linear
hydrodynamic field region. This comparison is between the LES solution for
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(b) Installed Jet
Fig. 9: Instantaneous flow and pressure field for Mach = 0.5 (a) Iso-
lated and (b) Installed SMCO000 jets. Velocity contours are linearly
distributed from 0 to 165m/s and pressure contours are from -25Pa
to 25Pa

the isolated jet using a 40 million cell grid, and the experimental data on
the reflected side of the plate, as obtained by Jawahar et al. [27]. The com-
parison includes results from both SMCO000 and SMC006 nozzles at Mach
numbers of 0.5 and 0.9. The hydrodynamic pressure measurements from the
isolated jet experiment were conducted at two locations: near the flat plate
trailing edge for the installed jet case at #/D; = 6.0,r/D; = 2.0, and further
downstream above the evolving shear layer in the self-similar jet region at
QIJ/DJ = ].4.0,7"/Dj =3.0.

It can be noted that the LES solution captures the shift of the peak of the
hydrodynamic pressure spectrum to low frequencies with an increase of the jet
velocity and an increase of the probe distance from the nozzle exit. The shift
to low frequencies can be explained by an increase of the characteristic scales
of the spatial-temporal coherent structures further downstream in the jet flow
and also with an increased phase velocity of the higher Mach number jet.

For the 2/D; = 6.0 location, the LES prediction of the hydrodynamic
pressure spectrum of the round jet is within 2dB from the experiment up
to Strouhal numbers, St = fT?j = 0.7 — 1 for the M = 0.5 jet and St =
0.4 — 0.6 for the M = 0.9 jet. For the chevron jet at the same location, the
LES resolves frequencies up to St = 0.3 — 0.4 for M=0.5 and St = 0.2 — 0.3
for M = 0.9. In all cases, even for the probe location in the self-similar jet
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region, /D; = 14.0, r/D; = 3.0, the range of resolved frequencies of the
hydrodynamic pressure from LES always larger than the frequencies relevant
for jet-installation noise, St ~ 0.1.

Fig. 11 further compares the near-field hydrodynamic pressure spectra of
the isolated and installed M=0.5 round jets. These spectra virtually overlap
for a range of probe locations, ©/D; =2 — 6, r/D; = 2. The observed agree-
ment indicates that not only the jet flow and turbulence remain unaffected by
the considered flat plate installation but also the linear hydrodynamic waves
emanated from the jet. Consequently, it can be inferred that the pressure field
scattered by the flat plate trailing edge is a small byproduct of the incident
evanescent pressure waves at the plate trailing edge location.

Nearfleld Hydrodynamlc Sound Pressure Level {SPL) Mearfleld Hydrodynamic Sound Pressure Level (SPL)
Isolated Jet, Mach = 0.50 Isolated Jet, Mach = 0.50
*/Dj=6.0 and r/Dj=2.0 N %/Dj=14.0 and r/Dj=3.0
1304 SMCDD6 1304 SMCDD6

120}

1104
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(a) x/Dj =6.0,7/D; = 2.0 (b) 2/Dj =14.0,7/D; = 3.0
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Fig. 10: Comparison of the predicted near-field hydrodynamic pres-
sure spectra with experimental measurements for isolated SMC000
and SMCO006 jets at M = 0.5 and 0.9. All SMCO006 pressure spectra
are shifted by 20dB with respect to SMCO000 for clarity.
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Nearfield Hydrodynamic Pressure Spectrum (SPL) Nearfield Hydrodynamic Pressure Spectrum (SPL)
Isclated and Installed Jet, Mach = 0,50 Isclated and Installed Jet, Mach = 0.50
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Fig. 11: Comparison of the predicted near-field hydrodynamic pres-
sure spectra for isolated (iso) and installed (inst) SMCO000 jets with
the experimental measurements for the isolated jet at M=0.5.

4.3 Far-field Noise Predictions

In this section, the results of the far-field noise spectra predictions for the
isolated and installed SMCO000 and SMCO006 jets are presented. The acoustic
results were obtained by coupling the LES solutions on 40 million cell grids
with the FW-H method and compared with the acoustic microphone mea-
surements in the Bristol experiment in terms of the Sound Pressure Levels
(SPL),

Spp(f) x Af

p2

ref

) (Prey =20 x 107%Pa; Af =2Hz) (7)

4.3.1 Isolated Jet Noise

Fig. 12 compares the predicted far-field noise spectra for isolated jets at Mach
numbers 0.5 and 0.9 using the permeable FW-H formulation, which includes
all noise sources. It can be seen that the noise spectra solutions are in good
agreement with the experiment for both Mach numbers and a range of polar
angles. In particular, for the round nozzle, the agreement with the experiment
is within 2dB within a range of frequencies corresponding to Strouhal numbers
from St= 0.03 to 1.5-2. For the chevron jet at M = 0.5, the current noise
predictions are within 2-3dB in comparison with the experiment for frequencies
corresponding to 0.05 < St < 1.5.

It can be noted that for the round jet, the peak frequency of the noise
spectra correspond to St = 0.2 — 0.3 in accordance with the standard jet
mixing noise behaviour. At the same time, for the chevron jet at M = 0.5,
the peak Strouhal number is shifted towards higher frequencies St = 0.3 — 0.5,
consistent with the expected effect of the chevron nozzle to reduce jet noise
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at low frequencies. In most cases, the LES-FW-H solutions capture the peak
noise frequency in agreement with the experiment.

For the high-speed chevron jet case at M = 0.9, the LES-FW-H solutions
are in excellent agreement with the experiment for low frequencies. However,
at high frequencies, the good agreement of the LES-FW-H predictions with
the acoustic measurements is limited to St = 0.8 — 1, beyond which the exper-
imental data show a rise, thereby leading to a flattening of the overall noise
spectra with a broad peak shifted to around St = 1 for high observer angles. It
should be pointed out that the unusual shape of the experimental noise spec-
tra of the isolated round and chevron jets at M = 0.9 is due to the insufficient
frequency resolution of the far-field microphones, used in the series of exper-
iments by Jawahar et al. [12]. Hence, the differences with the LES results at
frequencies St = 1 — 2 in this case can be attributed to the limitation of the
experiment.

Overall, the above findings suggest that the considered LES grid resolution
of 40 million cells is sufficient for the FW-H method to accurately capture jet
mixing noise within frequencies St = 0.05 — 1, which is well beyond the range
relevant for jet installation noise for all considered jet cases.

4.3.2 Installed Jet Noise

Fig. 13 shows results of the noise spectra predictions for installed jets in com-
parison with the experiment. The agreement between the permeable FW-H
solutions with the experiment is within 2dB for all observer angles across the
frequency range from St = 0.03 — 0.4 to 1.5 —2.0. At the same time, the range
of accuracy of the impermeable FW-H solutions, which exclude the effect of
volume sources typical of jet mixing noise, is limited to low-mid frequencies
and high observer angles. This is in agreement with the fact that jet mix-
ing noise dominates over jet installation noise at high frequencies and shallow
angles to the jet flow axis.

It can be noted that in comparison with the isolated jets (Fig. 12),
the installed jets exhibit a significant noise amplification at low frequencies,
St = 0.08 — 0.1 and high observer angles, in agreement with the previous
experimental results in the literature [3]. The amplification is attributed to
additional noise generated due to the interaction between the hydrodynamic
field of the jet and the plate trailing edge.

From comparison of the results for the round and chevron jets, it can be
seen that the low-frequency noise amplification due to the installation effect
is about 14-16 dB for the lower Mach number case, M = 0.5. For M = 0.9,
the jet installation noise delta is reduced to 4-6 dB due to the increased effect
of quadrupole-type turbulence-turbulence interactions, whose acoustic power
rapidly increases at high acoustic Mach numbers, in accordance with Lighthil’s
scaling law UJ8 of jet mixing noise [34].
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Farfield Nolse Spectrum Farfleld Noise Spectrum
Isolated jet, Nozzle = SMCO00, Mach = 0.50 Isolated Jet, Nozzle = SMCO00, Mach = 0.90
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(c) SMC006, Mach=0.5 (d) SMC006, Mach=0.9
Fig. 12: Comparison of far-field noise spectra predictions for isolated
SMC000 and SMCO006 jets with experimental results at Mach num-
bers 0.5 and 0.9 for microphone angles of 30, 60, and 90 degrees.
The datasets corresponding to different angles are offset by 30dB
for clarity.

4.4 Trailing edge scattering noise

The LES near-field pressure solution is substituted into the jet-installation
model of Eq. (1) to analyse the far-field noise due to the mechanism of hydro-
dynamic pressure wave scattering by the plate trailing edge. The LES data
were interpolated on a uniform cylindrical grid array as discussed in the meth-
ods section. Six azimuthal pressure modes were calculated, which were used
to represent the incident pressure waves in Egs. (1) to (4).

In accordance with Eqgs. (5) and (6), and Lyu and Dowling [10], the
frequency-dependent convection velocity of the near-field pressure was com-
puted for each azimuthal pressure mode for all nozzle geometries and Mach
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Farfield Noise Spectrum
Installed Jet, Nozzle = SMC000, Mach = 0.50
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Fig. 13: Comparison of the far-field noise spectra predictions for
installed SMCO000 and SMCO006 jets with the experiment at Mach
numbers 0.5 and 0.9 at observer angles of 30, 60, and 90 degrees.
The datasets corresponding to different angles are offset by 30dB for
clarity. Predictions of both permeable (PERM) and impermeable
(IMPERM) control surface formulations of the FW-H method are

included.

numbers. The LES data were analysed at the spatial location of the scattering
edge, i.e. the trailing edge of the plate, z/D; = 6.5 and r/D; = 2.
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Fig. 14: The frequency-dependent convection velocity extracted
from the LES of isolated SMC000 and SMCO006 jet flows at Mach =
0.5

Fig. 14 shows the frequency-dependent convection velocity computed for
SMC000 and SMC006 nozzles for first three modes at M = 0.5. The convection
velocity increases with increasing the frequency and gradually converges to
a constant at Strouhal numbers larger than 0.18. Different azimuthal modes
correspond to a very similar behaviour of the convection velocity as a function
of frequency. Trends obtained for the convection velocity of the chevron jet
closely resembles those of the round one. The latter suggests that, despite
the differences introduced by chevron due to breaking the symmetry of early
shear layers of the round jet, the low-frequency pressure waves propagating to
x/D; = 6.5, r/D; = 2 from the end of the potential core of both jets were
generated by similar coherent flow structures.

After non-dimensionalising the convection velocity with respect to the jet
velocity at the nozzle exit, it was found that the same dimensionless convection
velocity function applies for the Mach 0.9 jets too.

The above results are in agreement with the previous experimental mea-
surements reported in [35], who found that the convection velocity only weakly
depends on the Mach number and stagnates to a constant at high frequencies.

Upon substituting the axi-symmetric pressure mode solution and the con-
vection velocity at the plate trailing edge to the far-field noise model of Lyu
and Dowling [10], noise spectra predictions for the round and chevron Mach
0.5 and 0.9 jets are obtained. Results of the acoustic predictions for the 90
degree observer angle are shown in Fig. 15.

For the round jet, the LES-informed edge scattering model of the installed is
able to predict the jet installation noise within 2dB in comparison to the exper-
iment and the FW-H method solutions for all frequencies up to St = 0.2 —0.3
for all Mach numbers and nozzle geometries considered. For the installed
chevron jet, the agreement between the model predictions and the experiment
(as well as the FW-H solutions) is less good for frequencies lower than St=0.06,
where some 4-6dB noise amplification can be observed. Importantly, the edge-
scattering model completely fails to predict high frequency noise in agreement
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with results reported in [10]. At the same time, it can be noted that the imper-
meable surface solution of the FW-H model based on the same LES solution
for the fluctuating pressure on the flat plate surface is in excellent agreement
with the experiment for all frequencies and both jet Mach numbers. Since both
the edge-scattering model and the FW-H model based on the impermeable
surface formulation exclude volume sources, the difference in their predictions
can be attributed to several factors such as: (1) the limitation of the Amiet’s
[9] acoustic transfer function, which is known to lead to a rapid roll-off of the
trailing edge noise spectra at high frequencies and (2) the induced effect of
high-frequency quadrupole noise, which correspond to the acoustic waves gen-
erated at high angles to the jet flow and reflected from the flat plate surface
upstream of the trailing edge. Some underprediction of high-frequency noise
of the [10] model can also be associated with the contribution of high-order
azimuthal modes excluded from the results of the edge-scattering model shown
in Fig. 15, especially in the chevron jet case.

To further understand the effect of higher-order azimuthal models in the
chevron jet case as well as the contribution of high-frequency jet mixing noise
due to the pressure waves reflected from the flat plate surface, Fig. 16 compares
predictions of the edge-scattering model for the first axi-symmetric mode, m =
0 only and the same for the first six pressure modes, m = 0—5 for the chevron
and round installed jets at M = 0.5. The experimental results for the installed
and isolated jets at the same conditions are also included in the plots for
comparison.

Furthermore, It is noteworthy that the effect of higher-order azimuthal
pressure modes for both the round and chevron jet is fairly marginal: the
differences between the six-mode and the zero-mode solutions do not exceed
2-3dB. The lack of sensitivity for the chevron jet can be explained by the
nature of low-frequency pressure waves, which are generated in the downstream
part of the jet by largely axi-symmetric coherent structures propagating at a
phase velocity similar to the round jet as discussed in the previous section.
Secondly, it can be seen that despite the large amplification at low frequencies,
the effect of jet installation in comparison with the isolated jet noise at high
frequencies does not exceed 2 dB. This confirms that the high-frequency noise
in predictions of the FW-H method based on the impermeable control surface
is largely due to the wall pressure fluctuations induced by the quadrupole
noise. Altogether, this underscores the predominant role of the axisymmetric
pressure mode for low-frequency noise amplification of jet installation noise
regardless of the jet Mach number and nozzle geometry.

5 Conclusion

Wall Modelled Large Eddy Simulations (LES) of isolated and installed jet
flows using the high-resolution CABARET method accelerated on Graphics
Processing Units have been performed for conditions corresponding to the
University of Bristol experiment. The considered configurations include round
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Fig. 15: Comparison of noise spectra predictions of the edge scat-
tering model for the Mach 0.5 and 0.9 installed round and chevron
jets with the experimental data and the LES-FW-H solutions with
permeable (PERM) and impermeable (IMPERM) surface formula-
tions at 90 degree observer angle.

and chevron nozzles corresponding to (3:1) versions of the NASA SMC000
and SMCO006 nozzle geometries. Two acoustic Mach numbers, M = 0.5 and
M = 0.9 are considered. For the installed case, a flat plate installed parallel to
the jet in its linear hydrodynamic region is considered. The LES flow solutions
are first analysed in terms of the grid sensitivity on meshes of 40-120 million
cells, using the NASA PIV data for meanflow velocity and turbulent velocity
fluctuations for the round jet as a reference. It is shown that the LES solutions
are in encouraging agreement with the NASA data including the medium-fine
LES grids of 40 million cells. In addition, the pressure spectra extracted from
the LES solutions of the round and chevron jets in several locations of the
linear hydrodynamic region are shown to agree with the University of Bristol
measurements within 2dB for all frequencies relevant for jet installation noise.
By comparison with the isolated jet solutions, it is also shown that, for the
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Fig. 16: Sensitivity of the edge scattering model predictions to high-
order azimuthal pressure modes in comparison with the reference
installed and isolated round and chevron jet noise data at M=0.5
and 90 degree observer angle

considered installation configuration, the effect of the flat plate on the jet flow
and turbulence as well as the linear hydrodynamic field is negligible.

For far-field noise modelling, two approaches have been implemented. First,
the LES solution is coupled with the Ffowcs Williams -Hawkings (FW-H)
method, where both permeable and impermeable control surface formulations
have been considered. Secondly, the LES solution is coupled with the edge
scattering model of Lyu and Dowling based on the Amiet trailing edge noise
theory. For the permeable-surface FW-H method, which fully includes all noise
sources, a 2dB agreement with the round jet measurements up to St = 1.5 —2
and a 2 — 3dB agreement with the chevron jet experiment up to St=1-2 is
reported for all observer angles and frequencies. The less good agreement with
acoustic measurements at the high frequencies for the high Mach number
chevron jet, which corresponds to an enhanced high-frequency noise spectrum,
is attributed to the resolution limitation of the microphones used in the experi-
ment in this case. The LES solution capture main features of the jet installation
noise such as the strong low-frequency noise amplification in comparison with
the isolated jet and the Mach number effect. While accurate for high observer
angles, the acoustic predictions of the impermeable-surface FW-H method at
shallow angles underestimate jet noise in accordance with the volume noise
sources, whose contribution is mostly missing from the impermeable-surface
formulation.

For implementation of the edge-scattering jet installation model, the LES
pressure solution was interpolated on a cylindrical grid, and the correspond-
ing amplitudes and convection velocities of first six azimuthal pressure modes
were calculated. In agreement with the previous literature, the phase velocity
dependence on frequency was shown to be largely independent of the mode and
Mach number. Furthermore, it was shown to be the same in the round and the
chevron jets. By using just the first axi-symmetric pressure mode, the far-field
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noise spectra predictions of the edge-scattering model at 90 degrees to the jet
flow are found it capture the low frequency jet installation noise within 2dB
for all Mach numbers and jet geometries considered. However, the model fails
to resolve the high frequency noise, which was accurately predicted using the
same LES dataset with either permeable or impermeable FW-H method. To
further analyse the discrepancies at high frequencies, predictions of the edge-
scattering model using just the first axi-symmetric mode and the same for the
first six azimuthal modes are compared with the experimental measurements of
the same round and chevron jets at Mach number 0.5. It is concluded that the
edge-scattering model predictions are virtually independent of the high-order
azimuthal modes due to the nature of low-frequency pressure waves, which are
generated in the downstream part of the jet by largely axi-symmetric coherent
flow structures. These structures have similar phase velocities for both chevron
and round jets. In comparison with the edge-scattering model, noise predic-
tions of the FW-H method based on the impermeable control surface coinciding
with the flat plate include the pressure fluctuations due to the incident waves
reflected by the hard wall, hence, incorporate the quadrupole noise effect at
high frequencies. An important conclusion of this study is that the axisym-
metric pressure mode may have a predominant role for the low-frequency noise
amplification of jet installation noise not only for low Mach number round jets
but also for Mach 0.9 jets and chevrons with a large penetration angle like
SMCO006.
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