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IRCRAFT noise isa major concernto communitiesneighbouringairports[1]. Jet noise from aeroengines is still
dominant component when an aircraft is taking off. High-bypass-ratio engines reduce jet noise by lowering
the jet exit speed. However, when the bypass ratio is further increased, the jet engine hasto be installed closer to the
wing. Thissignificantly intensifies jet noise duetothestronginteraction betweenthe jet and thewing. This isnomally
referred to asinstalled jetnoise and usually occurs in the low-frequency range. Historically, the extra noise due to the
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Emitted noise of aninstalled jetis significantly louder,compared to anisolated jet. When
the jetisinstalled close to a solid surface, nonlinear jet-surface interactionsoccurand modify
the jet turbulence inaddition to the linear potential field interactions. In this paper, the noise
sourcesare decomposed into quadrupole sources due to turbulent mixing and dipole sources
due to the unsteady loadings on the surface. The change of these two sources due to close
installationis firstcharacterised in the near-field and their contribution to the far-field noise
isthen quantified. The quadrupole sources and noise are examined using Goldstein’s acoustic
analogy, whilst dipole noise is studied with the Amiet approach to model trailing edge
scattering of evanescent hydrodynamic waves. The methods are first validated in a plate-jet
configuration and then applied to analyze the noise sources of a closely installed jet-wing
configuration. The results show that the increased quadrupole source primarily contributes
to the installation noise at the polar angle of around 30 degrees, while the dipole source is

responsible for the installation noise at the higher polar angles.

Nomenclature

speed of sound

chord length

nozzle diameter

vertical distance between the jet centre line and the plate underneath
axial distance between jet exit and plate trailing edge

half-width of the flat plate

time-averaged velocity

velocity fluctuations (u,,u,,u3)

Mach number

acoustic wavenumber, w /a

angular frequency

Cartesian coordinates

cylindrical coordinates, i.e. axial, radial and azimuthal coordinates
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wing installation was first noticed by Bushell [2] by comparing thein-flight installed jetwith a static isolated jet fora
full-scale aircraft. The characteristics of this installed jet have beenstudied extensively by experimentalists [3-5]. The
directivity of installation noiseis found tobe dipole-like and it isalso sensitive tothedistance from the jetto the solid
surfaceand the distance from thejet exit to the surface trailingedge. To understand the mechanism, Ffowcs William
and Hallin 1970 observed that the far-field low-frequency noise can be amplified when a turbulent flowis nextto a
surface [6]. They attributed this amplification to the hydrodynamic scattering near the solid surface edge. Lyu and
Dowling confirmed this theory and developed a reliable predictionmodel [7] based on hydrodynamic wave scattering.
It demonstrated that the far-field sound amplification can be accurately predicted by incorporating the scattering of
the near-field hydrodynamic evanescent wave using the Amiet approach [8]. It should be noted that this prediction
method is used whenthesolid surface sits in the irrotational flow region, thereforeregardedas a linear mechanism of
noise generationfor installed jets. However, whenthe solid surface moves close to thesurface, such as in Ultra-High
Bypass-Ratio engine installation, the nonlinear interaction between the jet and solid surface begins to increase. The
jetmixingshear layer near the solid surface is significantly altered. The jet mixing noise source is likely to be modified
in a closely-installed configuration [9]. This could further leadto thechange in far-field noise. There isstill a lack of
understanding in this scenario, which puts in question the noise generation mechanism of installed jets for realistic
applications.

In this paper, we will investigate the jet-surface interactions and their generated noise in closely installed jets. Two
noise sources, i.e. quadrupole sources of turbulent mixing in the jet plume and dipole sources of unsteady loading on
the solid surface, are examined to evaluate the impact of the close installation. Their contribution to the far-field
installation noise will be quantified by comparing it with the isolated jet.

Il. Methods

A. Flow and acoustics predictions

LES is used to capture large-scale turbulence that is responsible for noise generation. Accurate LES requires a
numerical scheme with low dissipation characteristics to resolve approximately 90 percent of flow energy. A non-
dissipative numerical scheme that preserves the kinetic energy [10] was used in our simulation to ensure the
computation is stable withoutany artificial dissipation. Thescheme s blended with 4™ order Laplacian smoothing and
gradually stretching grids towards the computational boundary to prevent numerical reflection. Asto the turbulence
modelling,a RANS layeris used nearthewallto coverthe inner part of boundary layer, while LES is used to resolve
the outer part of boundary layer and turbulent jet plume. The RANS layer is blended with the LES region using a
specially designed blending function based on modified wall distance [11]. In our simulation, the SA RANS model
[12]and the WALESGS model [13] are used totreat turbulencein differentregions. Thefull details of the turbulence
modelling can be found in the reference [14] for jet-plate configuration and the reference [15] for jet-wing
configuration.

To predict the far-field acoustics, FW-H integration is performed over a time series of flow data on the near-field
FW-H surfaces. Three FW-H surfaces are placed with increased radial positions around the jet plume and plate/wing.
This is to ensure the surfaces lie in the irrotational region and enclose allthe quadruple sources so that a robustand
accurate far-field sound prediction can be obtained. The detail of the near-field FW-H surface placement can ako be
found in our previous publications [14, 16].

B. Noise sources analysis
If the FW-H integration is performed on the solid surface, the contribution of installed jet noise breaks down into
two categories: quadrupole sources due to turbulent mixingand dipole sources due to theunsteady loadings on solid
surfaces.
PSDtotal = PSunad + PSDdipole

1. Quadrupole source: Goldstein'’s acoustic analogy

The quadruple source can beaccurately studied with Goldstein’s a coustic analogy [17] thataccounts for the mean-
flow refraction for acoustics propagation. The noise source is characterized by space-time correlations of Reynolds
stress tensors and it can be modelled by Gaussian functions [18]. When they are integrated with Green’s functions,

PSDQuad(x'w) =c* ﬁijkz(}’i5y'w) Liju(x%y; Sy, w)d>syd>y
Vy YVsy
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where PSDy,, .4 (x,w) is the power spectral density of quadrupole noise at the observer location x, I?ijkl (y;8y,w) is
the cross spectra density of the 4" order space-time velocity correlation R ;11 (y; 8y, 7) with space separation Sy and
time delay 7, which characterises the sound source at the location yin the jet plume. I, (x, y;8y, ) isthe Green’s
function that propagates the flow energy in the source to the far-field as acoustics.

2. Dipole sources: Amiet’s trailing edge scattering model

The hydrodynamic waves in the jet shear layer are evanescent and inaudible as they decay exponentially away
from the jet. When a trailingedge is presentin installed jets, the evanescent wave will be scattered and the pressure
fluctuations canbe propagatedto the far-field assound. The far-field noise generated by this trailing edge scattering
is used here to approximate dipole noise. Itcan be predicted using the Amietapproach [8] with the input of evanescent
waves [7], shown below

PSDg,qr (x,0) = [

wX4 ]2 {|F(c,u, w)|? e 27 pSD(w, ro)}
CoSs Ha 272 KSWen) oy

Inthe above, PSD(w, 1) is the power spectral density of pressure fluctuations at the same axial location of the trailing
edge andthe radial locationof r,. K (y,.1;,) is the Bessel function that describes the radial decay of evanescent waves
with aratey, = \/(klﬁ + kM)? — k2 /B. The axial wave number of evanescent waves, k ,, is obtained such that the

PSD(w,rg) . . . . .
reduced spectra — M‘; is independent of radial location r, where evanescent waves dominate.

o YcTo

1. Validation: Jet-Plate Interaction Noise

A canonical case is used to validate the method of noise source analysis. The configuration consists of a single
stream jet placed undera flat plate. Thetrailingedge of theplateis plated at 4 diameters D; downstream of the jet exit
and 1 diameter away from the nozzle centerline. The LES has been performed on this configuration with far-field
noise predicted with the FW-H approach [14]. Both near-field turbulence and far-field noise have been accurately
captured. Figure 1 shows the flow field of axial velocity and turbulent Kinetic energy (TKE) for both isolated and
installed cases. Compared to the isolated jet, the installed jet slightly touches the trailing edge of the plate. Both jet
velocity andturbulence are barely affected by the plate. This indicates that the interaction between jet and plate lies
in the linear regime. This is used to validate the methods for source analysis, i.e. the Goldstein acoustic analogy for
quadrupole sources and the Amiet trailing edge scattering model for dipole sources.
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(@) Axialvelocity in the isolated jet (b) Turbulent kinetic energy in the isolated jet
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(c) Axial velocity in the installed jet (d) Turbulent kinetic energy in the installed jet

Figure 1 Time-averaged velocity and turbulent kinetic energy (TKE) at the plane cutting through the jet
centerline for the isolated and installed jets with the relative position to the plate of H/D = 1,L/D=4
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The Goldstein acoustic analogy is used for investigating the noise generation of quadrupole sources and predicting
its far-field noise. To avoid the complexity of calculating space-time correlationdirectly from LES data, the turbulent
kinetic energy and time-averaged vorticity obtained from the LES are used to calculate the source amplitudes and
(time and length) scales for constructing the Gaussian function that models the 4th-order space-time correlation of
velocities for quadrupole noise sources [19]. It has been verified that the TKE and vorticity-based space-time
correlations are consistentwith those directly computed from LES data. The far-field noise is predicted by integrating
the noise sources, calculated for bothisolated and installed jets, with Green’s functions that are based onthe jet mean
flow. With the knowledge that the scattering of quadrupole sources by trailing edge is insignificant and acoustic
reflection/shielding only affects acoustics at high frequencies [7], the free-field Green’s function is used as an
approximation for quadrupole noise prediction of installed jets. Figure 2 shows the prediction of quadrupole noise for
both isolated and installed jetsat two representative polarangles underthe plate. The experimental data is used asa
reference tovalidate theaccuracy of the predictionusing Goldstein’s acoustic analogy. The far-field noise of isolated
jetsis entirely from quadrupole sources and the noise prediction using Goldstein’s acoustic analogy agrees well with
the experimental measurement up to around St=2. The quadrupole noise of the installed jet stays extremely close to
that of isolated jets, indicating that the quadrupole sources havenot beenaffected by the installation for this jet-plate
configuration of H/D=1.00 and L/D=4.00.
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65 —8— quadrupole, isolated i 65 —8— quadrupole, isolated i
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Figure 2 Quadrupole noise atthe polar angles of 30°and 90° from the downstream direction (under the plate
for installed jets) for both isolated and installed jets

80 T T 80
Exp,isolated . Exp,isolated

Exp,installed . Exp,installed

70 — — = Quadrupole, installed 4 70 b — — = Quadrupole, installed
Dipole, installed A Dipole, installed
Quadrupole+dipole, installed

Quadrupole+dipole, installed

(@) 30° polarangle (b) 90° polarangle
Figure 3 Far-field noise from quadrupole and dipole sources at the polar angles of 30° and 90° from the
downstream direction (under the plate for installed jets) for both isolated and installed jets

In additionto the quadrupole noise, the noise generated by dipole sources is predicted by scattering the evanescent
waves at the trailing edge of the plate, as shownin Figure 3. The total noise is obtained by addingthe dipole noise to
the quadrupole noise. At the polarangle of 30° (from the jetdirection), the dipole noise is insignificant, which is about
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10 dB lowerthanthe quadrupole noise, so the installed jetnoise is almostthesameasthatofisolated jet noise. Asthe
polarangle increases, the dipole noise becomes more evident compared to that of the quadrupole. At the polarangle
of 90°,the dipole noise, generated by trailing scatteringbecomesdominant, isabout 10dB larger than the quadrupole
noise. The far-field noise of installed jets can be well predicted by adding the noise from quadrupoles and dipoles
together. Thepredicted noise is in excellent agreement with experimental data. This shows the validity of the proposed
methods for quadrupole and dipole source analysis.

IV. Application: Jet-Wing Interaction Noise Sources

The methods used for noise source analysis of the jet-plate configuration will be used here to investigate the
installation noise sources of an industrially relevant jet-wing configuration, which is an ultra-high bypass ratio
(UHBR) engine nozzle installed closely under a three-dimensional wing. The flows and acoustics have been well
predicted using hybrid LES-RANS and FWH methods[16, 20]. Figure 4 reviews the flow field of velocities and TKE
forboth isolatedandinstalled jets. The wing is closely placed above the jet nozzle, leading to significant interactions
with the turbulent jet. Asshown in theaxial velocities, the jet plume has been deflected by the wing. Comparedto the
isolated jet, the TKE in the upper shear layer has beenmodified by the wing. The TKE firstly decays under the wing
and thenamplifies downstream of the wing due to the jet-wing interactions. This enhanced turbulence is expected to
have an impact on turbulent mixing noise, which will be discussed in the section below.

1 LOA: GF| D45 G55 072 G 100 ! TREAGL: G001 0003 0067 0610 0.01F 0016
oy = ]
g E;: g =~~.;:)
1 ] Cpyey & 3 ] s ] Cpyey # 3 70
(@) Axial velocity of isolated jet (b) Turbulent kinetic energy of isolated jet
! LWL 031 045 059 072 088 100 ! TREAGL: 0000 0004 0007 0010 0.61F 0016
o5 e as :_::.__;C;i--
g §}==-___ g o _H;~
e (] T en ] & T 15 ] Ty i 3 0
(c) Axial velocity of installed jet (d) Turbulent kinetic energy of installed jet

Figure 4 Time-averaged flow field of an ultra-high bypass-ratio nozzle jet installed under a wing

A. Quadrupole sources

The quadrupole source due to turbulence mixing is characterised by the space-timecorrelations, R, (y; 8y, ), in
the Goldstein’s acoustic analogy. Amongallthe components, R ;,, (¥; 8y,7), which is the four-order correlation of
axialvelocities, isdominant. Figure 5 shows the amplitudes of R,,,,, which is at zero spatial separations, §y=0, and
at zero time delay t = 0, for both isolated and installed jets. Similar to TKE, the noise source amplitude has been
significantly amplified directly downstream of thewing by the jet-wing interactions. Theincrease of amplitude peaks
directly downstream of the wingand also further extends downstream in the upper jet shear layer. However, it is not
necessary thatall the increased energy in thenoise source can be propagated to the far-field as acoustics with the same
efficiency.

: oo 5 : b 5 ! 10
(@) isolated jet (b) installed jet
Figure 5 Amplitude of the dominant component of space-time correlations, Ry, (y; 6y = 0,7 = 0)

The source contribution at the location of x to the far-field noise of the frequency w at the observer's locationy
can be quantified by integrating the space-time correlation R, ;,, (y; 8y, 7) with the Green’s function; ;, (x, y; 5y, w)
over the volume within which the source remains correlated.

5
American Institute of Aeronautics and Astronautics



S,(xy;w) =f Riju3;8y,w) 1j1, (%, y; 5y, w)d *8y

V5y

This s referred toas effective quadrupole sources, which is the inner integration of the equation used for predicting
the far-field noise. Figure 6 shows the effective noise sources forthe observer’s polar angle of 90° at two frequencies,
St=0.43and1.47. The noise source that contributes to the same observer location can vary with the frequency. With
increasing frequencies, the effective sources are more concentrated towards the jet nozzle. This suggests that the
turbulent mixing close to the nozzle exit, which occurs at finer scales, is responsible for the high-frequency noise
generation, while the region of effective sources for low-frequency noise extends further downstream. This indicates
that large-scale turbulence in the downstream plays an important role in generating low-frequency noise. Compared
totheisolated jet, the installation has increased the effective quadrupole sources at both frequencies downstream of
the wing.
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Figure 6 Effective quadrupole noise sources with varying frequencies, St=0.43 and 1.47, at the observer’s
polar angle of 90°

30", isolated
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10
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Figure 7 Effective quadrupole noise sources with St=0.8 at the observer’s polar angles of 30° and 90°
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| | —#%— Quadrupole, isolated
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10°
St
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Figure 8 Quadrupole noise at the polar angles of 30°and 90° for both isolated and installed jets (under the
wing)
At the frequency of St=0.8, the effective noise sourcealso changeswith observerangle,as shownin Figure 7. The

amplitude of effective quadrupole sources shows that turbulentmixing in the jet plume is more effective in radiating
acousticsat the polarangle of 30°than at the polarangle of 90°. Comparedto the effective sources forthe 30° polar
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angle, the extentof the noise source forthe 90°polarangle slightly moves closer to thejet nozzle. This indicates that
the noise generation at larger observer angles intends to occur near the nozzle at small turbulence scales. The
installation has amplified the effectivenoise sources for bothofthe observer’s polarangles. The amplification occurs
downstream of the wing and also extends further downstream.

When the effective quadrupole source is further integrated over the entire jet plume, the far-field noise generated
by turbulentmixing is predicted. Figure 8 shows the comparison of the quadrupole noise of bothisolated and installed
jets. Different from that of the jet-plate configuration, the noise amplification due to quadrupole sources caused by
turbulence isevident forthe closely installed jet-wing configuration. The noise of the isolated jet predicted using the
Goldstein’s acoustic analogy is compared with the experimental data, showing a fairly good agreement. The
quadrupole noise amplification due to the installation increases with polarangles. The peak increase is 2-3 dB at the
polarangle of 30°and4-5 dB at the polarangle of 90°. At higher polarangles, the noise amplification tends to occur
at higher frequencies. However, the noise amplification caused by increased quadrupole sources is still not enough to
explain the observed noise increase due to installation. The contribution of dipole sources will be discussed in the

following section.

B. Dipole sources

Thedipole sourceis approximated by the scattering of evanescent hydrodynamic waves atthetrailing edge of the
wing. The evanescenthydrodynamics waves are coherentin both space and time and canbe elucidated using spectral
proper orthogonal decomposition (SPOD) [21]. Figure 9 shows the leading SPOD modes of pressure fluctuationsfor
the first two azimuthalmodes. The coherent structures in the jetshear layer are in the form ofwave packets [22]. Their
acoustic emission efficiency is relatively low in the subsonic jet as they decay exponentially in the radial direction
from the jet centerline. When a solid surface edge is placed near the jet, the evanescent waves are scattered by the
trailing edge and become efficient noise emitters [7].

$t=0.62, m=0, SPOD mode j= 1 S$t=0.82, m=1, SPOD mode j= 1

Figure 9 Leading SPOD modes at the first two azimuthal modes of pressure fluctuations m = 0 and 1 at the
frequencies of St=0.62 and 0.97
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(a) raw pressure spectra (b) reduced pressure spectra
Figure 10 Rawand reduced spectral power density (PSD) of pressure fluctuations at various radial locations
of the isolated jet

This scattering noise can be predicted with the input of the spectra of the evanescent waves. Figure 10(a) shows
the spectra of pressure fluctuations with increasing radial locations at the same axial position of the trailingedge. The
7
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peak of spectra corresponds to the evanescent waves whose spectra power density (PSD) decays exponentially in
radius following the Bessel function K2 (y,1,,) while high-frequency PSD, primarily contributed by acoustic waves,
decays slower following 1/72. When the PSD is scaled by 1/KZ (y,1;), the reduced PSD is obtained and it should
become independentof radial locations in the frequency region where the evanescentwaves dominate. The spectra at
r/D=0.6 and 0.9 are outliers as they are contaminated by the stochastic turbulentand acoustic fluctuations respectively.
The spectra between r/D=0.6and 0.9 collapsewellinto one curve, asshownin Figure 10(b). The reduced spectra are
then used to predict the far-field noise.

Figure 11 summarises the far-field noise contribution from both dipole and quadrupole sources at the two
representative polarangles. The total noise is predicted by adding the noise of quadrupoles and dipoles together. To
illustrate the relative contributions of quadrupoles and dipoles to thetotal installation noise, the quadrupole noisesof
both isolatedandinstalled jets areaddedto thedipole noise that is calculated based on trailing edge scattering. At the
polaranglesof 30°, the noise generated by dipole sources is insignificant compared with the quadrupole noise. When
the dipole noise is added to the quadrupole noise of the installed jet, the installed jet noise has been well recovered
and agrees withtheexperimental data. Comparedto the total noise by adding the dipole noise to the quadrupole source
of isolated jets, the noise increase at intermediate frequencies indicates that the installation noise is primarily
contributed by the increased quadrupole source due to the enhanced turbulence mixing because of jet-wing
interactions. However, the generation mechanisms of installation noise become different at the polar angle of 90°.
The quadruple noises of both isolated and installed jets are negligible compared to the dipole noise. When they are
superimposed with the dipole noise, the two are almost undistinguished. This suggests that the dipole source of trailing
edge scattering dominates the installation noise generation at this observer’s polar angle. These findings are further
checkedathigher polar angles, showing that the dipole source remains as the dominant mechanism of noise generation.
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Figure 11 Far-field noise prediction of jet-wing configuration at the polar angle 30° and 90° under the wing

V. Conclusions

The sources of installed jet noise are decomposed into quadrupole sources due to turbulent mixing and dipole
sources due to the unsteady loadings on the solid surface. Goldstein’s acoustic analogy is employed to analyze the
quadrupole source and predict its generated noise while trailing edge scattering of evanescent waves is used to
approximate the dipole source and predict the emitted noise with the Amiet’s approach. The two sources and their
prediction method are first validated on a canonical jet-plate configuration, where the interactions between jet and
wing barely modify the jet turbulence. Hence, the quadrupole source and noise of the installed jet remain almostthe
same as those of the isolated jet. The far-field noise is well predicted by adding the dipole noise and the quadruple
noise together. The validated methods are then applied to investigate the installation noise generation of a closely
installed jet-wing configuration, where the turbulence downstream of the wing is significantly amplified by the jet-
wing interactions. Consequently, the quadrupole sources are amplified as well. The results show that the increased
quadrupole source dominates the installed jet noise generation at the polar angle of 30° under the wing. When the
polar angle increases, the increased quadrupole noise due to the enhanced turbulence is not sufficient to exphin the
noise increasedue toinstallation. The dipole source of trailing edge scattering plays a dominant role in producing the
installation noise. This work clarifies the mechanisms of installed jet noise, especially for closely installed jet
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configurations. It will provide an insightful guide for the design of efficient control strategies for reducing installed
jet noise.
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