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Jet Installation Noise Modelling Informed by GPU LES
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Jet installation beneath a wing significantly enhances jet noise at low frequencies, and its
physical mechanism must be comprehended to develop efficient noise reduction solutions. A
numerical investigation on the jet-installation noise is performed using Wall Modelled Large
Eddy Simulation (WMLES) performed using the high-resolution CABARET method accelerated
on Graphics Processing Units. To simulate jet installation, a flat plate is put outside of the jet’s
plume, causing a rise in noise levels due to the scattering of near-field hydrodynamic waves
at the trailing edge of the plate. The configuration adopted in this work replicates a series
of experiments performed at the University of Bristol, against which the numerical results
are validated. The numerical simulation is performed for Mach numbers of 0.5 and 0.9, and
the influence of the selected noise reduction technique, i.e., the usage of chevron nozzles in
comparison with the baseline round nozzle, on the jet-installation is studied by modelling
SMC006 chevron nozzle. The properties of jet-hydrodynamic pressure variations and their
effect on nozzle type and Mach number are investigated. Far-field noise spectra from the
isolated and installed jet cases, obtained through the Ffowcs-Williams Hawkings method, are
compared at different polar angles. In addition, a hybrid semi-analytical hydrodynamic-edge
scattering prediction model is implemented following the model of Lyu and Dowling [1] to
analyse jet-installation noise, using inputs obtained directly from the LES calculation. The
implemented model is found to capture the correct physics at peak jet installation frequencies
and can be used as a robust prediction tool for jet-installation noise optimisation in the future.

I. Introduction

The advent of modern high-bypass area-ratio turbofan engines in modern commercial aircraft led to a significant
benefit 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. For typical jet-under-the wing configurations, this led to
installing engines close to the wing to maintain the required ground clearance. Altogether this results in the increased
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 recent NASA study, Brown [2] showed that JI noise depends of 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 surface edge. It is also known that in some cases the jet flow-edge interaction effect may lead to acoustic
tones [3]

In comparison with the pure jet mixing noise, which is largely related to turbulence-turbulence interactions, the
mechanism of JI noise is associated with scattering of the hydrodynamic pressure field of the jet by the solid surface.
The hydrodynamic pressure field is evanescent in isolated jets and it is the scattering effect of the solid surface which
leads to its efficient propagation to the far field. The scattering effect is specially important at the trailing edge of the
surface. Since the early works of [4H7] the dipole nature of the jet installation noise was recognised. In accordance with
Curle’s theory [8]], the surface pressure fluctuations produced by the jet can be represented by distributing acoustic
dipoles on the surface. Ffowcs Williams and Hall [9] developed an analytical model of sound scattering by the trailing
edge of a semi-infinite flat plate assuming a quadrupole source close to the surface. An alternative sound scattering
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model was developed by Amiet [10], who considered pressure fluctuations induced on the surface close to the trailing
edge as the effective acoustic source, which is scattered to the far field. In comparison with the Ffowcs Williams and
Hall model, the Amiet trailing edge noise is simpler because it only requires a point source at the trailing edge for
obtaining the far-field noise predictions and does not need a computation or measurement of the effective acoustic
source in the volume. In particular, the Amiet model was used in the work of [11] who experimentally investigated the
JI noise and developed a semi-analytical model for its prediction where the near-field hydrodynamic evanescent waves
were used as the acoustic source and the scattering phenomenon was modelled based on Amiet’s approach.

One of the ways to mitigate the jet-installation noise is to reduce the impact of the hydrodynamic waves impinging
on the surface from jet, thereby reducing their scattering effect in the far field. Along this line of thought, application of
chevron nozzles offers an opportunity to enhances the large-scale mixing, thereby breaking the large-scale coherent
structures of the hydrodynamic field of the jet. For example, Bridges and Brown [12]] analyzed the factors influencing
the acoustic benefits of chevron nozzles and showed that the number of chevrons, the chevron length, and penetration
angle strongly affect the peak jet noise associated with the large scale structures in the jet. More recently, Jawahar
et al. [13] performed a series of experiments to investigate the effect of chevrons on jet-installation noise for a jet-flat
plate configuration for several Mach numbers. Despite some interesting findings, for example, showing that the
SMCO006 chevron nozzle considered to be most efficient by Bridges and Brown [12]] for isolated jets also leads to
best reduction of the JI noise, the work also showed that the root mechanisms of JI noise are yet be understood. For
further understanding, high-resolution space-time information of the jet flow and pressure fields is required, which
may be challenging to obtain experimentally. At the same time, such high-resolution information can be provided from
eddy-resolving modelling such as using Large Eddy Simulations (LES).

Hence, the goal of this paper is to perform a series of Wall Modeled LES (WMLES) calculations of the installed
and isolated round and chevron jets from the experimental campaign of Jawahar et al. [13]], validate the solutions in
comparison with the experiment, and then analyse the LES flow fields in terms of the efficient sources of JI noise using
the Amiet theory-based approach developed by Lyu et al. [L1].

The WMLES calculations performed in this work are based on the high-resolution CABARET method [14-
17] accelerated on Graphics Processing Units (GPU) [18]]. The solver utilizes a GPU-optimized method for solving
the hyperbolic part of the Navier-Stokes equations using the asynchronous time stepping at the optimal CFL number
corresponding to a minimum dispersion and dissipation error [17,[19]. The CABARET method for jet flow and noise
calculations was validated in [20H23]] and for airfoil flows in [24, 25]].

I1. Numerical Setup

A. Installed jet configuration and flow condition

Installed jet configuration and flow condition are based on the experiments performed at the Bristol Jet Aeroacoustic
Research Facility (B-JARF) at the University of Bristol, where the isolated jets are placed close to the flat plate [13]].The
test facility is well validated for a wide range of mach numbers[26H29]. The experiments were carried out for a round
convergent nozzle (SMC 000) and four chevron nozzles. However, in this paper, we consider SMC006 chevron nozzle
to investigate the influence of chevron on near-field properties of the jet and installed jet case. The tested nozzles are
a 3:1 scaled-down version of the nozzle of the experiments by [2]. Hence the exit jet diameter used for the current
analysis is D; = 16.933mm. The flat plate has a length of 10D ; and a total span of 24D ; to avoid the scattering at
the leading edge and spanwise side edges of the plate. The geometric configuration investigated in this simulation
involves L = 6.5D; , where L is the axial distance from the jet exit plane to the trailing edge of the plate. The surface is
placed H = 2D away from the surface to ensure that the jet plume doesn’t graze the surface. Two exit Mach numbers
are tested which are Mach = 0.5 and 0.9.

B. GPU Cabaret Method

Following the previous studies [23] , a suitable synthetic turbulence boundary condition is used upstream on the
nozzle inlet in the GPU CABARET simulations, the size/thickness of the layer(s) near the boundary is controlled in the
framework of the OpenFOAM snappyHexMesh routine, which involves adding body-fitted hexahedral layers near the
viscous wall boundary. For example, during the automatic meshing procedure, the distance between the centre of the
control volume closest to the boundary and the boundary itself can be kept within a certain distance. Following Park
[30] the so-called equilibrium wall model is considered. The basic steps of the WMLES algorithm are implemented
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Fig.1 Schematic of the jet-installation setup with L = 6.5D; and H = 2D;

as follows. Inside the boundary layer mesh, each time step, the cell-centred values of the velocity (and density) are
evaluated. These values are provided to the wall model, which, in turn, provide the wall shear stress. Consequently, this
wall shear stress is used as a boundary condition for the LES at the wall. The wall model that has been employed here
initially is based on the algebraic method using Reichardt’s law as described in [31]. Reichardt’s law of the wall gives a
relation between the local u+ and the y+ of the wall, wherein the WMLES modelling assumed that the instantaneous
velocity could be used as input to the wall law. The resulting non-linear algebraic equation for the velocity profile is
solved by a simple Newton iteration, giving the wall shear stress.

Using the snappyHexMesh utility, the LES mesh has been generated from CAD geometry. Areas of the refined grid
have been placed around the jet and the flat plate, which include the location of several acoustic integration surfaces in
the framework of the [32] (FW-H) method, as shown in Fig. [3] Fig. [2]shows contours of vorticity magnitude (10000
1/s) and only the smallest (1st), 4th, and largest surface (8th) are shown for clarity. In all cases, 8-time update groups of
the asynchronous time-stepping method have been used, corresponding to the factor of 27= 128 ratios between the time
step used for the smallest and the largest grid cells. The simulations were run on Nvidia Volta V100 GPU cards. The
round jet (SMCO000-type) correspond to thinner initial shear layers in comparison with the chevron (SMCO006-type) jets;
thereby, finer grids were used in the former case. Moreover, the grid validation study was performed. The mesh and
their corresponding grid sizes are are explained herein.

1. Isolated Jet

For the isolated round jet SMCO000, two grid resolutions corresponding to 40 and 110.7 million cells are simulated.
The grid at the nozzle lip-line for both meshes is close to Cartesian uniform with dx/D=dy/D=dz/D = 0.006. The FW-H
surface has a conical shape with multiple closing discs. The maximum resolved Strouhal number near the nozzle
corresponds to St=9 and St=4 near the end of the potential jet core, assuming the grid resolution of 8 points per acoustic
wavelength (p.p.w.). The LES grids of 40 and 85 million cells were used for the isolated chevron SMCO06 jet. In this
case, the grid resolution at the nozzle lip corresponded to dx/D=dy/D=dz/D = 0.01. The maximum resolved Strouhal
number near the nozzle corresponds to St=6 and St=3 near the end of the potential jet core, assuming the grid resolution
of 8 p.p.w. The LES grid for isolated chevron jet is shown in Fig.[4]

2. Installed jet

Two grids were generated for the installed SMCOO0O jet case corresponding to 40 and 125.8 million grid points.
The grid topology near the lip-line was similar to that of the isolated SMCO000 nozzle. The installed chevron jet case
SMCO006 has a similar LES grid to the isolated SMCO006 near the nozzle, and two corresponding grids simulated are
comprised of 40 and 98 million cells. The near-field mesh, near the jet exit, and the lipline have a similar topology as
the one shown in Fig.[d The flat plate has a higher grid density from the nozzle exit to the trailing edge.



(b)

Fig. 2 LES grid for the installed jet configuration

Two FW-H formulations were performed for the installed jet case to calculate the far-field noise. The flow solver is
coupled with the penetrable FW-H integral surface method in the first method. In this method, the flow solution is
recorded on 16 integration surfaces, i.e. the closing discs, which confine the jet turbulence and vorticity region as shown
in Fig. 3] Far-field sound is computed using the analytical free-field Green’s function method. The second formulation
involved the LES solution combined with the impenetrable FW-H surface, which coincided with the flat plate. The
far-field noise spectra obtained using both methodologies are compared one with the other and with the experiment for
all test cases under consideration.

3. Statistical Calculation and GPU Performance

The simulations were run for 300 convective time units (TUs; each TU is based on the nozzle exit diameter and jet
velocity at the nozzle exit) for the initial-solution spinout and then a minimum of an additional 1100 TUs for statistical
averaging. The GPU-LES calculations were performed on JADE-2 High-Performance Computing Facility comprising
NVIDIA TESLA V-100 (32GB) GPU cards. The isolated jet simulations were performed on a single GPU configuration
while the installed jet simulations were performed on 2GPUs to accelerate the computations.
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Fig. 4 LES grid in the vicinity of the Chevron SMC006 Nozzle
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Fig.3 Acoustic integration surfaces wrapped around the vorticity regions of the installed jet flow

Jet Installation Test Cases
Case Grid Size GPUs TUs/day
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 SMCO000 125.8 2 180
Installed SMCO006 40 1 680
Installed SMC006 98 2 400

Table 1 Grid Characteristics and Solution turn-around time

C. Grid Sensitivity Study and Validation

The numerical grid sensitivity study is performed to assess the sensitivity of the numerical results to the discretization
of the computational domain. For this purpose, we investigated two grid sizes for each of the test cases under consideration
as described in Table[Il Each mesh has a similar mesh resolution near the nozzle exit and a variable resolution at
downstream locations. The simulated results for isolated and installed SMCO000 are compared with the experimental
results for the time-averaged axial velocity profile and root-mean-square (RMS) axial velocity as shown in Fig.[3]

Fig. [5| shows the the comparison of the time-averaged normalized axial velocity profile with the experimental
measurement of Brown [2]]. The near-field was measured using particle Image Velocimetry (PIV) in the experiment
at various streamwise and cross-stream locations. The near-field experimental data from Brown [2] is only available
for an isolated test case. However, in the investigation of [13] and the current LES configuration, the plate is located
at H/D ; =2.0 and is far from the jet-potential core. Hence it is expected that there will be no difference in mean-velocity
obtained from the isolated and the installed jets. Fig. [5|shows that the velocity profiles of the isolated jet at 40mln and
110.7mln are close to each other at streamwise locations, closer to the nozzle exit until 7D ;. This shows that the grid
density near the nozzle for 40mln cells is sufficient to resolve the flow statistics. For the installed jet case, the difference
between 40mln and 125.8mlin cells become slight significant by 7D ;; but the profiles are closer together in the regions
close to the nozzle exit.

Moreover, it can be observed that the results for installed jet mesh of 125.8mln cells match closely with the



experimental data, thereby signifying that the presence of the plate has negligible influence on the average jet properties
and velocity profiles. Furthermore, the current results also show that the near-field hydrodynamic pressure is also
unaffected by the existence of the plate, as we will see in Section [[V.C.]

The current analysis demonstrates that a 40mln grid for an isolated and installed SMCO000 jet gives acceptable
accuracy in comparison to the experiments. Furthermore, comparable findings were observed for the SMCO006 isolated
and installed nozzles, which results were not included here for brevity. As a result, the existing numerical setup can be
considered validated, Furthermore, for isolated/installed jet analysis of the SMCO000 and SMCO006 nozzles, the grid
models of 40 million cells will be used.
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Fig. 5 Comparison of the the axial velocity profile at the various axial locations for the isolated and installed
round jet SMCO000 case at Mach = 0.5 for different grids with the PIV experimental measurement.

III. Acoustic noise models
In this section, the near-field hydrodynamic pressure - edge scattering model developed by Lyu and Dowling [1]] for

the modelling of the jet-installation noise is presented. The source parameters herein will be obtained from the LES
simulation.

A. Hydrodynamic pressure trailing edge scattering model

Lyu and Dowling [33]] developed a noise model for jet installation based on the similar analogy as the Amiet TEN
model. The acoustic source of the Lyu and Dowling model, unlike the Amiet model[10]], is the azimuthal model
of the near-field hydrodynamic pressure. The flat-plate is assumed to be outside the jet core so that the jet does not
scratch the flat plate. As a result, the non-linear/linear part of the hydrodynamic field will be unaffected and hence can
be used as a model source. The impingement of the hydrodynamic field on the airfoil surface is modelled as dipoles
being distributed on the flat surface. The farfield acoustic pressure is then computed using the theories of Curle [8]] and
Kirchoff. The JI noise model is given by Eq. (I)
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where c,, is speed of sound, U, is the convection velocity of the turbulent eddies in the boundary layer, o is
flow corrected far-field observation location defined as S3 = x7 + 82 (x3 +x3), Bc = V1 — M is the compressibility
correction. x; and x, are observer coordinates in streamwise and vertical direction. Ilg(w, m) is the azimuthal modal
spectra of near-field hydrodynamic pressure which is the source of the JI noise calculation. The near-field hydrodynamic
pressure varies in axial and radial direction, hence for JI noise calculation, it is more reasonable to choose this point at
the location where the trailing edge of the scattering surface is located. In this case, since the trailing edge is located
at H=2D; and L = 6.5D , the hydrodynamic pressure at this location will be obtained the LES simulation be used as
an input to the JI noise model. Additionally, If we assume that the observer is located in the mid span i.e. x3 = 0; and
only mode 0 and mode 1 of hydrodynamic pressure field is important the model simplifies to Eq. ().
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Lyu and Dowling [33]] assumed that only mode 0 and 1 were significant for JI noise hence the model can be simplified
version of the model is shown in Eq. (2)); however, in this paper, we will be investigating the sensitivity of the model
to number of azimuthal modes for SMC000 and SMCO006. The computation of jet-installation noise using Lyu and
Dowling [33]] informed by the spectra obtained from LES is shown in Section

IV. Results and Discussion

A. Near-field flow statistics

The radial profiles of near field axial mean and fluctuating flow of the flow for installed and isolated round SMCO000
jet is shown in Figs. [6|and[7] The LES prediction for the installed and isolated jet matches with each other for all
axial locations, with small differences observed at the centerline at downstream locations of x/D ;. This shows that the
existence of the plate at 2D ; vertically above the jet centerline has negligible effects on the mean and fluctuating axial
velocity profiles. Similar results is observed for the SMCO006 nozzle installed underneath the plate and have not been
shown for brevity. Hence the outcome of the following profile is that the existence of the plate has a negligible effect on
the near-field mean profiles; this means that the plume of the jet doesn’t graze the lower surface of the plate; Hence the
noise heard in the far-field is solely due to jet noise and edge scattering at the trailing edge.

B. Farfield noise results
This section compares the far-field noise spectra obtained using the LES simulation in conjunction with the FW-H
technique for isolated and installed jet case for all three nozzles at Mach number of 0.5 and 0.9.

1. Isolated Jet Noise
The permeable FW-H formulation with 16 closing discs is used to predict the farfield noise spectra for isolated jets
at both Mach values. The noise spectra at 30°, 60°, 90° and 110° are shown in Fig. @ As the Mach number increases
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Fig. 6 Radial profile of time-averaged axial velocity at axial location of x/D; = 1,2,5,7,10 and 15 for isolated
round jet SMC000 nozzle at Mach = 0.5. black solid line: profile for isolated jet; red dashed line: profile for
installed jet

from 0.5 to 0.9, the noise level rises as expected since the jet noise scales with the power of 8 with the jet Mach
number. Furthermore, the LES-FWH formulation has been able to accurately forecast the noise at all polar angles for
all of the nozzles at both Mach numbers, as can be seen from Fig. [§] This demonstrates that the existing grid of 40
million cells, together with the FW-H configuration, is adequate for accurate jet-noise computation. Further, as the
Mach number increases, the characteristic frequency (frequency at which the peak spectral amplitude occurs) shifts to
a higher-frequency regime (i.e. 2000Hz to above 4000Hz for Mach = 0.9), and this trend is visible for both nozzles.
This is to be expected, as the production of tiny scale eddies is aided by greater Mach numbers, resulting in quadruple
interaction and increased noise.

The effect of the nozzle shape on the noise radiated can also be visualised from Fig.[8] In comparison to the noise
emitted by the SMCO0O jet for Mach = 0.5, the noise emitted by SMCO006 is decreased. Similar trend is observed for
Mach = 0.9. However, overall sound pressure level (OASPL) at variable polar angle should be computed for better
comparison.

2. Installed Jet Noise

This section compares the far-field noise spectra of the installed jet case with the experimental measurement for
SMC000 and SMCO006 for Mach number of 0.5 and 0.9. Fig. [0]shows the power spectral density (PSD) of the acoustic
pressure for SMC000 and SMCO06 installed underneath a flat plate, with the surface being H = 2.0D ; in the radial
direction and the trailing edge being at L = 6.5D ;. The observer is located on both the reflected and shielded sides of
the surface.

The most dominant feature in Fig. [0is the amplitude amplification at low frequency, an evident characteristic of
the jet-installation noise. Comparing this with Fig. [§]signifies that scattering the pressure at the edge of the surface
is the phenomenon of noise enhancement at low frequency. This agrees with the already established observation on
jet installation. For both nozzles installed underneath the surface, the most considerable amplification is observed at
frequency of 800 to 1000 Hz which is equal to a St of 0.1, with the difference of about 12-14dB with the spectrum of the
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isolated jet at same frequency range. Moreover, the spectra on shielded and reflected sides at low frequency are similar,
consistent with the observations of [4]. This observation implies that the noise source is located at the trailing edge,
such that there is negligible influence of sound reflection or shielding by the surface, and the total contribution to low
frequency is due to the scattering phenomenon. [[1,[11}[33]] experimentally investigated the scattering phenomenon and
showed that if the jet plume is away from the surface, the near-field hydrodynamic pressure field is scattered by the
trailing edge to the far-field. Hence the noise mechanism for low-frequency regions is the near-field hydrodynamic
pressure field. Lyu et al. [L1] has also developed an analytical low-order model, the source parameter of which is
obtained the LES. For the Strouhal number St>0.5, the spectra of the installed case are dominated by the jet noise or
quadrupole noise. Beyond St>0.5, it can be seen that there is a 2-3dB difference between the reflected spectrum or
isolated jet spectrum or shielded spectrum. This spectral increase at high frequency is associated with the reflection of
the jet acoustic wave by the surface to the far-field.

Fig.[9]also shows the jet-installation effects at various observer angles. It is observed that the peak noise occurs at
(800-1000Hz) corresponding to 0.1 Strouhal number, and the peak spectral level increases with increasing observer
angle. The jet installation effects are maximum at a 90° observer angle on the reflected side of the plate. Additionally,
the comparison of noise prediction using two different LES and FW-H methodologies is shown. In the first methodology,
pressure signal is obtained using several acoustic integration surfaces (16 closing discs in this case) to compute the far
field noise. The second method is the impenetrable FW-H in which the the unsteady surface pressure on the flat-plate is
stored and Curle’s methodology is employed to obtain the far-field acoustic pressure. For Mach = 0.5, it is observed
that both of the formulations at all polar angles are able to predict the far-field noise accurately, including the peak
at 30°, characteristic location for peak isolated jet noise. However, for Mach = 0.9, the employed impenetrable FW-H
results in underestimation of the noise prediction at 30° while showing the accurate prediction at all polar angles. This is
associated with the fact that impenetrable formulation, mostly computes the dipole-type noise (which is mostly enhanced
at low Mach number), while cannot predict the quadruple noise, which is enhanced at increased Mach number. Similarly,
the installed jet noise is slightly reduced for SMC006 in comparison with SMCO000.
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Fig. 8 Comparison of the farfield noise for Isolated SMC000 and SMC006 nozzle with the experimental
measurement at Mach = 0.5 and 0.9 at polar angles of 30°, 60°, 90° and 110°. Note that 30° is the baseline, and
the spectrum at remaining locations are shifted by 30dB for clarity

Overall, using the flat-plate as the FW-H surface provides for accurate prediction of peak far-field noise at almost
all observer angles for all Mach numbers and nozzles. However, there is a 1-2dB difference in the measurement of
270-degree observer angles (shielded side). The noise is accurately captured at other observer angles. This means that
at these observer angles, edge-scattering events dominate the installation effect. This is a significant finding since it
enables the use of the SP spectrum at the trailing edge for noise prediction using the Amiet Model [10] or develop
noise jet installation noise modelling techniques employing the statistics on the plate surface. As a result, any low-order
modelling based on the Amiet model technique will require accurate SP spectrum calculation to predict jet-installation
effects. The implication of this observation is tested in Section [[V.C]

C. Jet Installation noise source and trailing edge scattering

The acoustic source for the jet-installation noise is the near-field hydrodynamic pressure fluctuation. The instantaneous
pressure field for the isolated and installed jet case is shown in Fig. [I0] to visualize the pressure waves emanating
from the jet. The instantaneous pressure field indicates that the quadrupole source generates the jet noise. In
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Fig. 9 Comparison of the far-field noise for Installed SMC000 and SMC006 nozzle using permeable and
impenetrable FWH formulation with the experimental measurement at Mach = 0.5 and 0.9 at polar angles
of 30°, 60°, 90° and 270°. Note that 30° is the baseline, and the spectrum at remaining locations are shifted by
20dB for clarity; Superscript FP represents employing flat-plate as FWH surface and MD represented employing
LES and multiple closing discs.

contrast, Fig. [I0b] shows that the pressure field interaction with the plate modifies the field such that dipole pressure
dilation is observed. The additional pressure region at the trailing edge is a consequence of the jet-pressure field
interacting with the sharp edge. The sharp edge acts as a surface discontinuity and the jet-pressure field, which impinges
on the surface, undergoes a resistance from unbounded to bounded region, i.e. surface. This phenomenon leads to
non-propagating hydrodynamic pressure propagating acoustic pressure, which is heard as a low-frequency noise in the
far-field acoustic spectrum as shown in Fig.[9] Fig.[T0]also shows the cardioid directivity of the pressure wave, which is
known to be distinctive of half-plane edge scattering. To further investigate the noise prediction using JI noise model,
the source (i.e. near-field hydrodynamic pressure) is validated against the experimental results in Section [[V.C.I|and
then input into the Eq. (I)) for JI noise prediction.
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Fig. 10 Instantaneous pressure field (a) Isolated SMCO000 (b) Installed SMC000

1. Near-Field Hydrodynamic Pressure

Fig.[TT]shows the comparison between the experimental measurement [29] and the LES calculation to validate the near-
field hydrodynamic pressure field for isolated SMCO00 and SMCO006 at Mach number of 0.5 and 0.9. The hydrodynamic
pressure spectra are plotted at two locations corresponding to x/D; = 6.0,y/D; =2.0and x/D; = 14.0,y/D; = 3.0.
The locations are chosen at end of the jet potential core,i.e. x/D; = 6.0 and far downstream x/D; = 14.0 and radial
locations located outside jet-shear layer. From Fig. [T T} we observe excellent agreement between the LES prediction and
experiment for both nozzles at all location for both of the Mach numbers.This shows that the mesh is suitable enough to
predict the near-field pressure field atleast upto x/D; = 14.0 and that the LES solution can be considered validate and
can be employed as the input to the JI noise model.

Fig.[TT]also shows the characteristic features of the near-field hydrodynamic pressure domain. For instance, the
hump at low frequency is observed, which shifts towards lower frequency with the increase of the Mach number, and
axial location. This is because, with increased axial location in the flow domain, the flow evolves and the hydrodynamic
pressure in the downstream location are mainly caused by the large scale eddies, hence hump is observed at lower
frequency. Moreover, in Fig. [T} we have showed the comparison of hydrodynamic field by isolated jet with the
experimental measurement by the isolated jet. Since, in current jet-installation case, no grazing of the jet potential core
with the plate occurs as the plate is located at L = 6.5D; andH = 2D, it is expected that the hydrodynamic-pressure
field will be unmodified by the existence of the plate. This is further investigated by comparing the near-field pressure
obtained from isolated and installed jet case at two axial location x/D; = 2.0, y/D ; = 2.0 (before the end of jet-potential
core) and x/D; = 6.0,y/D; = 2.0 (end of jet potential core and point closest to the trailing edge). The comparison is
shown in Fig.[T2)and it is evident that the existence of the plate in current configuration doesn’t influence the near-field
pressure. Hence for JI noise prediction, the hydrodynamic pressure obtained from the isolated jet can be employed as a
source for the noise prediction. for the JI noise prediction, the point in space is chosen to be x/D; = 6.5, y/D; = 2.0 as
this corresponds to the location, where the trailing edge is located and where the hydrodynamic pressure will be scattered
into acoustic waves resulting in enhanced farfield noise.

2. Surface Pressure Fluctuation

Fig. [I3] shows the surface pressure (SP) spectrum on the flat plate at various spanwise and chordwise locations on
the reflected side of the flat plate. The first distinctive feature is that the peak spectral level is observed at Stouhal
number = 0.1. This peak spectral level translates to peak far-field spectral level, as shown in Fig. This clearly
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Fig. 11 Comparison of the predicted near-field hydrodynamic pressure with experimental measurement for
isolated SMC000 and SMC006 at Mach = 0.5 and 0.9. (a) Mach = 0.5: x/D; = 6.0,y/D; = 2.0 (b) Mach =
0.5:x/Dj =14.0,y/Dj = 3.0 (¢c) Mach = 0.9: x/D; = 6.0,y /D; = 2.0 (d) Mach = 0.9: x/D; = 14.0,y/D; = 3.0.
Note that spectra are shifted 20dB for clarity

identifies that surface pressure spectrum on the surface of the flat-plate translates into farfield noise implying that, for
any low-order modelling approach, such as those based on Amiet [10]], can employ SP spectrum as a source. Moreover,
the influence of the jet spreading in the spanwise direction can also be visualised in Fig.[T3a] It is observed that SP
spectral level is maximum at the mid plane of the flat plate, which coincides with the jet-center-line.The influence of the
jet depletes in the spanwise location for a fixed chord length. For SMCO000, the influence of the jet on the SP spectrum
reduces and become insignificant by 5D ;. Similar trend is observed for SMCO006 chevron nozzle as well. The surface
pressure (SP) spectrum obtained from the LES can be employed as an input to the Amiet [[10] model. However, this is
outside the scope of this paper, and further research on the viability of using SP spectrum as a source for modelling JI
noise is recommended.

3. Jet Installation Noise Modelling
We compute the jet-installation noise in this part using the JI noise model given by Eq. (I). The azimuthal mode of
the near-field hydrodynamic pressure is the source of the JI noise model. To get the azimuthal modal spectra, 64 points in
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Fig. 13 Surface Pressure Spectrum for Installed SMC000 at Mach = 0.5(a) fixed chordwise location and variable
spanwise location (b) Variable chord-wise positions at the flat-plate mid-plane

the azimuthal direction were stored for each test case, and the fourier transform in the azimuthal direction was performed.
Six azimuthal modes were calculated for the noise computation. Another input to the Eq. (T) is frequency-dependent
convection velocity of the near-field instability waves. The convection velocity was determined using the methodology
suggested in Lyu et al. [T1]] and it was observed that the convection velocity scaling for low frequency below Strouhal
number of 0.15 did not differ for each mode, so the convection velocity was chosen to be constant for all modes in the
current analysis. After computing the convection velocity, the azimuthal mode of the near-field pressure was obtained
and input into the model at x/D; = 6.5,y/D; = 2.0. This was chosen as the source point since the trailing edge of the
flat plate was located at this location, and the hydrodynamic pressure at this point will act as an incidence pressure to be
scattered by the edge in the acoustic wave.

Fig.[T4]shows the the prediction of the JI noise using the Lyu et al. Lyu et al. [11]] hydrodynamic edge scattering model
with the input of the source obtained from the LES. The JI noise is modelled for round (SMC000) and chevron (SMC006)
nozzle for Mach = 0.5 and 0.9. The first observation is that the model has been able to predict the low-frequency noise
with appreciable accuracy for all Mach number and nozzles. for example, Fig. [[4ashows the peak frequency occurring
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at a frequency of 1000Hz for Mach = 0.5 and 2000 Hz for Mach 0.9 for SMCO000. The trend of the low frequency has
been appreciably predicted. The discrepancies are observed at higher frequencies. This is due to the incorporation
of the Amiet [10] transfer function, which is known the decay the high-frequency with a faster rate. Moreover, high
frequency region of higher mode (mode > 1) decay faster, hence incorporation of higher modes yields discrepancies at
higher frequency. Moreover, another explanation for the high-frequency difference is that the contributions from the
quadrupole source, which normally influences the high-frequency region of the spectrum, were not taken into account in
the prediction.
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Fig. 14 Comparison of the model predicted farfield noise for Installed SMC000 and SMC006 nozzle with
the experimental measurement and LES and FWH formulation at Mach = 0.5 and 0.9 at polar angles
of 90°. Hydrodynamic pressure is obtained at x/D; = 6.5,y /D; = 2.0 (a) SMC000, Mach = 0.5 (b) SMC000,
Mach = 0.9 (¢) SMC006, Mach = 0.5 (d) SMC006, Mach = 0.9

Lyu et al. [11]] model provided in Fig.[I4]shows that the farfield acoustic pressure spectrum can be computed by
performing the summation over the azimuthal modal spectrum. However, Lyu and Dowling [1]] showed that when the
frequency of interest is low, the farfield noise due to hydrodynamic pressure scattering can be obtained by using the
power spectral density at a fixed point. This observation was shown to be valid for round jet at Mach = 0.5. However,
no such information is available for the modelling of JI noise due to the chevron jet and at Mach number closer to
sonic speeds. We investigate the sensitivity of the number of azimuthal mode required for noise modelling. The noise
prediction for the installed SMCO006 nozzle at Mach 0.5 and 0.9 is shown Figs. and [T4d| The prediction of the
spectrum at Mach 0.5 required the inclusion of the first three azimuthal modes, and at Mach 0.9, the first four modes
were necessary. The Oth mode is sufficient for SMCO000 at Mach 0.5, however the first two modes are necessary for
accurate predictions at Mach = 0.9.

Overall, the azimuthal modes of the hydrodynamic pressure as obtained from the LES simulation have been sufficient
in predicting the noise caused by installed round and chevron jet.
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V. Conclusion

A numerical investigation based on Large Eddy Simulation (LES) solutions provided by the high-resolution
CABARET method accelerated on Graphics Processing Units is carried out to analyse the jet installation effects, together
with the effects of varying jet Mach number and nozzle shape on the installed jet noise. For this purpose, a simplified
configuration, comprised of round and chevron nozzle installed underneath the flat plate is chosen based on experimental
tests performed at the University of Bristol. The simulation results are firstly validated by comparing the time-averaged
velocity profile at various radial locations with the experimental data. The far-field noise spectra of isolated and installed
jets are obtained using the Ffowcs Williams- Hawkings (FW-H) method, and it is found that the existence of the plate
causes the jet noise to be enhanced significantly at low frequencies. For the isolated jets, the far-field noise is computed
using the permeable-surface FW-H formulation with multiple closing surfaces. For the installed jets, the far-field
noise is computed using two formulations of the FW-H method. In the first formulation, the permeable-surface FW-H
method with multiple permeable closing discs is chosen, in the second method, the LES solution is combined with
the impenetrable surface formulation of the FW-H method by employing a flat plate as the control acoustic surface.
Notably, good agreement is observed using both methods at a range of observer angles except for a polar angle of 30
degrees, where the prediction using the impenetrable surface formulation results in underestimated noise in comparison
with the permeable surface FW-H method and the experiment. Furthermore, the LES solution of the source of the
jet-installation noise, i.e., the jet nearfield hydrodynamic pressure is validated with the experimental measurements. It
is also shown that the presence of the plate for the current jet-flat plate setup does not modify the near-field pressure
appreciably. To further analyse the origins of the jet-installation noise source in the considered experiments, the LES
solution is substituted in the hydrodynamic pressure - edge scattering model of Lyu and Dowling [[1]. It is shown that
the implemented model leads to good agreement with the experiment for the low-frequency noise enhancement caused
by instability wave scattering for all Mach numbers and nozzle shapes considered. This agreement demonstrates that the
implemented near-field scattering model accurately captures the noise process for low-frequency noise amplification
and provides a robust and reliable prediction tool for modelling jet installation effects. Notably, while it is sufficient to
include just the axisymmetric mode for good predictions of jet installation noise of round jets, which is in-line with
conclusions of the work of Lyu and Dowling [1], the minimum number of azimuthal modes required for accurate noise
predictions of chevron nozzles should be significantly increased.
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