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Free-Stream Effects on Jet-Installation Noise of a Dual-Stream
Engine

Leandro Rego*, Francesco Avallone®, Daniele Ragnii and Damiano Casalino®
Delft University of Technology, Delft, 2629HS, The Netherlands

Wouter van der Velden!
Dassault Systemes Deutschland GmbH, Curiestrafie 4, 70563, Stuttgart, Germany

An investigation of the effects of free-stream on jet-installation noise is performed using
a numerical solver based on the lattice-Boltzmann method. In order to simulate a realistic
configuration, a high-lift wing comprised by a main element and a deployed flap (MD30P30N)
is placed in the vicinity of a dual-stream engine (GE90-94B). The engine operating parameters
are used as inputs to generate realistic exhaust flows. Far-field noise spectra from the isolated
and installed jets, obtained through the Ffowcs-Williams and Hawkings analogy, are compared
for different polar angles. In the absence of free-stream, the results show a low-frequency
noise amplification, occurring mainly upstream of the jet axis. This noise increase is due to
a dipole source at the flap trailing-edge, where hydrodynamic waves from the jet scatter as
sound to the far-field. With free-stream, the wing produces a downward flow, which deflects
the jet plume. There is a consequent change on the shear layer turbulence characteristics,
which is responsible for altering the far-field spectral shape and directivity pattern of the
overall configuration. Through a wavelet decomposition of the near-pressure field, coherent
and chaotic fluctuations are splitted. Near-field spectra show the change in amplitude of
fluctuations of coherent structures due to free-stream, which are in agreement with the far-
field results.
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Nomenclature
c = speed of sound [m/s]
D = exit plane external diameter [m]
f = frequency [Hz]
M Mach number
M, = acoustic Mach number
m = mass-flow [kg/s]
p = static pressure [Pa]
St = Strouhal number
T = temperature [K]
u = time-averaged axial velocity (x—direction) [m/s]
u’ = root-mean-square axial velocity fluctuations (x—direction) [m/s]
U = velocity magnitude [m/s]
0 = polar angle of the observer [°]
Subscripts
B = bypass jet flow
C = corejet flow
f = free-stream
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I. Introduction

IGH bypass turbofan engines provide significant benefits in terms of fuel burn and jet noise reduction due to their

lower exhaust velocity [1]. However, these engines have large diameters so that a higher mass flow can generate
the necessary amount of thrust. Therefore, due to their size, they have to be mounted closer to the wing to maintain a
minimum ground clearance. The increased proximity results in interactions between the jet flow and a nearby airframe
surface, generating an additional noise source known as Jet-Installation Noise (JIN) [2]]. The JIN is especially significant
during take-off and approach flight conditions, when the deployed high-lift systems are positioned close to the jet [3]].
Therefore, the phenomena behind engine installation effects must be accurately modeled so that appropriate noise
reduction solutions can be developed.

The interaction between a jet and a nearby semi-infinite solid surface was first investigated by Ffowcs-Williams
and Hall [4]]. For a surface outside of the plume, they showed that hydrodynamic pressure fluctuations from the jet are
scattered as sound to the far-field at the surface trailing-edge. It was found that the sound intensity produced by this
source scales with the fifth power of the jet velocity, thus becoming relevant at subsonic Mach numbers. It was also
shown that the noise increase occurs at low and mid frequencies, followed by either reflection or shielding of acoustic
waves at higher frequencies [S]]. The sound directivity patterns were found to be consistent with a dipole source: in the
azimuthal direction, there were two lobes with peaks in the directions normal to the surface, whereas in the surface
plane there was no noise increase. In the polar direction, a cardioid pattern was obtained, with the maximum noise
amplification in the upstream direction of the jet. At low polar angles, towards the jet axis in the downstream direction,
noise levels similar to the ones of the isolated configuration were obtained [J5]].

In analytical formulations, JIN is usually modeled with the characteristics of a single-stream jet flow and a nearby
flat plate, representing the airframe surface. These models can capture very well the effects of trailing-edge scattering
of jet hydrodynamic waves, since they use an exact tailored Green’s function to solve the problem of scattering by a
half plane [6H8]]. While these models provide fast-running predictions, there is often a trade-off in terms of geometric
simplification. For the investigation of more complex geometries, comprised for example by dual-stream jets and
high-lift wings, wind tunnel tests are usually performed [9H11]]. There are, however, some shortcomings with those JIN
experiments, such as the model scale, the temperature of the core jet, or the presence of external flow. Therefore, JIN
investigations that take into account all these characteristics are lacking in the literature.

The main focus of this work is then to assess the effect of free-stream on the noise produced by an installed
dual-stream engine at realistic operating conditions. Wind tunnel tests carried out by Proenca [[12] show that the addition
of free-stream around a jet results in an increase of the potential core length and a reduction of the turbulence levels in
the jet shear layer. Consequently, there is a reduction of installed noise levels and the spectral peak shifts to higher
frequencies. However, these studies were carried out with flat plates and symmetrical airfoils. It is likely that a cambered
airfoil in the vicinity of a jet produces a downward velocity component, affecting the jet development and the overall
noise characteristics.

To assess this effect, realistic geometries are necessary. In this work, the installed jet setup is comprised by a
dual-stream nacelle (from the GE90-94B engine) and a high-lift wing; the MD30P30N. These geometries are chosen
since they are publicly available for research purposes [13l[14]. This setup allows for an investigation on full-scale
models, with inputs taken from actual engine operating parameters, so that a take-off condition can be modeled. Co-axial
jet flows comprised by a hot core and a cold bypass are also obtained from this model, adding to the realism and
complexity of the analysis.

The most appropriate way to conduct such investigations is through a numerical approach, since there would be high
costs for a full-scale testing of this configuration. The calculations are performed with a software that employs the
lattice-Boltzmann method, coupled with a Very Large Eddy Simulation model (LBM-VLES). This method has been
chosen since high-fidelity simulations can be carried out with a relatively low computational cost. Highly accurate
results can obtained through this methodology, when compared to experimental data, as shown earlier by van der Velden
et al. [15]], Rego et al. [[16]] and Nickerson et al. [[17] for isolated, installed and chevron single-stream jets, respectively.

This paper is organized as follows. The computational methodology is addressed in Section II. The characteristics
of the model setup are reported in section III, with a description of the geometry and flow conditions. The installation
effects are addressed in Section IV in the absence of free-stream. In Section V, the effect of free-stream is discussed
with a correlation between near- and far-fields performed through a wavelet decomposition. Finally, the concluding
remarks are presented in Section VI.
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I1. Methodology

The lattice-Boltzmann method (LBM) solves the discrete form of the Boltzmann equation by using particle
distribution functions to simulate the macro flow properties. The fluid properties such as density, momentum and internal
energy are obtained through a local integration of the particle distribution [18]. The solution of the Boltzmann equation
is performed on a Cartesian mesh (lattice), with an explicit time integration and collision model. The distribution
functions are projected on a basis of Hermite polynomials and the moments are computed over a discrete set of particle
velocities, using Gaussian quadrature formulas for different lattices [[19]. For this work, a 19-state lattice, known as
D3Q19, is adopted. A Very Large Eddy Simulation (VLES) model accounts for the unresolved scales of turbulence
through an eddy-viscosity turbulence model. A modified two-equations k — € Renormalization Group (RNG) turbulence
model is employed to compute a turbulent relaxation time that is added to the viscous relaxation time [20].

The far-field noise is computed through the Ffowcs-Williams and Hawkings analogy [21]], adopting the formulation
1A from Farassat extended to a convective wave equation [22}23]]. The formulation is implemented in the time domain
using a source-time dominant algorithm [24]. A permeable surface is defined encompassing the jet and the wing, where
pressure and velocity fluctuations are recorded and used for far-field noise estimation. A more detailed description of
the FWH surface is reported in section III. In addition, the FWH analogy is applied using pressure fluctuations on the
wing surfaces, in order to isolate the noise contribution from the acoustic dipoles.

The methodology described above is implemented in the commercial software Simulia PowerFLOW 6-2019. This
software has been also used and validated for aero-engine aeroacoustic applications to predict fan broadband noise in
subsonic [25} 26] and transonic conditions [27]]. A validation study for an isolated jet (SMCO000) has been accomplished
by van der Velden et al. [15], showing a very good agreement with experimental results, as well as Nickerson et al. [[17/]]
for an isolated jet with chevron nozzles. For an installed configuration, computations were performed by Rego et al.
[L6] with a flat plate in the vicinity of a single-stream jet. The results agreed with experimental data, and they were used
for correlations between the near-field phenomena and the resultant noise in the far-field due to installation effects.

II1. Computational Setup

A. Geometry and Discretization

As stated in section I, the aim of this work is to carry out an investigation of the effects of free-stream on the noise
generated by an installed jet. A dual-stream engine configuration is chosen for a more realistic analysis, so that both
core and bypass exhaust flows are simulated. The GE90-94B is selected since its geometry is publicly available for
research purposes, and it has been used in operating aircraft. Engine parameters, such as intake mass-flow, bypass ratio
and flow temperatures at take-off condition [13]] are available to be used as input for the simulations. This model also
allows for full-scale jet-installation noise analyses. Since only the exhaust flows are of importance to this work, the
internal engine components such as the compressor, fan and turbines are removed, while only the inner and outer walls
are kept. The engine cross-section is shown in Fig. [T} along with its dimensions.

/”_ﬁ
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Fig. 1 GE90-94B engine cross-section and dimensions (in mm)

To model the installation effects, a 2.5D wing configuration with a deployed flap is placed in the vicinity of the
engine. The high-lift wing selected is the MD30P30N, which has been extensively used for airframe noise investigations
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[14]. The geometry of the wing is also publicly available, and it is comprised of a main element, a slat and a flap,
both deflected of 30°, relative to the chord-line. For the simulations, the slat is removed since it does not contribute to
the jet-installation effects, and the simulations are carried out at zero angle of attack. Moreover, without the slat, the
computational cost can be reduced. The wing is scaled based on the engine dimensions, with a chord length of 3Dp. Its
position is defined based on the distance between the flap trailing-edge and the jet axis, as shown in Fig. [2| The span of
the wing is defined as 25Dp to avoid side-edge scattering.

3Ds

3.3Ds

0.75Ds

|

Fig. 2 Wing dimensions and flap trailing-edge position, relative to the engine

The computational domain is divided into regions with different mesh refinements (Variable Resolution - VR), with
a change in element size by a factor of 2, for adjacent regions. A global mesh resolution is then defined, based on the
number of elements in a characteristic length (bypass exit diameter). In this work, a resolution of 32 is used. The
resultant element size is used throughout the jet plume. Further levels of refinement are added downstream of the engine
lips to properly capture the formation of the shear layers and the hydrodynamic fluctuations. There is a progressive
coarsening of the grid towards the far-field boundaries, which contributes to the damping of acoustic waves, reducing
the effects from reflection. An acoustic sponge, which consists in a region of increased viscosity, is also added around
the entire geometry to prevent wave reflection at the walls of the computational domain [28].

B. Boundary Conditions

The computational setup is comprised by the dual-stream engine and the flapped wing, which are placed in a
volumetric domain. In total, four cases are simulated: isolated and installed engine configurations, both with and
without free-stream. To generate the core and bypass jets, inlet boundary conditions are set on disks upstream of their
respective exit planes. An outlet boundary condition is also set on a disk representing the fan plane, with a prescribed
intake mass-flow. The boundary planes are shown in Fig. [3a] where the fan outlet is shown in green, and the bypass and
core inlets are shown in blue and red, respectively. The inlets are set at positions upstream of the respective exit planes,
as shown in Fig. BB} to avoid affecting the jet development. This strategy has been already adopted by Blumenthal et al.
[29], for CFD analyses with the GE90 engine.

(a) (b)

Fig.3 Boundary planes inside the engine to generate the intake flow (green), bypass (blue) and core (red) jets.
(Dimensions in mm)
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The properties of the boundary planes in the engine are set based on mass-flow and temperature, and they are the
same for all cases. A mass-flow rate of 1350 kg/s is divided into bypass and core flows, with a bypass ratio of 8.4,
consistent with a take-off condition [13]]. The fan and bypass flows are kept at ambient temperature T, = 293 K, whereas
the core jet has a temperature T¢c = 800 K, or T¢ = 2.77,. An ambient pressure p, = 101235 Pa is also adopted. The
resultant Mach numbers of each jet flow are Mp = 0.80 and M¢ = 0.59. In terms of acoustic Mach number, where the
jet velocities are divided by the speed of sound in the ambient flow, M, = 0.80 and M, = 0.97. For the cases with
external flow, there is also a free-stream with velocity Uy = 80 m/s (My = 0.23). For the other cases, a free-stream
condition is still added to the simulation domain, with a velocity of 1% of the bypass flow speed. This is done to ensure
the dissipation of eddies that escape the jet shear layer. This free-stream speed can be considered negligible when
compared to the jet velocities. Therefore, this condition will not alter the flow-field characteristics of the shear layer or
the far-field noise results [16].

C. Sampling Regions

The flow-field properties are sampled on the engine symmetry plane (plane xy). For the far-field noise calculations,
the information on unsteady flow properties is stored in a permeable Ffowcs Williams-Hawkings (FWH) surface, as
shown in green in Fig. 4] It extends up to 23Dp in the axial direction, relative to the origin, with a maximum width of
7Dp. Therefore, it is capable of capturing the noise from the jet quadrupoles, as well as from the dipoles distributed on
the wing surfaces. Hydrodynamic perturbations occurring near the boundaries of the FWH must be avoided, since they
contaminate the results with spurious sources of sound. Cutouts are then included at the engine and wing regions, from
where the data is removed during the computations. In the axial direction, 7 outflow surfaces (or end-caps) are placed at
the end of the FWH. The far-field pressure obtained from each cap is averaged, so that the spurious noise produced by
the eddies crossing the FWH can be removed from the final far-field spectra [30].

Fig. 4 Permeable surface with end-caps for far-field noise computation

The physical time of the simulations is divided into an initial transient, consisting of 5 flow passes through the FWH
surface, and an acquisition time. The latter is defined based on the minimum output frequency to be analyzed (defined
as St = 0.1), and the number of spectral averages (defined as 30), for an overlap coefficient of 0.5 in the Fast Fourier
Transform (FFT) computation. Therefore, the physical time of the simulation is calculated as 2.32 s, with a minimum
frequency resolution of 8.8 Hz. The unsteady pressure on the FWH surface is sampled with a frequency of 4.4 kHz,
during 1.71 s of physical time acquisition.

The far-field noise levels are computed at a microphone arc array centered at the origin, as shown in Fig. 5} The
radius of the array is defined as 100Dp. Microphones are placed at an interval of 5°, ranging from 6 = 15° to 8§ = 150°
(6 = 0° corresponding to the jet axis). The computations are also performed on both shielded and reflected sides of the
wing.

IV. Installation Effects on Jet Noise

A. Jet Velocity Profiles

In this section, installation effects on the dual-jet are assessed in the absence of external flow. Flow-field contour
plots of the isolated and installed configurations are shown in Fig. [f] The plots display the time-averaged axial velocity,
non-dimensionalized by the bypass jet nominal speed. The core and bypass flows can be distinguished, as well as a
velocity increase near the intake lip due to the fan boundary condition. It is also shown that there is no grazing of the jet
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Cooo000°

Fig. 5 Polar microphone array (Probe distance not to scale)

on the wing, and the flow is not deformed due to the presence of the solid surfaces. This can be confirmed through the
centerline velocity profiles plotted for both configurations in Fig. [7] Small variations between upper and lower sides
occur due to the discretization. Further refinement of the mesh would improve the flow axisymmetry.

(a) (b)

u/Us [-]
— ‘
0 033 0.65

Fig. 6 Time-averaged x—velocity contour plots for isolated and installed jets without free-stream

(a) (b)

1.5 ‘ ‘ 0.2 :
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Fig. 7 Profiles of time-averaged and rms fluctuations of the centerline x—velocity for isolated and installed
jets without free-stream
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The centerline flow starts to develop around x/Dp = 1.2 and there is a progressive velocity increase up to
x/Dp = 3.7. Theoretically, this region should display a constant velocity, corresponding to the potential core of the jet.
However, due to the wake formed downstream of the engine center plug, the obtained values of the centerline velocity
are less than the nominal speed of the core flow. For x/Dpg > 3.7, there is a progressive velocity decay, which indicates
the end of the potential core and the mixing of the two shear layers. This is also visible in Fig. where the velocity
fluctuations increase rapidly up to the end of the potential core. The step at x ~ 10Dp is caused by the change in mesh
element size. Further refinement of the overall grid would reduce this effect. The profiles of isolated and installed jets
are similar, confirming that the presence of the wing does not affect the steady properties of the jet.

B. Far-Field Spectra and Directivity

The far-field Sound Pressure Level (SPL) spectra for the isolated and installed jets are plotted in Fig. [§]for two polar
angles: 8 = 90°, which corresponds to the sideline direction, and 8 = 30°, towards the jet axis. The narrowband spectra,
obtained for a constant frequency band of 10 Hz, are displayed as a function of Strouhal number (St = f X Dg/Up),
and for both reflected and shielded sides of the wing.

90 \ 100 ‘
—Isolated Jet
—Installed Jet - Reflected
90f —Installed Jet - Shielded |-
— 80+ —
= =
A 3 80+
ol ol
70+
60 ‘ A 60 ‘
10° 10! 100 10!
St [—] St [—]
(a) = £90° (b) 0 = +30°

Fig. 8 Far-field spectra of isolated and installed jets in the absence of external flow, at different polar angles

In the sideline direction, installation effects are responsible for noise increases up to St = 1. The maximum
amplification, relative to the isolated case, is 8 dB at St = 0.7. Up to St = 1, the spectra at the reflected and shielded
sides display similar shape and amplitude, indicating that the dominant noise generation mechanism is the scattering
of hydrodynamic waves at the flap trailing-edge. For St > 1, the spectra of the installed cases are dominated by the
noise of quadrupole noise sources either reflected or shielded by the wing. At the reflected side, the noise levels are
approximately 3 dB higher than the isolated case, as expected from the reflection on a half plane [6]. For 6 = 30°, i.e.
towards the jet axis, installation effects are no longer dominant and the installed curves tend to collapse with the isolated
one. The directivity of the isolated and installed jets is shown in Fig. 0] in terms of Overall Sound Pressure Level
(OASPL), with the noise levels integrated for 0.2 < St < 4.

For all configurations, the highest noise levels occur at § = 35°. The high Mach numbers of the bypass and core jets
are responsible for strong quadrupole sources that dominate towards the jet axis. Moving upstream, the OASPL of the
isolated jet decay rapidly compared to the installed one. Scattering at the flap trailing-edge is responsible for high noise
levels, particularly in the upstream direction of the jet. There is a maximum difference of 7.5 dB at 6 = 150° for the
noise levels on the reflected side, with respect to the isolated case. The difference between shielded and reflected sides
is more visible in the upstream direction, where the latter displays levels 6.5 dB higher than the former.

C. Noise Sources

The different sources and the radiated sound waves can be visualized through a time-derivative of the pressure field,
as shown in Fig. [T0] Contours are saturated to allow visualization of the pressure waves outside of the jet plume. The
data are band-pass filtered in the frequency range 0.63 < St < 0.8, which contains the spectral peak in the far-field plots.
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Fig. 9 Polar directivity of overall sound pressure levels for isolated and installed jets

It can be seen that pressure fluctuations are scattered at the flap trailing-edge and the waves propagate in a direction
normal to the edge, as shown by the dashed line. This is consistent with the dipole behavior expected from this source
[5]]. Strong pressure fluctuations also propagate in the form of Mach waves. These waves are produced by quadrupole
sources in the jet, and they have a strength comparable to that of the scattered waves due to the high Mach number of the
jet flows. The dash-dotted lines represent an angle of 35°, relative to the jet axis, which is taken from the directivity plot.
There is a good agreement between the direction of wave propagation and the far-field results.
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Fig. 10 Time derivative of the pressure field around the installed jet, for a frequency band of 0.63 < St < 0.8

The contribution of each element to the overall noise levels is also assessed. The pressure fluctuations on each
surface are integrated and propagated to the far-field via the solid FWH formulation [21]]. Spectra for a polar angle
6 = 90° (reflected side) are shown in Fig. [[Ta] The amplitude of pressure fluctuations is higher for the flap than the
main element, with similar levels as the overall installed configuration near the spectral peak. This indicates that the
scattering occurs only at the flap and the resultant noise produced by the main element is likely due to impingement of
hydrodynamic and acoustic waves. Considering all these sources as uncorrelated, including the quadrupoles in the jet,
their noise levels can be summed and compared to the results obtained from the permeable FWH surface, as shown in
Fig. [ITb} The curves collapse, indicating that there is no change to the quadrupole sources due to the presence of the
wing.
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Fig. 11 Far-field levels computed from the pressure fluctuations at each surface component, compared to the
overall installed noise

V. Free-Stream Effects on Jet-Installation Noise

A. Jet Velocity Profiles

In this section, a free-stream condition is added to the domain. Changes in the pressure field and development of the
jet, and consequently the emitted noise, are expected due to this external flow. The contour plots shown in Fig. [T2]
display the time-averaged axial velocity of the dual jet. In Fig. [[23] there is again some asymmetry between upper and
lower sides due to the low mesh resolution at that region. The most visible effect of the free-stream is seen in Fig. [I2b]
for the installed configuration. There is a significant downward deflection of the jet flow, particularly visible downstream
of the flap trailing-edge. This deflection is due to a vertical velocity component produced by the wing and it is likely to
affect not only the quadrupole sources in the jet, but also the trailing-edge scattering of the jet hydrodynamic pressure
waves. The profiles shown in Fig. [[3]display more clearly the effect of free-stream on the jet centerline velocity.

(a) (b)

Fig. 12 Time-averaged x—velocity contour plots for isolated and installed jets with free-stream

Comparing both isolated cases (blue and green curves), it can be seen that the presence of free-stream slightly
increases the potential core length and the downstream velocity decay is less steep. This indicates that the jet spreading
angle is reduced, and the structures grow at a lower rate [12]. However, in the installed configuration, the downwash
produced by the wing deflects the jet downwards, decreasing the velocity at the ceterline. The velocity fluctuations are
also higher for the installed configuration, as seen in Fig. [T3b] The step on the curves is due to the change in mesh
element size.



Downloaded by TU DELFT on July 18, 2019 | http:/arc.aiaa.org | DOI: 10.2514/6.2019-2491

(a) (b)

1.5 . . 0.2
0.15
1L
x .
q [0t
B 2
3 3
0.5
0.05} ,
—Isolated Jet - No Ext. Flow
—Isolated Jet - Ext. Flow
—Installed Jet - Ext. Flow
0 : : 0 : :
0 5 10 15 0 5 10 15
z/Dg[-] z/Dp[-]

Fig. 13 Effect of free-stream on the time-averaged centerline x—velocity of isolated and installed jets

B. Far-field Spectra and Directivity

The far-field SPL spectra of the installed jets with and without free-stream are plotted in Fig. [T4] for 6 = 90° and
6 = 120° (direction normal to the flap trailing-edge, on the reflected side). For 8 = 90°, comparing the spectra at the
reflected and shielded sides for the case with free-stream, it can be seen that the curves collapse only in the frequency
range of 0.45 < St < 0.6. This indicates the range where the scattering of the jet hydrodynamic waves at the flap
trailing-edge is the dominant noise mechanism. The reflected side curve resembles more an isolated jet spectrum,
with no visible broadband hump, which indicates that the quadrupole sources are stronger in this direction due to the
deflection of the plume. For 8 = 120°, it is shown that the addition of free-stream reduces the levels of the broadband
hump at the reflected side, but there is noise increase at mid frequencies (St ~ 0.8). At high frequencies, the curves
of both cases display similar levels, indicating that the quadrupole sources at these frequencies are not significantly
affected by the plume deflection.

90 ‘ 90

80

70+

SPL [dB]
SPL [dB]

- - Reflected - No Ext. Flow
60 | |—Reflected - Ext. Flow
- - Shielded - No Ext. Flow
—=Shielded - Ext. Flow

50 : ‘
10° 10! 10° 10!
St -] St [-]
(a) 6 = +90° (b) 6 = £120°

Fig. 14 Far-field spectra of the installed jet with and without free-stream

The overall directivity of the installed configuration is also altered by the presence of free-stream, as shown in Fig.
[I3] The maximum OASPL shifts from 6 = 35° to @ = 45°. This is likely to occur due to convection effects, which shifts
the wave propagation towards the upstream direction. For higher polar angles, the curves display similar levels, since
the reduction on the scattered noise is compensated with an increase at lower and higher frequencies from quadrupole
sources.
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Fig. 15 Polar directivity of overall sound pressure levels for installed jets with and without free-stream

C. Noise Sources

The time-derivative of the pressure field for the installed configuration with free-stream is plotted in Fig. [[6] The
data are again band-passed to a frequency range 0.63 < St < 0.8. For this configuration, the waves scattered at the flap
trailing-edge are still visible, propagating normal to the flap surface. The sound waves generated by the quadrupole
sources are also visible, following the dash-dotted lines, which have an angle of 45°, relative to the jet axis. These
results are in agreement with the far-field directivity. For this case, the main noise source is placed farther downstream
than the previous one without free-stream. This occurs due to the change in the position where the outer shear layers
merge, which is moved downstream for the cases with free-stream. The fluctuations outside of the plume also have
lower amplitudes than those in the absence of free-stream, indicating the reduced energy content of the structures that
generate them.

II . /
Pressure waves from ¢ v

. 7 .
flap TE scattering .7 Pressure waves from
quadrupole sources

PN Pressure waves from

Band-Filtered Time-Derivative of Pressure [-] '\ quadrupole sources
_— ‘ | — >4
B [ -5.0e-04 -1.7e-04 1.7e-04 5.0e-04

Fig. 16 Time-derivative of the pressure field around the installed jet + free-stream, for a frequency band of
0.63 < St <0.8

The contribution of each element to the overall installed noise levels is shown in Fig. [T7a] for a polar angle 6 = 90°
(reflected side). The amplitude of pressure fluctuations on the flap is higher than that of the main element up to St = 0.9.
However, for this case, the noise generated by the flap approaches the overall installed curve only in the frequency range
of 0.45 < St < 0.7, which is compatible to the region where the noise at the shielded and reflected sides are similar.
For St > 0.9, the noise generated by the main element becomes dominant over that produced by the flap, since the

11



Downloaded by TU DELFT on July 18, 2019 | http:/arc.aiaa.org | DOI: 10.2514/6.2019-2491

amplitude of the latter decays rapidly. A comparison of the spectra of surface pressure fluctuations for both cases is
shown in Fig. Up to St = 0.5, the amplitude of pressure fluctuations on the flap are similar for both cases. This
frequency also corresponds to the spectral peak for the case with free-stream. There is a reduction of the broadband
hump, as well as the amplitude of fluctuations at high frequencies, which are likely related to a reduced strength of
the quadrupole sources due to the presence of free-stream. For the main element, there is a slight increase in pressure
fluctuations with flow present, which are likely related to turbulent boundary-layer trailing-edge noise.

(a) (b)

90 90
—Flap - No Ext. Flow
80" ME - No Ext. Flow
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= ) ]
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Fig. 17 Far-field levels computed from the pressure fluctuations at each surface component with and without
free-stream

D. Wavelet Decomposition

In this section, a decomposition technique based on the wavelet transform is used to assess the phenomena behind
the different noise characteristics with respect to the presence of free-stream. This technique has been proposed by
Mancinelli et al. [31]] with the aim to separate the coherent part in a flow from that with a more chaotic characteristic.
The coherent flow structures, in the form of instability waves, display strong hydrodynamic behavior, whereas the
chaotic ones are usually linked to acoustic fluctuations. The aim of this analysis is to remove the contribution of the
scattered waves in the near-pressure field so that only the hydrodynamic content from the quadrupoles is assessed. The
technique applied in this work is based on a recursive de-noising procedure (WT3), in which the acoustic pressure field
is iteratively evaluated until a convergence criterion is satisfied, based on the wavelet coefficients being higher or lower
than a threshold [31]. A default set of wavelet (Daubechies-12 type) and a unitary threshold coefficient are used for the
decomposition of the near-field pressure around the dual-jet. This technique has been also applied by van der Velden
et al. [[15] for a single-stream hot jet, where coherent structures and radiating Mach waves have been educed. The
contour plots in Fig. [I8]display the decomposed near-pressure field into coherent (left) and chaotic (right) components,
at a frequency range of 0.63 < St < 0.8, for the cases without and with free-stream, respectively.

From the plots, it can be seen that inside of the plume, where non-linear effects are present, the characteristics of
the two types of fluctuations cannot be distinguished. Outside of this region, the coherent and chaotic fluctuations
have hydrodynamic and acoustic characters, respectively. The coherent field is fairly strong, particularly at the outer
shear layer, but tends to decay faster when moving away from the plume. The fluctuations in the chaotic field, on the
other hand, persist farther from the plume and resemble Mach waves radiating to the far-field, similarly as shown in the
dilatation field plots. Acoustic fluctuations are also generated at the flap trailing-edge due to scattering of the impinging
hydrodynamic waves, and move also upstream of the jet axis. Comparing the coherent fields of the cases without and
with free-stream, the waves propagating in the downstream direction appear to be weaker for the latter. This is likely due
to the reduced shear stresses from the presence of free-stream, which in turn reduces the energy of fluctuations at this
frequency. A convective effect due to the presence of free-stream is also visible by waves propagating in the upstream
direction. The two chaotic fields, on the other hand, do not display significant differences from each other.
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Fig. 18 Decomposed pressure field into coherent (left) and chaotic (right) components for cases without (a,b)
and with (c,d) free-stream and for a frequency range 0.63 < St < 0.8

The wavelet decomposition is also applied to pressure signals obtained from near-field probes, situated outside of
the plume. The first probe is positioned at (x1, y;) = (3Dp,0.7Dp), i.e. in between the jet and the wing, close to the
flap trailing-edge. The second probe is positioned further downstream, at (xy, y2) = (10D, 1.6Dg). The spectra of the
decomposed signals are shown in Fig. [T9] For these probes, the hydrodynamic and acoustic character of the fluctuations
can be properly educed. The results show that the hydrodynamic component is dominant at low frequencies, overlapping
with the overall curve, whereas the acoustic fluctuations are dominant at high frequencies. The former is a result of the
coherent structures present in the jet shear layer, which usually have large wavelengths, whereas the latter is associated
with the Mach waves produced by the jet, and those scattered at the flap trailing-edge. Comparing the two probes, it can
be seen that, by moving downstream in the jet axis, the cross-over between hydrodynamic and acoustic fluctuations
occurs at lower frequencies. These results are in agreement with Mancinelli et al. and van der Velden et al. [15].

The hydrodynamic and acoustic components of the probes pressure signals are compared for the cases with and
without free-stream. By comparing only the hydrodynamic part, it is possible to verify how the pressure waves from the
quadrupole sources are affected by the presence of free-stream. Two more probes are added, at the same axial position
of the previous ones, but on the lower side: (x3, y3) = (3Dp, —0.7Dp) and (x4, y4) = (10Dp, —1.6Dp), since the jet is
no longer axisymmetric when there is free-stream. Their spectra are shown in Fig.

In the first set of spectra (Fig. [20), it is shown that the hydrodynamic components of both cases are approximately
similar, and the case without free-stream displaying slightly higher levels. This is likely caused by the reduced shear
stresses, which in turn also reduce the level of the fluctuations. This behavior is also seen in the acoustic components.
Moving downstream, this effect becomes more apparent, as shown in Fig. [20b] The hydrodynamic fluctuations are
much stronger for the case without free-stream, whereas the acoustic components become similar. For the probes on
the lower side, the spectra display different trends. Due to the deflection of the jet in that direction for the case with
free-stream, the fluctuations become stronger and are comparable to the other case. At downstream positions (Fig.
[20d), the levels of both hydrodynamic and acoustic components are higher for the case with free-stream, which is in
agreement with the results from the far-field analysis.
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Fig. 19 Hydrodynamic and acoustic components of the pressure signal at two probes located outside of the jet
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VI. Conclusions

A high-fidelity numerical investigation of free-stream effects on jet-installation noise was performed using the
lattice-Boltzmann method. A realistic full-scale configuration, comprised by a dual-jet engine and a flapped wing, was
chosen for the analyses. The jet flows were simulated based on input conditions for the engine at take-off, and the wing
was placed in the vicinity of the engine at a distance to avoid direct grazing.

The installation effects were initially investigated in the absence of free-stream. The far-field spectral results in
the sideline direction, obtained from the Ffowcs-Williams and Hawkings analogy, indicated a large noise increase at
low frequencies, followed by reflection or shielding of the quadrupole jet noise. Through dilatation field plots, this
amplification was shown to be caused by the hydrodynamic waves from the jet that are scattered at the flap trailing-edge
to the far-field as noise. This new source displayed maximum noise levels in the upstream direction of the jet axis,
whereas in the downstream direction, the noise was similar to that of the isolated configuration. Through integration of
surface pressure fluctuations on each wing component, it was found that the flap is indeed responsible for the broadband
hump at low frequencies. By considering the surface dipoles and the quadrupoles in the jet as uncorrelated sources,
their noise levels were summed and the result matched the overall installed spectra. This showed that the presence of the
wing did not alter the structures in the jet shear layer, in this case.

When free-stream was added to the computations, different results were obtained. In an isolated jet, the presence of
a free-stream was responsible for an elongation of the potential core and a lower centerline velocity decay. However, for
the installed jet, an opposite result was obtained. Due to the downwash produced by the wing, the jet plume deflected
downward, which in turn affected the characteristics of the noise sources. While the broadband hump was slightly
reduced, there was additional noise at low and mid frequencies, compared to the case without free-stream, particularly
on the reflected side of the wing.

A wavelet decomposition was performed on the near-pressure field in order to separate the contributions from
coherent and chaotic fluctuations. The reduction of the broadband hump was attributed to less energetic structures (less
coherent content) upstream of the flap trailing-edge, in comparison to the case without flow. On the lower side of the
plume, the structures were found to be more energetic due to the plume deflection, generating stronger fluctuations,
which is in agreement with the far-field results. Further research on this topic includes addressing the effect of the jet
flow properties, different flap deflection angles and the presence of a slat (for a condition with angle of attack between
the geometry and the free-stream) on the installation noise of a full-scale dual jet.
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