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Tonal airborne noise of aerofoils appears in a limited range of moderate Reynolds numbers and angles
of attack. In these specific conditions, the aerofoil is characterised by a large region of laminar flow over
the aerodynamic surface, typically resulting in two-dimensional laminar instabilities in the boundary
layer, generating one or more acoustic tones. The numerical simulation of such phenomenon requires,
beside an accurate prediction of the unsteady flow field, a proper modelling of the laminar to turbulent
transition of the boundary layer, which generally imposes the use of highly CPU demanding approaches
such as large eddy simulation (LES) or direct numerical simulation (DNS). This paper aims at presenting
the results of numerical experiments for evaluating the capability of capturing the tonal airborne noise
by using an advanced, yet low computationally demanding, unsteady Reynolds-averaged Navier-Stokes
(URANS) turbulence model augmented with a transitional model to account for the laminar to turbulent
transition. This approach, coupled with the Ffowcs Williams and Hawkings (FW-H) acoustic analogy,
is adopted for predicting the far-field acoustic sound pressure of a NACA 0012 aerofoil with Reynolds
number ranging from 0.39-10° to 1.09-10%. The results show a main tone located approximately at
1.6-1.8 kHz for a Reynolds number equal to 0.62 - 10°, increasing to 2.4 kHz at Reynolds number equal to
0.85-10° and 3.4 kHz at 1.09 - 10°, while no main tones are observed at 0.39-10°. The computed spectra
confirm that the acoustic emission of the aerofoil is dominated by tonal structures and that the frequency
of the main tone depends on the Reynolds number consistently with the ladder-like tonal structure
suggested by Paterson et al. Moreover, in specific conditions, the acoustic spectra exhibit a multi-tonal
structure visible in narrowband spectra, in line with the findings of Arbey and Bataille. The presented
results demonstrate the capability of the numerical model of predicting the physics of the tonal airborne
noise generation.

Keywords: tonal airborne noise; NACA 0012; Laminar Boundary Layer-Vortex Shedding noise; ladder-
like tonal structure of the acoustic spectrum; multi-tonal structure of the acoustic spectrum.

Nomenclature M, M. — Mach number of the flow and of the flow down-
stream the trailing edge of the aerofoil,
p, p’ — pressure, acoustic pressure,
a — speed of sound, Re, Regr — Reynolds number, momentum thickness Reynolds
A, A', B, K12, AK1,G1,2,3 — Brooks-Pope-Marcolini model number,
semi-empirical functions, re — distance between the trailing edge at the receiver
¢ — chord length, location,
Dy, ; — correction coefficients accounting for the effect of the S — semi-span size of the aerofoil model (dimensional),
noise directivity, St — Strouhal number,
E, P — k-w transitional turbulence model sources, T, Ty; — Lighthill’s tensor,
fs — main tone frequency according to Paterson et al., t — time,
F, Q — FW-H additional sources, V' — asymptotic flow speed,
H — Heaviside function, v, v; — velocity (vector and i-th component),
k, m — Arbey and Bataille coefficients for the secondary tones X, z; — position (vector and i-th component),
formula, z[i] — discrete signal,
L — span wise dimension of the aerofoil, a* — angle of attack,
L4 — distance between the point of maximum velocity over 7 — intermittency,
the aerofoil and the trailing edge, 6 — boundary layer thickness,
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6* — displacement thickness of the boundary layer,

&’ — Dirac delta function,

O — longitudinal view angle of the receiver with respect to
the trailing edge of the aerofoil,

generic volume coordinates,

— dynamic viscosity,

T oom
|

~

p, p’ — fluid density, acoustic density,
045 — viscosity stress tensor (%, j-th component),
Tij — turbulence stress tensor (i, j-th component),
v — kinematic viscosity,
&. — latitudinal view angle of the receiver with respect to
the trailing edge of the aerofoil.

Acronyms
BPM - Brooks-Pope-Marcolini semi-empirical mo-
del,
CAA — Computational Aeroacoustics,
CFD — Computational Fluid Dynamics,
DES — Detached Eddy Simulation,
DFT — Discrete Fourier Transform,
FFT — Fast Fourier Transform,
FW-H - Ffowcs Williams and Hawkings,
LBL-VS — Laminar Boundary Layer-Vortex Shedding,
LES — Large Eddy Simulation,
NACA — National Advisory Committee for Aeronau-
tics,
PSDL — Power Spectral Density Level,
QUICK — Quadratic upwind differencing scheme,
RANS — Reynolds Averaged Navier-Stokes,
S-S — Separation-Stall,
SAS — Scale Adaptive Simulation,
SIMPLE — Semi-Implicit Method for Pressure Linked
Equations,
SST — Shear Stress Transport (referred to the k-w
turbulence model),
T-S — Tollmien-Schlichting,
TBL-TE(-P/S) — Turbulent Boundary Layer-Trailing Edge
(Pressure/Suction contribution),
URANS — Unsteady RANS.

1. Introduction

Aerodynamic noise of aerofoils is a topic of interest
for many engineering applications, in the frame of aero-
nautics, vehicle industry, ventilation systems and wind
energy. This field has seen the increasing adoption of
Computational Fluid Dynamics (CFD) and Computa-
tional Aeroacoustics (CAA) techniques over the last
decade, thanks to the significant advancement of the
numerical models and the increasing affordability of
computational facilities. However the high complexity
of the small scales turbulent phenomena which regu-
late the diverse airborne noise generation mechanisms
makes this problem difficult to be approached with
simplified models, therefore often more computational-
intensive approaches, such as Large Eddy Simulation
(LES) or Direct Navier-Stokes (DNS) simulation, have
been adopted.

As far as noise from isolated aerofoils is con-
cerned, a comprehensive classification was presented
by BROOKS et al. (1989). They classified the airborne
noise from a NACA 0012 aerofoil in isolated configu-

ration and for diverse Reynolds numbers in three main
generation mechanisms:

e Turbulent Boundary Layer — Trailing Edge (TBL-
TE) noise;

e Laminar Boundary Layer — Vortex Shedding
(LBL-VS) noise;

e Separation — Stall (S-S) noise.

The TBL-TE mechanism (Fig. 1a) occurs when
a large region of turbulent boundary layer appears on
the surface, and it can be ascribed to the turbulence,
typically resulting in a broadband noise spectrum.
The LBL-VS mechanism (Fig. 1b) occurs when the
laminar instabilities appear on the aerodynamic sur-
face, establishing flow fluctuations, resulting in a tonal
noise. On the other hand, when the flow is char-
acterized by large regions of separation, the vortex
structures are generated (e.g. Von Karman vortices)
and the S-S mechanism occurs (Fig. 1lc), resulting
in one or more tones superimposed to a broadband
noise spectrum. Additional noise generation mecha-
nisms, not included in these cases, can exist under
particular circumstances, such as blunt trailing edge
of the aerofoil (i.e. bluntness noise), wing-tip vortex
release (i.e. three-dimensional effects) and high level
of asymptotic turbulence (i.e. free-stream turbulence
noise). From the physical point of view, the TBL-TE
and S-S are respectively related to the boundary layer
turbulence and to the stall flow separation, therefore

a)
Turbulent Boundary Layer
Trailing Edge
Wake
w\/\/\/\/
Turbulent Boundary Layer — Trailing Edge Noise
b)

Laminar Boundary Layer (Instability Waves)

A/,?\\b Vortex Shedding

Laminar Boundary Layer — Vortex Shedding Noise

Large Scale Separation
(deep stall)

B

Separation Stall Noise

Fig. 1. Noise generation mechanisms classification. Turbu-

lent B.L. — Trailing Edge (a), Laminar B.L. — Vortex Shed-

ding (b) and Separation-Stall (c), as per (BROOKS et al,
1989).
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the correct prediction of the generated noise necessar-
ily requires the ability to deal with the resolution of
the turbulent scales in the flow field. Several studies
have been carried out on this topic, by applying the
Detached Eddy Simulation (DES), the LES and the
DNS, resulting in a prohibitive computational burden
for practical applications (EWERT, SCHRODER, 2003;
2004; TaMm, Ju, 2012). Novel approaches such as the
Zonal LES (DE GENNARO el al., 2012) or reduced-
order and semi-empirical approaches (DE GENNARO,
KUEHNELT, 2011; 2012a; 2012b; FUGLSANG, M ADSEN,
1996; ROZENBERG et al., 2008) have been recently pro-
posed, in order to reduce the computational resources
required.

On the other hand, the LBL-VS is a phenomenon
occurring at the laminar boundary layer at moder-
ate Reynolds numbers (BROOKS et al., 1989; TAM,
Ju, 2012; ARBEY, BATAILLE, 1983; NAKANO et al.,
2006; CHONG et al., 2013) and characterised by a late
transition-to-turbulence over the aerofoil surface. This
implies that the boundary layer remains laminar over
most of the aerodynamic surface, generating laminar
instability waves that propagate in the direction of the
flow. In 1973, PATERSON et al. (1973) investigated this
phenomenon in an open wind tunnel using primarily
a NACA 0012 aerofoil. They found that the frequen-
cies of the tones depend on the flow velocity and Angle
of Attack (i.e. AoA), showing a ladder-like structure.
This ladder structure exhibits a local proportionality of
the excited frequencies to the flow velocity (o< V98),
while the main tone frequency fs is proportional to
V15 according to Eq. (1), where V is the asymptotic
flow velocity, ¢ is the chord length of the aerofoil and
v is the kinematic viscosity of the air.

fs = 0.011V"2(cr) 0. (1)

The steps of the ladder can be predicted by varying
a quantisation number, and, in most cases, the acoustic
spectrum exhibits several peaks. Moreover, the surface
pressure fluctuations exhibit a strong spanwise corre-
lation, suggesting that the tones are generated by two-
dimensional flow structures.

ARBEY and BATAILLE (1983) repeated the experi-
ments from Paterson et al. (1983), observing a large
number of tones superimposed to the broadband spec-
trum. They discovered that the frequency of the main
tone was in agreement with Eq. (1), but the prediction
of the multi-tonal structures observed requires a more
complex approach. They proposed the relation (2) for
the main tone frequency f,, plus a semi-empirical re-
lation for the secondary tones, Eq. (3):

StV
fs = o* (2)
Af = B 3)

Ly’

where St is the Strouhal number associated to the in-
stability phenomenon (i.e. St = 0.048 £ 0.003 for ev-
ery Re), * the displacement thickness of the bound-
ary layer computed according to MARI et al. (1976),
k =0.89+£0.05, m = 0.85+0.01 and L 4 is the distance
between the point of maximum velocity over the aero-
foil surface (i.e. expansion peak, located on the suc-
tion surface) and the trailing edge. They also suggest
that the diffraction of the Tollmien-Schlichting (T-S)
instability waves at the trailing edge generates acous-
tic waves, which propagate in the far field, triggering
an acoustic feedback loop whose characteristic length
is equal to L4. ARCONDOULIS et al. (2013) also iden-
tified a feedback loop, as results of experimental tests
on the NACA 0012 in a range of Reynolds number
from 50,000 to 150,000 and by PLOGMANN and WURZ
(2013) in a wide range of angles of attack, i.e. from 0 to
8°, and free-stream velocities, i.e. from 30 to 70 m/s.

Further experimental analyses have been per-
formed by MCALPINE et al. (1999) and NASH et al.
(1999). They reproduced the setup described by
(ARBEY, BATAILLE, 1983; PATERSON et al., 1973) lin-
ing the walls of a wind tunnel with sound absorb-
ing material. They found one main tone with no lad-
der structure, proposing that the secondary tones reg-
istered by Arbey and Bataille were spurious spec-
tral components generated by the interference of their
experimental devices with the clean flow. Therefore,
they propose that no feedback loop is established,
although their results are in well agreement with
Eq. (1). Similarly, PROBSTING et al. (2015) identified
tonal noise generation on a NACA 0012 aerofoil in
a range of Reynolds number from 30,000 to 230,000
and AoA from 0 to 6.3°, although they highlight that
controversy remains on the respective significance of
pressure- and suction-side events, along with their in-
teraction for tonal noise generation.

In the recent years, many authors have investi-
gated the tonal noise generation mechanisms from
aerofoils, in different conditions and for different ge-
ometries (ARCONDOULIS et al., 2011; DESQUESNES
et al., 2007; JONES et al., 2008; 2010; KUROTAKI et al.,
2008). Many studies agree that T-S instability waves
are established and that a feedback loop mechanisms
is sustained, thus generating the tone. In particular,
KINGAN and PEARSE (2009) propose that the relevant
length scale for this loop must be the distance between
the trailing edge and the beginning of the instabilities,
solving the Orr-Sommerfeld equation in this region to
estimate the frequency of maximum amplification of
the disturbances. DESQUESNES et al. (2007) applies
the two-dimensional DNS, finding that the frequency
of the most amplified instability wave is close to the
main tone frequency for a Reynolds number equal to
0.2-105, whereas KUROTAKI et al. (2008) applies the
LES in a range of Reynolds numbers between 0.4 - 10°
and 0.8-105, finding a good agreement with the for-
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mula from PATERSON et al. (1973). JONES and SAND-
BERG (2011) and JONES et al. (2008; 2010) apply the
DNS up to a Reynolds number of 0.1-10% to investi-
gate the instabilities, and recently also TAM and JuU
(2012) have proposed the DNS, finding a single tone
in a range of Reynolds number between 0.2-10° and
0.5-105. This single tone is generated by the interac-
tion of the oscillatory motion of the near wake driven
by flow instabilities developed at the trailing edge. The
two-dimensional nature of this phenomenon is further
highlighted by the experimental study of GOLUBEV
et al. (2014), which confirms the existence of ladder-
like tonal structures with single velocity dependence
for the dominant spectral components.

The objective of this paper is to provide the
scientific community with the results of numerical
experiments targeted to predict the tonal noise of
a NACA 0012 aerofoil at moderate Reynolds number
flow regime. The flow solution is computed by solv-
ing the two-dimensional compressible URANS equa-
tions with the k-w SST transitional turbulence model
(MENTER, 1994; MENTER et al., 2004), whereas the
far-field acoustic sound pressure is computed with
the Ffowcs-Williams and Hawkings (FW-H) acous-
tic analogy (BRENTNER, FARASSAT, 1998; FFOwCs-
WiLL1AMS, HAWKINGS, 1969).

The innovativeness of the present work consists in
proposing, for the first time, the simulation of the air-
borne tonal noise generation mechanisms with a rela-
tively low computational CPU demanding approach.
The two-dimensional nature of this phenomenon,
the laminar instabilities and the late transition-to-
turbulence are well captured by the present model, al-
lowing accurate and quick predictions of the acoustic
spectrum over a vast range of Reynolds numbers.

The testing conditions account for two AoAs (i.e. 4
and 5°) and Reynolds numbers of the asymptotic flow
ranging from 0.39-10° to 1.09-10°. The simulations
are performed with the commercial software ANSYS-
Fluent, release 14.5 (ANSYS-Fluent 2012), and the
results are compared with experimental data from
literature (BROOKS et al., 1989; OERLEMANS, 2004;
OERLERMANS, MIGLIORE, 2004), as well as with the
predictions of semi-empirical models from (ARBEY,
BATAILLE, 1983; BROOKS et al., 1989; PATERSON
et al., 1973).

2. Background information and methodology

The present work applies the two-dimensional
URANS simulation methodology augmented with
a transitional turbulent model for the aerodynamic
simulation and coupled with the Ffowcs Williams and
Hawkings for the acoustic prediction. The approach,
presented in the next sections, has been chosen for its
low-computational burden, showing how it is capable
to predict the LBL-VS tonal noise. The methodology

is suitable for capturing the tonal noise emission from
flow mass displacement and flow interaction with non-
permeable surfaces, while it is not suited for predicting
noise from turbulence sources, therefore it cannot be
extended towards free field problems and jet flows.

2.1. Unsteady Reynolds Averaged Navier-Stokes
and transitional turbulence model

The governing Navier-Stokes continuity and mo-
mentum equations are averaged over a sufficiently
long period in order to lose the turbulent fluctua-
tions but keeping the time dependence of the averaged
quantities, according to the classical Unsteady RANS
(URANS) formulation (WIiLcox, 2010). The mathe-
matical closure of these equations calls for the turbu-
lence model, which can be chosen among a large vari-
ety of models available in literature. Among them, one
of the model which is most often used for industrial
application is the k-w model (WILCOX, 2010), which
imposes this closure with two additional equations, i.e.
one for the turbulent kinetic energy and one for the dis-
sipation rate respectively, adopted in its Shear Stress
Transport (SST) formulation, hence referred as k-w
SST turbulence model.

In this article, the transitional extension of the k-w
SST turbulence model is used (ANSYS-Fluent 2012;
MENTER, 1994; MENTER et al., 2004). It is based on
the coupling of this model with two additional equa-
tions: one for the intermittency and one for the tran-
sition onset criterion, defined as momentum thickness
Reynolds number. The model is based on the Langstry
and Menter empirical correlations to cover standard
bypass transition as well as flows characterised by
low free-stream turbulence. The transport equations
for the intermittency v and for momentum thickness
Reynolds number Rey; are given below

py) , 9pv7)
0 B\ Oy
- L) O
o, [(U+0w> Ox; |’ W
9(pReqr)  O(pvjReqs) 0
T P L v

J

: [U«% (1 + pe) ag;m] . (5)

The P and E terms in Eq. (4) can be classi-
fied as transitional sources (subscript 1) and destruc-
tion/relaminarization sources (subscript 2). The on-
set transition is controlled by these sources in the form
of ANSYS proprietary empirical correlations and these
equations are coupled via the Py term in Eq. (5). This
model has been explicitly designed to deal with flow
characterized by moderate Reynolds number and non-
stabilised flow conditions.
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2.2. Ffowcs Williams and Hawkings acoustic analogy

The Ffowcs Williams and Hawkings (FW-H)
Eq. (6) is an extension of the Lighthill’s acoustic anal-
ogy (LIGHTHILL, 1952; 1954) that allows to intro-
duce the effects of boundary surfaces by the additional
sources, i.e. F' and @, multiplied by the Heaviside func-
tion H(f). These additional sources account for the ef-
fects of the walls: monopoles, i.e. body thickness effect,
and dipoles, i.e. body-flow interaction effect. Indeed
the Heaviside function works as a switch to identify
emitting surfaces in the domain (i.e. physical or vir-
tual) depending on the position of the boundary nodes
in time and space (i.e. f(z,t))

1 O*H(f)p no 02
g~ VIH(P] = M[Tmﬂ(f)]
OF;0'(f) ~ 0Qd'(f)
+ 0z, + T (6)

The FW-H equation is solved by means of the free-
space Green function, solution of the elementary wave
propagation equation forced by time and space im-
pulses. The solution (7) is the sum of the acoustic
pressure arising from the different sources: monopoles,
dipoles and quadrupoles. It is important to notice
that the monopoles and the dipoles are related to sur-
face integrals, while the quadrupoles are volumetric
sources. For low Mach number flows, the noise con-
tribution of the quadrupoles is negligible compared to
the monopoles and dipoles. Therefore, to reduce the
computational burden, the quadrupoles are neglected
in this work.

P (z,t) = pr(z,t) + pr(z,t) + po(z,t)

1 92 T H(f)
= — dn
/ |‘T_§H1_Mr|

47r8x2-8xj
ESW) o,
471'8%‘1 \x—§\|1—M|
10 Qid'(f)
o) woen-a O
FS

2.8. Semi-empirical modelling of aerofoil
airborne noise

BROOKS et al. (1989) derived, as result of a vast ex-
perimental research campaign on the NACA 0012 aero-
foil, a semi-empirical model based on integral bound-
ary layer quantities (later referred as BPM model, from
the authors Brooks, Pope and Marcolini) to predict the
noise generated by TBL-TE, S-S and LBL-VS mech-
anisms (see introduction). This model consists of four
algebraic equations (8) to predict the TBL-TE, the S-S
and the LBL-VS noise spectra, combined to calculate
the total SPL according to Eq. (9). In Eq. (8) the &

and 0* are the boundary layer thickness and the dis-
placement thickness of the boundary layer calculated
at the trailing edge of the aerofoil, M is the Mach
number, L is the span wise dimension of the aerofoil,
re is the distance between the trailing edge and the
receiver location, and A, B, K2, AK; and G123 are
the empirical functions based on a set of Strouhal num-
bers (St), Reynolds number (Re.) and AoA (a*). The
subscripts p and s refer to pressure and suction side,
respectively. Directivity effects are taken into account
by means of the correction coefficient Dy, (10). This
coefficient applies only when the TBL-TE model pro-
duces a high frequency noise (up to a threshold AoA).
For higher AoAs, corresponding to the near-stall con-
ditions, the turbulent noise contributions are neglected
(i.e. SPLTBL_TE_P = SPLTBL-TE—S = 700) whereas the
S-S contribution remains, being characterised by a low-
frequency spectrum. In this case the SPLg_g contribu-
tion is slightly modified and the correction coefficient
for directivity turns into D;, according to Eq. (11)

5 MOLD),
SPLrgr-rE-p = 10lo0g W

€

St,
+A( ) + (K1 — 3) + AK,,
Sty

S*MPLD
SPLrBL-TE-s = 10log <8T2h>

e

+A(§El>+(K1—3), .

§*MPLD ts
SPLs.s=10log <h> +B (S >+K2,

2
Te

8, M°LD
SPLLBL-VS =10 IOg (172h>
Te
St Re
Gi|—>—)+a ) +Gs(a),
o (S%eak - 2(Rec70>+ 3(e)

SPLtoT = 10log (1OSPLTBL»TE_P/1O

+10SPLTBL—TE—S/1O

_|_ 10sPLs_S/10 + 1OSPLLBL—VS/1O) , (9)

25in (0, /2) sin? &,
(14 M cosO,)[1 + (M — M,) cos O]

8*MPLD Sts
SPLS_S =10 IOg (87‘2l> + A/ <St > + KQ,
e 2

Dy, =

(10)

(11)

sin? O, sin? &,
(14 Mcos©,)*

The BPM model has been implemented by the au-
thors in an in-house developed MATLAB® (Math-

1=
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works Inc., 2011) tool and interfaced with ANSYS-
Fluent, to compute the boundary layer thickness and
displacement thickness input data. This interface is
a critical issue since a reliable detection of the bound-
ary layer border from CFD velocity profiles is the
key for computing the boundary layer integral quan-
tities. The BPM model and its CFD interface have
been developed for general-purposes three-dimensional
applications, and validated on a number of differ-
ent geometries (i.e. NACA 0012, NACA 4412, DU96
(DE GENNARO, KUEHNELT, 2012a), 6-bladed axial
fan (DE GENNARO, KUEHNELT, 2012a; 2012b)) and
mesh topologies (i.e. tetrahedral, hexahedral, polyhe-
dral mesh volume cell). These studies have confirmed
the robustness of the boundary layer extraction and
border-detection procedure, enabling the BPM model
to be used for a number of different applications and
geometries. In this work, this model is adopted to
benchmark the FW-H results, especially for receivers’
locations and conditions where no experimental data
is available.

2.4. LBL-VS experimental datasets

Two experimental datasets are considered to
benchmark the simulation results presented in this pa-
per: the dataset provided by BROOKS et al. (1989)
and the dataset provided by Oerlemans and Migliore
(OERLEMANS, 2004; OERLERMANS, MIGLIORE, 2004).
In the first case the NACA 0012 aerofoil, with a chord
of 22 cm and a sharp trailing edge, is tested in the
low-turbulence core of a free jet located in an ane-
choic chamber. The measurements are performed at
free-stream flow velocities ranging from 30 to 70 m/s
and AoA ranging from 0 to 15.6°. The acoustic mea-
surements are performed with microphones located as
sketched in Fig. 2a, at a distance of 1.22 m (5.5 chords
lengths), and with a visual angle of —30° (M1), 0° (M2)
and +30° (M3) with respect to the trailing edge. The
Power Spectral Density Level (PSDL) of the acous-
tic pressure at the microphones locations is given in
one-third octave bands from 0.2 to 10 kHz, assuming
a reference pressure equal to 20-107° Pa.

The second experimental dataset is derived from
the experimental campaign conducted in the open-
circuit NLR’s Small Anechoic Wind Tunnel KAT by
Oerlemans and Migliore (OERLEMANS, 2004; OERLER-
MANS, MIGLIORE, 2004). The NACA 0012 aerofoil
model, with a chord length of 22 cm and a sharp trail-
ing edge, was tested for the same aerodynamic condi-
tions tested by BROOKS et al. (1989). The microphone
array (Fig. 2b) consists of 48 microphones mounted in
an open grid designed for maximum side-lobe suppres-
sion at frequencies between 1 and 20 kHz. The aver-
aged PSDL of the acoustic pressure is provided from
0.8 to 10 kHz in one-third octave bands.

a)

M2

e NACA 0012 Aerofoil
el (chord = 22 cm)

M1

Free Jet Nozzle

Fig. 2. Sketch of the NASA experimental setup (BROOKS

et al., 1989), (a) NRL’s KAT wind tunnel test cham-

ber instrumented with the microphones star array (b)
(OERLEMANS, MIGLIORE, 2004; OERLEMANS, 2004).

2.5. Test-matriz and numerical setup
of the simulations

Based on the two experimental data sets described
in Subsec. 2.4, the authors have defined the test-
matrix reported in Table 1. The test conditions are
chosen in order to pick the LBL-VS as the predom-
inant noise generation mechanism, occurring for the
NACA 0012 aerofoil for an AoA of 4 and 5°, at mod-
erate Reynolds numbers (i.e. approximately between
0.5-10° and 1-10°). Therefore, given the aerofoil chord
equal to 0.22 m, the Mach number is set to range from
0.07 to 0.22, resulting in a Reynolds number ranging
from 0.39-10° to 1.09-10°.
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Table 1. Aerodynamic coefficients and range of the fluctu-
ations (mesh dependency analysis).

Angle
Run ID| of attack Flow speed | Reynolds Mach
] [m/s] number | number
Run-1 4 40 0.62-10° 0.11
Run-2 5 40 0.62-10° 0.11
Run-3 4 25 0.39-10° 0.07
Run-4 4 55 0.85-10° 0.15
Run-5 4 70 1.09- 108 0.20
Run-6 5 70 1.09-10° 0.20

The flow solution for the test conditions of Table 1
is computed with the numerical approach described in
Subsec. 2.1 (i.e. URANS coupled with the transitional
k-w SST turbulence model) on a computational grid
of 110,000 rectangular cells (later referred as Mesh-1).
Mesh-1 is designed to always provide more than 20
cells per wavelength (at 10 kHz) and never less than 20
cells in boundary layer in the orthogonal-to-surface di-
rection, for all test conditions reported in Table 1. The
wall yT results to be always below one on the aerofoil
surface and the far-field boundary condition is set at
20 chords of distance from the aerofoil. Six probes are
placed on the aerofoil surface (three on the pressure
side and three on the suction side) at the 95%, 97.5%
and 99% of the chord length. Additionally eleven rakes
are set on the aerofoil pressure and suction surfaces,
(from 10% to 90% of the chord length, equally spaced,
plus one at 95% and one at 99%), in the orthogonal-
to-surface direction. Each rake extends for 5% of the
chord length, with the lower node placed in the first cell
of the computational grid and the upper node placed
above the upper border of the boundary layer. Two
hundreds flow velocity points are extracted along the
rake, capturing at least one value per each cell of the
computational grid. Then the extracted velocity profile
is processed, applying the boundary layer edge detec-
tion procedure described in Subsec. 2.3. This consists
of placing the upper cut-off of the boundary at a loca-
tion where the velocity profile becomes nearly vertical
with respect to the local normal-to-surface direction.
This is assumed by looking at the slope of a linear re-
gression of a sliding window containing 4 different con-
sequent values of the total pressure profile, and plac-
ing the cut-off when this exhibits an angular deviation
to the local vertical direction below 10°. The probes
and the rakes record the hydrodynamic pressure fluc-
tuations, the mean pressure and the mean velocity in
different locations of the boundary layer.

A picture of the computational grid at the leading
and at the trailing edge of the aerofoil is provided in
Fig. 3, where the boundary layer refinement is visible.
An additional computational grid is generated for car-
rying out the mesh dependency analysis, later referred

a)

1

i
Fig. 3. Computational grid details for Mesh-1:
a) leading edge, b) trailing edge.

o

to as Mesh-2, derived by dividing each mesh cell of
Mesh-1 into four cells, thus resulting in 440,000 cells.

The pressure-based solver is used for the URANS
solution, with the SIMPLE scheme for the pressure-
velocity coupling, the Standard scheme for the pres-
sure and the QUICK scheme for the discretization
of the momentum, energy and turbulence equations
(ANSYS-Fluent, 2012). The boundary conditions are
set as “wall” for the aerofoil, “velocity-inlet” for the in-
let and “pressure-outlet” for the outlet, set at standard
atmospheric conditions. Inlet turbulence was set at
0.05%, while under-relaxation factors were set at 0.5.
The steady RANS solution is used to initialise the un-
steady solver, which runs until a fully developed pe-
riodic flow solution is calculated (periodicity is calcu-
lated by monitoring aerodynamics forces and pressure
on the aerofoil surface). Then the acoustic data acqui-
sition campaign is carried out with 20,000 time-steps
with a simulation time-step size of 107° s. The acous-
tic sampling is set every second time-step for a total
sampling time of 0.2 s and 10* acoustic samples, thus
providing a spectral frequency resolution of approxi-
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mately 10 Hz and a maximum resolved frequency of
approximately 25 kHz. The time series of the acoustic
pressure at the receivers’ locations M1, M2 and M3
are computed with the two-dimensional formulation
of the FW-H acoustic analogy. Such implementation
needs the source correlation length as further input pa-
rameter of the analogy, as per (ANSYS-Fluent, 2012).
This parameter represents the dimension of the coher-
ent vortical structures in the spanwise direction of the
aerofoil, which is infinite in a two-dimensional problem.
Clearly infinite cannot be set, hence, in order not to
incur into spurious errors coming from the FW-H nu-
merical implementation, the source correlation length
is suggested to be set significantly larger (ideally one
order of magnitude) than the chord of the aerofoil. In
this work, the source correlation length has been set
equal to 10 m; however, this length does not influence
the predicted acoustic level, since the level is scaled
down to the physical spanwise extension of the aero-
foil, according to the Eq. (13) described below (i.e.
SpanCorr)'

The sound-pressure signals are processed with an
in-house developed MATLAB® tool to compute the
narrowband/one-third octave band PSDL spectra of
the acoustic pressure. The PSDL is calculated by ap-
plying the Discrete Fourier transform (DFT) of the
acoustic pressure signal via the Fast Fourier Transform
(FFT) routines implemented in MATLAB® (Math-
works Inc., 2011). The formula used for the narrow-
band PSDL computation is reported in Eq. (12), where
x[i] is the discrete pressure time signal, F'is the dis-
crete Fourier transform, N is the number of samples,
and 20-107° [Pa] is the reference pressure

2‘F<sz[z‘1>‘2
PSDL = 10log; | ——— |. 12
#10 | (20 10-6)° (2

The PSDL is also calculated in one-third oc-
tave band by integrating the spectral content (i.e.
F(z[i])) over the third octave bands and divided by
the band widths (i.e. averaged one-third octave band
plot). In order to compare the results from the differ-
ent experimental datasets, the simulation results and
the experimental data from Oerlemans and Migliore
(OERLEMANS, 2004; OERLERMANS, MIGLIORE, 2004)
are scaled both to the experimental conditions set by
BROOKS et al. (1989): span size of the model equal
to 0.45 m and microphones distance from the aerofoil
equal to 1.22 m. The scaling formula used is provided
by Bies and HANSEN (2009) and provides a correction
to apply to PSDL to account for the span size dimen-
sion (i.e. first term in Eq. (13)), and for the distance
of the microphones from the trailing edge (i.e. second
term in Eq. (13)). Note that in Eq. (13) the subscripts
0 and 1 refer to an initial and final condition respec-
tively, while the quantities S and r. are the dimen-

sional semi-span of the aerofoil and the distance of
the microphones from the trailing edge expressed in
m. Additionally, the application of the spanwise cor-
rection Spang,,, to the PSDL calculated with a span-
wise source correlation length of 10 m is equivalent to
assume that the vortical structures that generate the
noise are perfectly coherent across the full spanwise
dimension of the tested aerofoil and this is consistent
with the two-dimensional nature of the LBL-VS noise
generation mechanisms.

PSDLGorr = Spanc,,, +Distcorr

_1( s sin(2-tan"' (So/7e.0))
tan (70)_~_ 5

Teyo

=10 lOglO .
_1( s sin(2-tan—1(S1/re o))
tan 1(ﬁ)+ 2 :
+201og;, (%,1 ) (13)
Te,0
3. Results

The flow computed for all the test conditions re-
ported in Table 1 exhibits pressure fluctuations on the
aerofoil surface. These fluctuations are visible on the
aerodynamic coefficients (i.e. lift and drag coefficients),
on the pressure coefficient and on the velocity and
vorticity contours. The instabilities appear confined in
the boundary layer region close to the aerofoil surface,
moving in the direction of the flow stream. This phe-
nomenon appears on the suction side only, establish-
ing at approximately one third of the chord length,
lasting up to the till the transition-to-turbulence coor-
dinate. Downstream this point the instabilities disap-
pear, while the pressure side of the aerofoil is entirely
characterised by laminar flow field without flow insta-
bilities, except some minor fluctuations at the trailing
edge.

In order to present the aerodynamic results, both
instantaneous and time-averaged quantities are re-
ported. Later on the text refers as “instantaneous” to
the results derived from a snapshot of the solution at
the last time step of the simulation (i.e. after the acous-
tic sampling period of 0.2 s), whereas it refers as “time-
averaged” to the results derived as averaged quantities
over the entire acoustic sampling period.

Table 2 reports the time-averaged lift and drag co-
efficients for the flow conditions of Table 1 (i.e. C
and Cjy, respectively), normalised with respect to the
asymptotic dynamic pressure multiplied by the aero-
foil chord length. The values in parenthesis are the half
peak-to-peak amplitude of the fluctuations of the aero-
dynamic coeflicients. The drag coefficient is reported
in drag-counts (i.e. Cy - 10%). It can be noticed that
the fluctuations are more prominent on the drag coef-
ficient than on the lift coefficient, being the latter less
sensitive to the instabilities in the boundary layer.
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Table 2. Time-averaged aerodynamic coefficients
and amplitude of the fluctuations.

LifF co?ﬂgjint
Run | AoA | Reynolds ((:ioeﬂimﬁnt d and amplitude
ID | [°] | number acrll t.amp itu : Cl, time-averaged
(ampinde) | (Pl
Run-1| 4 |0.62-10° | 0.46 (£0.04) 71 (430)
Run-2| 5 |0.62-10° | 0.61 (£0.02) 82 (424)
Run-3| 4 |0.39-10° | 0.47 (£0.06) 96 (4 45)
Run-4| 4 |0.85-10° | 0.44 (£0.02) 60 (£10)
Run-5| 4 |1.09-10° | 0.45 (£0.01) 55 (£5)
Run-6| 5 |1.09-10° | 0.55 (£0.01) 63 (£5)

Figure 4 reports the pressure coefficient results (in-
stantaneous and time-averaged) on the aerofoil surface,
for the test conditions of Run-1 and Run-2 (Table 1).
Both instantaneous solutions exhibit large fluctuations
of the pressure coefficient, while the time-averaged so-
lutions are smooth, resembling the steady solution.
This suggests that the pressure fluctuations can be
seen as transient phenomena superimposed to a stable
mean flow solution. The wobble, visible in the mean
solution, appears to be located in the position where
the fluctuations originate, signalling the instabilities’
trigger.

Figures 5 and 6 report the time-averaged velocity
and pressure profiles extracted from the orthogonal-to-
surface rakes placed on the aerofoil surface (see Sub-
sec. 2.5). For brevity only the rakes located at 30%,
60% and 99% of the chord length are reported (suction
and pressure side), for the flow conditions of Run-1 and
Run-2 (Table 1). Black squares on the y-axis indicate
the boundary layer upper cut-off, according to the bor-
der detection procedure described in Subsec. 2.5. This
y-coordinate is used as upper integration limit to com-
pute the displacement thickness of the boundary layer,
according to Eq. (14), (SCHLICHTING, 1979). The time-
averaged velocity and density profiles (i.e. v(y) and

a) AOA =4 deg -40 m/s
‘1.5 T T
[ Cp(time-averaged)
4l —— Cp(instantaneous) |
-0.5
&
0 -
0.5
1 ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2
x[m]
b) 5 AoA =5deg-40 m/fs
L —— Cp(time-averaged)
1.5 ——m- Cp(instantaneous)
)
a
1 i 'r: s
ROf e
a ~d v\ ,‘e,,‘.'.;!,! 2 H
o -0.5 Ui . !
0 : _ﬁq
0.5 ]
1 i
0 0.05 0.1 0.15 0.2
x[m]

Fig. 4. Pressure coefficient on the aerofoil surface, time
averaged versus instantaneous: a) Run-1, b) Run-2.

p(y)) extracted at 99% of the chord length are used to
compute §*, for the pressure and suction side, reported

in Table 3
0
5 — / (1 B v(y)p(y)> dy.
VoPo

0

(14)

Table 3. Displacement thickness (6*) at 99% of the chord length in [m], pressure and suction side.
Transition-to-turbulence coordinates pressure and suction side.

0" — suction side, 0" — pressure side,
Run ID at 99% of the chord at 99% of the chord Transition [z¢,/chord], Transition [z¢,/chord],
(time-averaged) (time-averaged) suction side pressure side
[m] - 10° [m] - 10°
Run-1 0.0012 0.00094 0.80
Run-2 0.0012 0.0012 0.68
Run-3 0.0016 0.0015 0.95 no transition
Run-4 0.0011 0.00067 0.79
Run-5 0.00093 0.00060 0.76
Run-6 0.0011 0.00062 0.72
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Table 3 reports the transition-to-turbulence coor-
dinate (suction side), assumed as the chord coordinate
where the computed flow intermittency -y first becomes
equal to one in the boundary layer. This coordinate os-
cillates according to the upstream boundary layer in-
stabilities and the coordinates reported in Table 3 rep-
resent the earliest transition-to-turbulence point de-
tected for every test conditions.

The results show that the flow solution is charac-
terised by a late transition-to-turbulence, exhibiting
a widely extended laminar region of the boundary layer
in the suction side. Moreover, a kink in the velocity
and pressure profile for the extractions at 99% of the
chord is visible in Figs. 5 and 6. This kink is due to
the presence of recirculating flow at the trailing edge,
as presented in the next pictures.

Figures 7 and 8 report the flow solution, for the
test conditions of Run-1 and Run-2 respectively. The
fluctuations are represented by choosing 8 time-steps
(from TS = 1 to TS = 8) over a sampling time of
7-107% s (i.e. time-step size equal to 10~* s, each time
step reported is taken every 10 computational time-
steps). Figures (a) and (b) show the periodic fluctu-
ation of the aerodynamic forces coefficients (i.e. lift
and drag respectively), while the eight frames below
represent the aerodynamic pressure coefficient on the
aerofoil surface, the velocity and the vorticity mag-
nitude contours for the eight time-steps chosen. It is
noteworthy that each fluctuation of the aerodynamic

forces coefficients goes from approximately TS = 1 to
TS = 6 for Run-1, while it goes approximately from
TS =1 to TS = 7 for Run-2. The laminar instabili-
ties are well visible on the pressure coefficient curves,
and the downstream flow oscillations can be traced by
following the pressure expansion peaks on the suction
surface through subsequent frames. The effects of these
instabilities are visible by analysing the velocity and
vorticity contours, which show a large instability re-
gion developed over the suction side of the aerofoil and
an oscillating wake released at the trailing edge.
Figures 9 and 11 report the PSDL of the acoustic
pressure in narrowband spectrum in both logarithmic
and linear scale (FW-H results), whereas Figs. 10
and 12 report the PSDL of the acoustic pressure
in one-third octave band spectrum. The spectra are
provided for the microphone locations M1, M2 and M3
(see Subsec. 2.4) and in a frequency range from 0.5 to
10 kHz. As far as the one-third octave band plots are
concerned, the FW-H simulation results are compared
with the experimental data from BROOKS et al.
(1989), with the experimental results from Oerlemans
and Migliore (OERLEMANS, 2004; OERLERMANS,
MIGLIORE, 2004), as well as with the predictions of
the BPM semi-empirical model for the microphone
location M2. On the other hand, not being available
the experimental data for M1 and M3, the FW-H
simulation results for these two microphone locations
are only compared with the predictions from the BPM
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Fig. 9. Run-1, PSDL of the acoustic pressure in narrowband spectrum calculated with FW-H. Comparison for different

microphone locations: a)—

¢) in logarithmic scale between 0.5 and 10 kHz, d)—f) in linear scale between 1 and 3 kHz.
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Fig. 11. Run-2, PSDL of the acoustic pressure in narrowband spectrum calculated with FW-H. Comparison for different
microphone locations: a)—c) in logarithmic scale between 0.5 and 10 kHz, d)—f) in linear scale between 1 and 3 kHz.

semi-empirical model. The FW-H results, compared the TBL-TE mechanism, is not present in the FW-H

with the experimental measurements of BROOKS et al. results, hence explaining the differences up to 30 dB
(1989), show that the simulations are capable of pre- with the experimental data and the semi-empirical
dicting the main tone frequency location and magni- model predictions. However, given the tonal nature of

tude for both angles of attack (about 1.6 kHz for AoA the acoustic spectra, as per experimental datasets and
of 4° and 1.8 kHz for AoA of 5°) with higher accu- BPM predictions, and given the 15-20 dB off-tone drop
racy than the BPM semi-empirical model. The broad- of the PSDL observed at the 1 kHz and 3 kHz in the
band part of the spectrum (i.e. the off-tone regions), experimental data, we can conclude that the weight
which cannot be predicted by URANS simulations due  of the broadband components is negligible in the one-
to the turbulence modelling and which is generated by third octave band computation. Therefore, the compu-
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Fig. 12. Run-2, PSDL of the acoustic pressure in one-third octave band. FW-H, BPM and experimental comparison
for M1 (a), M2 (b) and M3 (c).

tation of the PSDL of the peak is not affected by the
fact that the FW-H computation misses the broadband
noise spectral content, and its level can be considered
accurate.

The narrowband spectra show instead that the sin-
gle peak visible in one-third octave band spectra is
made of a main tone, located approximately at 1.6 kHz
for Run-1 and 1.8 kHz for Run-2 (i.e. Reynolds number
equal to 0.62-10°), plus a number multiple tones, well-
visible in the linear scale close-up. Additional tones,
located in correspondence of the multiples of the main

tone frequency, are also visible. The tonal structure
derived is in agreement with that described in litera-
ture by (ARBEY, BATAILLE, 1983; PATERSON et al.,
1973), confirming the physical representation of the
phenomenon as composed by one main tone combined
with several secondary tones according to a multi-tonal
structure.

A frequency analysis is presented for the hydrody-
namic pressure signals at the trailing edge. Figures 13
and 14 report the frequency spectrum of the hydro-
dynamic pressure signals (i.e. PSDLgy), computed
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Fig. 13. Run-1, PSDL of the hydrodinamic pressure (i.e. PSDLH) in narrowband spectrum in logarithmic scale
between 0.5 and 10 kHz, measured on the aerofoil surface at 95%, 97.5% and 99% of the chord length: a)—c) suction
side, d)—f) pressure side.



M. De Gennaro et al. — Numerical Prediction of the Tonal Airborne Noise for a NACA 0012 Aerofoil. . . 671
a b ¢
: 20 Suction - 95% : 20 Suction - 97.5% : . Suction - 99%
1 1 14
— 120 — 120 ‘ — 120 |
g wr M.s”rM ”.L\w“ 11 e g .~ o “".‘]“.“w“w ' g i ;M{ " :“‘.‘%‘w
= i whmMTWW il "ﬂ 7 ol i ’“J“MW Gl i t\WWM“W KWMW i
g AL T Wi | & b
“ Mgy £ M * P
20 20 20
10° 10* 10° 10* 10° 10°
Frequency [Hz] Frequency [Hz] Frequency [Hz]
d) e) f)
Pressure - 95% Pressure - 97.5% Pressure - 99%
140 140 140
]
g I 2 1 ] W N
M il e 1) N T [ A T RN R L
O il NN A i 7 P e
2 & A h{ D 60 L W' 2 60 W \MM&W
° | M ‘[Mw[ EM WW o i ;awrw% ° bk
20 e 20 i 20
10° 10* 10° 10* 10° 10°

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

Fig. 14. Run-2, PSDL of the hydrodynamic pressure (i.e. PSDLH) in narrowband spectrum in logarithmic scale
between 0.5 and 10 kHz, measured on the aerofoil surface at 95%, 97.5% and 99% of the chord length: a)—c) suction
side, d)-f) pressure side.

according to Eq. (12), for test conditions of Run-1
and Run-2 respectively. The pressure probes at 95%,
97.5% and 99% of the chord length on the suction side
(from (a) to (c)), and on the pressure side (from (d)
to (f)) are considered, and the processed hydrodynamic
pressure time signals have been acquired over the com-
plete acoustic sampling period (i.e. 0.2 s). As in the
case of the acoustic pressure, these spectra exhibit
a main tone frequency on both pressure and suction
side, whose frequency is in line with that of the acous-
tic pressure main tone. Secondary harmonics are also
visible, especially at the 99% probe location and espe-
cially at the pressure side. However, these secondary
tones in the hydrodynamic pressure spectra are less
visible than in the acoustic pressure spectra, being par-
tially masked by the turbulence of the boundary layer
that generates broadband noise.

Figure 15 reports the narrowband spectra of the
FW-H simulation results in logarithmic scale for the
microphones locations M1, M2 and M3 and in a range
of frequencies from 0.5 to 10 kHz for the test condi-
tions from Run-3 to Run-6. These results show that no
tones appear for Run-3 (i.e. Reynolds number equal to
0.39-10°), while they appear for Run-4, 5 and 6 (i.e.
Reynolds number equal to 0.85-10° and 1.09-10°).
The higher the Reynolds number, the higher the fre-
quency of the main tone becomes, increasing to 2.4 kHz
at Reynolds number equal to 0.85-10° and 3.4 kHz at

1.09-108. Figure 16 depicts the comparison between
the dependency of the main tone frequency on the flow
speed predicted by the FW-H acoustic analogy and the
results of the semi-empirical models presented in the
Sec. 1, i.e. the Paterson et al. formula (1), and the
Arbey and Bataille formula (2). The frequency of the
main tone is located in correspondence with the max-
imum PSDL of the acoustic spectrum. This compar-
ison is performed for all the flow conditions reported
in Table 1, except for Run-3 where no major tones are
predicted. The FW-H predictions of the main tone fre-
quency are in agreement with Paterson’s formula (1)
for all the investigated conditions, whereas a disagree-
ment of approximately 500 Hz is found with the for-
mula from Arbey and Bataille, Eq. (2), at 4° and for
the flow speeds of 55 and 70 m/s. Beyond this, the re-
sult substantially confirms the ladder-like structure of
the main tone, suggesting the validity of the experi-
mental observations conducted so far.

In order to validate the results presented, a mesh-
dependency analysis is reported, carried out for
the test condition of Run-1. Table 4 presents the
comparison of the lift and drag coefficients computed
with the Mesh-1 and Mesh-2 (see Subsec. 2.5). As per
Table 2, these coefficients are normalised with respect
to the asymptotic dynamic pressure multiplied by the
aerofoil chord length, while the values in parenthesis
are the half peak-to-peak amplitude of the fluctuations.
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Fig. 15. PSDL of the acoustic pressure in narrowband spectrum calculated with FW-H. Comparison for different
microphone locations: a)-c) Run-3, d)-f) Run-4, g)-i) Run-5, j)-1) Run-6.
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Fig. 16. Comparison of main tone peak frequency predicted by FW-H (black circles and squares, present study) with

Paterson et al. formula (continuous black line) and Arbey and Bataille formula (grey circles and squares). The data at

40 m/s correspond to the test conditions of Run-1 and Run-2, the data at 55 m/s to Run-4 and the data at 70 m/s to
Run-5 and Run-6 (referred to Table 1). Run-3 (i.e. flow speed of 25 m/s) is not reported, not exhibiting a main tone.

Table 4. Aerodynamics coefficients and range of the fluctuations (mesh dependency analysis.

Run and Mesh ID Lift coefficient and range Cj, time—averaged Drag coefficient and rangef’d, time—averaged
(range) (range) - 10
Run-1 — Mesh-1 0.46 (40.04) 71 (% 30)
Run-1 — Mesh-2 0.47 (£0.03) 76 (£21)

Moreover, Fig. 17 reports the comparison of the pres-
sure coefficient (Fig. 17a), and the PSDL spectrum for
M2 (Fig. 17b), for the two computational grids con-
sidered. These results show that no major differences
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occur by changing the number of the mesh cells of
a factor 4, neither in the aerodynamic flow field nor
in the acoustic spectrum shape, confirming the valid-
ity of the results of Mesh-1.

b)
AocA =4 deg-40 m/s (M2)
100

90

80

70

60

PSDL [dB]

50

40

|
FW-H Acoustic Analogy - Mesh-1 ||
FW-H Acoustic Analogy - Mesh-2

30

2000 2500

Frequency [Hz]

20 .
1000 1500 3000

Fig. 17. Mesh dependency analysis, sensitivity of aerodynamic and acoustic results to Mesh-1 (i.e. 110-10% cells) and
Mesh-2 (i.e. 440-10% cells). Comparison of the time averaged pressure coefficient (a) and PSDL of the acoustic pressure
calculated with FW-H in linear scale from 1 kHz and 3 kHz (b) for the microphone location M2.
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4. Conclusions

This paper presents the results of numerical exper-
iments for evaluating the capability of capturing the
tonal airborne noise by using an advanced, yet low
computationally demanding, numerical approach. The
adopted test case consists of a NACA 0012 aerofoil, in
a range of moderate Reynolds number from 0.39 - 10°
to 1.09- 10% and angles of attack from 4° to 5°. Six flow
conditions have been investigated, by means of two-
dimensional compressible simulations carried out with
an URANS approach coupled with the k-w SST tran-
sitional turbulence model, whereas the acoustic prop-
agation is performed with the Ffowcs Williams and
Hawkings acoustic analogy.

The simulations show that the flow at Reynolds
number equal to 0.62-10% is characterised by laminar
instabilities which develops in the boundary layer re-
gion over the suction surface of the aerofoil, resulting in
fluctuations of its aerodynamic coefficients (i.e. lift and
drag coefficients), surface pressure coefficient and ve-
locity and vorticity contours. The instantaneous versus
time-averaged pressure coefficients suggest that these
fluctuations are transient phenomena superimposed to
the stable mean flow solution.

The PSDL spectra of the acoustic pressure are com-
puted for three microphone locations in a frequency
range from 0.5 to 10 kHz. The results show a main tone
located approximately at 1.6-1.8 kHz for a Reynolds
number equal to 0.62-10°, increasing to 2.4 kHz at
Reynolds number equal to 0.85-10° and 3.4 kHz
at 1.09 - 10°. The results are in general agreement with
the data from semi-empirical models and experiments
from literature, with secondary tones visible both in
the acoustic pressure spectrum as well as in the hy-
drodynamic pressure spectrum in the boundary layer.
The simulation results confirm the ladder-like struc-
ture of the main tone proposed by Paterson et al. and
its dependency on the flow speed.

Furthermore, the results also confirm the multi-
tonal nature of the acoustic spectra suggested by Ar-
bey and Bataille and well visible in the narrowband
acoustic spectra.

Additionally, the results demonstrate that this
noise generation mechanisms can be simulated with
a relatively low-computational demanding URANS ap-
proach given its two-dimensional nature. This is also
reflected in the assumption made on the source cor-
relation length, assumed equal to 10 meters for the
FW-H calculations and then scaled down to the phys-
ical length of the aerofoil. This, in fact, implies that
the vortex shedding structures generated by the LBL-
VS mechanism are perfectly two-dimensional, thus not
considering deformation and distortion which would
reduce the source correlation length itself. In this re-
spect, a three-dimensional LES/DNS can be beneficial;
however, they would require significant computational

resources, not necessarily justified by an improvement
on the quality of the noise predictions.

The presented methodology is intended to be ap-
plicable only for the LBL-VS noise generation mecha-
nism, and therefore, cannot be extended to other noise
generations mechanisms, such as TBL-TE/S-S noise
for aerofoils or jet noise for free stream jets, where
the phenomenon is driven by three-dimensional tur-
bulent structures. Future developments of the present
work can include new testing conditions, as per recent
contributions from (ARCOUNDOULIS et al., 2013) and
(PROBSTING et al., 2015).
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