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Abstract

On flight test development of commuter aircraft, it can be recognized that aircraft
airframe noise is one of the problems that test pilot is concerned about when deploying
aircraft's high-lift device into landing approach configuration. A numerical predictive tool
of flow-induced noise generated by deployed high-lift devices of commuter aircraft is
presented in this paper. The aircraft high-lift devices are consisting of vane and flap
components. The aim of this study is to identify the sources of flow-induced noise on the
wing and flap cross-section of the aircraft. This study investigates only two-dimensional
effects and one configuration of flap deflection. Numerical computation is carried out
using a CFD software with Large Eddy Simulation fluid turbulence model and Ffowcs-
Williams & Hawkings analogy for acoustic prediction. Several sound receivers have been
installed on the far-field and near-field region of the wing-vane-flap cross-section of
aircraft to measure the sound spectra. It has been identified that the Cavity of the wing
and vane-flap cross-section has the highest sound pressure level than another region.
There is a vertical separation and shear layer which is contributed to the generation of
sound emission downward the cross-section

Keywords: computational aeroacoustics, computational aerodynamics, high-lift devices, aircraft
design

1. Introduction

Recently, on flight test development of commuter aircraft, it can be recognized that
aircraft airframe noise is one of the problems that test pilot is concerned about when
deploying aircraft high-lift devices during approach configuration. According to Perennes,
for larger aircraft, airframe noise is a determinant source of flow-induced noise from
aircraft, especially during the approach. In this scenario, airframe noise mainly originates
from the high lift devices when fully deployed (Sophie Perennes, 1998). According to Molin,
the flap can be considered as an isolated airfoil because there is a large slot that allowing
communication between the under and an upper surface of the flap. Molin also has shown
experimentally that a large part of flap noise is originating from the Cavity under the main
wing (Molin, 2000). Molin has implemented the Amiet formulation (Amiet, 1975) with the
aim of developing a complete high-lift noise prediction model on velocity disturbances in
the slat cove and the flap cove. The results have been compared with flyover aircraft noise
measurements made [Mal] on Airbus A340. Brook et al. 1, in their study, stated a flow-
induced noise on isolated airfoil can be classified into three main generation mechanisms,
turbulent boundary layer - trailing edge (TBL-TE) noise, laminar boundary layer - vortex
shedding (LBL-VS) noise, and Separation Stall (S-S) noise (Brooks T.F., 1989). De Gennaro
et al. |1 present the results of numerical experiments that capturing tonal airborne noise
on the adopted test case of a NACA 0012 isolated airfoil (De Gennaro, Kuhnelt, & Zanon,
2017).

In this study, the aircraft's high-lift device consists of flap and vane-flap; it is a
different configuration from other previous studies, as stated in the last paragraph. It is
suspected the air that is flowing through the wing, vane, and flap components are
generating a flow-induced noise around the region. Due to the difficulties in providing
acoustics sensors in the commuter aircraft flight test development, a numerical predictive
tool has been used to identify the source of flow-induced on the high-lift devices. The aim
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of this study is to identify the sources of flow-induced noise on the wing and flap cross-
section of the aircraft, with an expectation that the simulation solution can be validated
later by external noise measurement on the wing and flap surface of the aircraft.

This article is investigated the flow-induced noise generated by high-lift devices in a
two-dimensional wing configuration or constant cross-section only. The two-dimensional
noise sources are continuously distributed along the span. Several simulation cases with
a 2-dimensional cross-section of aircraft wingspan (Figure 1), a wing chord geometry of
2800 mm, and a flap chord of 600 mm have been simulated. The numerical simulation is
carried out using commercial CFD software both for solving and post-processing the
cases.

2. Methodology

2.1. Related Works

This section is presenting the related work, which has been a reference to choose the
methods applied in this article, the two-dimensional Unsteady Large Eddy Simulation
methodology as a turbulent model for aerodynamic simulation and coupled with the
Ffwocs Williams and Hawkings (FW-H) for the acoustic prediction. The approach has been
chosen because of the previous work of De Gennaro et al. 1, which is showing a low
computational burden and capacity to predict the LBL-VS tonal noise. Due to the lack of
availability of experimental sound-pressure data of the commuter aircraft high-lift devices,
the verification is using data from the previous work done by Sahasranaman et al. 1 on
airfoil NACA 0012 (Ashwin Sahasranaman, 2019).

2.2. Problem Definition

From the previous work on predicting airfoil or high-lift device noise, it is known that
the sound is generated in the flow region and propagated through the far-field. Hybrid
methods are introduced to decouple the flow generation from the acoustic propagation in
the far-field, so consequently allowing the methods adopted for the various regions. One
of the hybrid methods is Ffowcs-Williams & Hawkings (FW-H) analogy (Ffowcs Williams,
1969). FW-H is an extended work of Curle's analogy (Curle, 1955) by taking into account
the sound generation from the arbitrary motion of a body in a turbulent flow. The
governing of the FW-H equation is a generalization of Curle's analogy that the source terms
of the equation are rewritten by taking account of boundary effects. The equation is
essentially an inhomogeneous wave equation that can be derived by manipulating the
continuity equation and the Navier-Stokes equation.

Turbulent flows are characterized by eddies with a wide range of length and time
scales. Large Eddy Simulation (LES), therefore, falls between Direct Navier-Stokes (DNS)
and Reynolds Averaging Navier-Stokes (RANS) in terms of the fraction of the resolved
scales. In LES, momentum, mass, energy, and other passive scalars are transported
mostly by large eddies and resolve directly. This study chose the Smagorinsky-Lilly model
as turbulent viscosity and was first proposed by Smagorinsky (Smagoransky, 1963). In
the Smagorinsky-Lilly model, the eddy-viscosity is modeled by,

ue = pLs*|s| (2-1)

where L, is the mixing length for sub-grid scales?

Figure 2-1. Wing and HLD Cross-Section of Commuter Aircraft
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2.3. Method

The simulation flowchart describes the simulation process in Figure 2-2. The flow
domain is solved using transient condition and unsteady LES turbulence model, resulting
from an unsteady flow solution of the domain. The acoustics solution, in the form of sound
pressure, is extracted using the FW-H analogy. The sound-pressure signals are processed
to compute the frequency band and/or one-third octave band of the acoustic pressure
sound spectra. To compute the sound spectra, the power spectral density (PSD) is
calculated by applying the Discrete Fourier Transform (DFT) of the acoustic pressure
signal from the simulation. For accelerating the computation, Fast Fourier Transform
(FFT) routines are implemented. The Fourier transform express sound-pressure signals

for a periodic set of N sampled points, (¢, ), as a finite trigonometric series:

N-1 __
2rmkn/ N
2 :Z(Dke ; k=0,1,2,...,(N-1) (2-2)
n=0
and/or
~ 1O s
(pnzﬁzgpke*” ;n=0,1,2,...,(N-1) (2-3)
k=0

which represents the nt or kth term in the Fourier transform of the signal.
To filtering the signal, the Hanning window is used with the formulation below,

J

O.54—0.46cos(8ﬂj with N _ 7N
N 2 J 3 (2-4)
1

For the frequency band analysis, PSD is computed using the formula of,

E
PSD(J‘H):% with n=1,2,...,N/2

; (2-5)

A
where ~ / is the frequency step in the discrete spectrum, and the Fourier mode power
E(f,) is computed as,

2
0.5[2‘&0 n=0,12,...N/2-1
s o[ =N/2 (2-6)
. "=

For the one-third octave analysis, PSD is defined for the frequency band ( fb and) 2S5

PSD(f,,..)= D E(f,) (2-7)

where N includes all of the Fourier modes belonging to the band.
This article is presenting sound-spectra as decibel level using Sound Pressure Level

(SPL) as a parameter. The formulation below is using to calculate the SPL of simulation
results,
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PSD

2
pref

SPL =10| log (2-8)

where PSD is the power spectral density for either a particular frequency band and one-
third octave band and p, . is the reference acoustic pressure, with a value 2x10-° Pa.
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Figure 2-2. Simulation Flowchart

3. Result and Analysis

In this article, the flow-induced noise has been identified on one configuration of flap
deflection, which is flap configuration on aircraft approach. The section below is
presenting the simulation setting, results, and analysis of the simulation.

3.1. Simulation Setting

The mesh is generated to the geometry of the wing and high-lift devices component
cross-section (see Figure 3-1). The wing and high-lift devices cross-section contain a two-
dimensional airfoil with a total length of 2.15 m. The far-field of fluid domain is placed at
a proper range from the leading and trailing edge of the airfoil cross-section, and a box-
type structured grid is generated (see Figure 3-2). To ensure the boundary layer generation
in the airfoil wall, the near-wall resolution of y* < 1 is generated. The simulations are
performed at Re = 0.6 x 106 with an inlet velocity of 40 m/s, an angle of attack of 10
degrees, and a 30-degrees flap deflection for approach configuration. The airfoil cross-
section is defined as a no-slip wall, and the pressure-outlet condition is used at the outlet
boundary. The simulation is performed at the unsteady condition with flow-time from O
to 1 second. A timestep of 2.5 x 10-5 is used for converting the time domain to a frequency
domain of O to 12500 Hz. A non-iterative time advancement is chosen with the bounded
second-order implicit transient formulation. The LES with Smagorinsky-Lilly turbulence
model is solved with fractional step scheme and PRESTO pressure spatial discretization.

3.2. Simulation Results and Analysis

The aero-acoustics simulation has been conducted to identify the noise sources from
near-field and far-field regions of a two-dimensional wing and high-lift devices of
commuter aircraft. Several sound receivers have been placed over the components to
obtain sound spectrum from the near-field and far-field region of the wing and high-lift
devices cross-section. Covering near-field region from Cavity under the wing, wing trailing
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edge, and flap trailing edge (see Figure 3-3) and the far-field region from the front, top,
bottom, and back area of the components (see Figure 3-4).

Figure 3-5 and Figure 3-6 show the pressure fluctuation of approach configuration
simulation cases on near-field and far-field regions. The microphones are receiving a
pressure fluctuation that is generated from unsteady flow around components. The
fluctuation is on the time domain; to convert it to the frequency domain, an FFT processing
with Hanning window is used. So, the sound or noise signals at each receiver have been
obtained in the form of a sound spectrum (see Figure 3-7 and Figure 3-8).

Due to the difficulties in providing acoustics sensors in the commuter aircraft flight
test development, the simulation model cannot be validated. Thus, the simulation model
can be verified. The verification of the simulation model is conducted by comparing sound
spectrum results with benchmark data of NACA 0012 airfoil done by (Sahasranaman et
al. 1; 2019). One of the far-field receivers on Top area of the domain has been compared
(see Figure 3-9).

To identify the main noise sources from near-field and far-field regions of the two-
dimensional wing and high-lift devices of commuter aircraft, these are identified on the
term of the peak frequency and maximum power of each receiver. In the near-field region,
several receivers at cavities under the wing and also receivers at the wing trailing edge
and flap trailing edge have been compared. It has been identified that the main noise
source of the near-field region is coming from Cavity no two receivers. The location of the
receiver is under the wing and on top of the vane component. Figure 3-10 shows the peak
frequency around 600 Hz, and the maximum power of 130 dB A is coming from that
receiver. On the other area in the far-field region, it has been identified that the main noise
source is coming from Top area receivers. The receiver shows the peak frequency around
500 Hz and the maximum power of 77 dB A of its spectrum (see Figure 3-11).

From the analysis of sound level pressure result at all receivers and also the flow
visualization, it has been identified that main flow-induced noise sources are coming from
a recirculating flow at the Cavity under the wing that making a flow separation through a
small gap area between the main wing and vane component which has a high pressure
(see Figure. 3-12). So, the highest noise level comes from the area between the main wing
and vane. The flow visualization of the solution also has been compared with a work done
by (Molin, 2000).

Figure 3-1. Simulation mesh on the near- Figure 3-2. Simulation mesh on the far-

field region of the wing and field region of the wing and

high-lift devices cross-section high-lift ~ devices  cross-

with 30-degree deflection section with  30-degree
deflection
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Figure 3-3. Position of Sound Receivers at Figure 3-4. Position of Sound Receivers at
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4. Conclusions

Numerical computation is carried out using a CFD software with Large Eddy
Simulation fluid turbulence model and Ffowcs-Williams & Hawkings analogy for acoustic
prediction. Several sound receivers or microphones have been installed on the far-field
and near-field region of the wing-vane-flap cross-section of aircraft to measure the sound
spectra. It has been identified that the Cavity of the wing and vane-flap cross-section has
the highest sound pressure level than another region by comparing sound level pressure
magnitude and also the visualization of the flow. There is a vertical separation and shear
layer which is contributed to the generation of sound emission downward the cross-
section. According to regulation, if that noise source is propagated to the far-field region,
it is still below the allowed level. On the other hand, for the passenger comfortability in
the cabin area of the aircraft, the noise level should be under consideration to be reduced.
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