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Jet noise: background

p Significant noise source during take-off 
p Turbulence as a source of sound 

■ What is the acoustically efficient part of the 
turbulent field? 

■ How could one modify turbulence to reduce 
noise?

Congonhas airport, São Paulo



A hint: near-field pressure = large-scale 
structures = wavepackets

Tinney & Jordan J. Fluid Mech. 2008

Line array of mics

Re=5x106!



A hint: near-field pressure = large-scale 
structures = wavepackets

Gudmundsson & Colonius J. Fluid Mech. 2011



A hint: near-field pressure = large-scale 
structures = wavepackets

Large-scale structures: growth and decay of a Kelvin-Helmholtz instability

unstable 
near nozzle

stable 
downstream

Linear PSE



Experimental signatures of  wavepackets in 
the turbulent and acoustic fields

Cavalieri, Rodríguez, Jordan, Colonius, Gervais, JFM 2012, 2013

Velocity:  

linear PSE x  
time-resolved PIV

Far-field sound: 

superdirectivity 
(exponential in θ)

M=0.4 
m=0

M=0.6 
m=0



Linear wavepacket models and subsonic jet noise

St=0.5

St=0.5

St=0.5

Steady base flow



Linear wavepacket models and subsonic jet noise

St=0.5

St=0.5

St=0.5

Unsteady base flow
Cavalieri & Agarwal JFM 2014 
Zhang et al. AIAA 2014, CTR 2014 
Baqui et al. JFM 2015



Other ongoing research
p Extend wavepacket theory/computation to more complex 

flows 
■ Installed jets (UHBPR engines: proximity between jet and wing) 

p Funded by INOVA Aerodefesa (Finep, Embraer) 
■ Design (flexible? porous?) wings to reduce noise from jet-wing 

interaction 
■ Airframe noise: can airfoil noise be modelled using wavepackets? 

■ Collaboration with William R. Wolf (Unicamp), Ricardo 
Vinuesa, Philipp Schlatter, Dan Henningson (KTH) 

p Control of jet noise 
■ Chevrons and microjets: effects on wavepackets 
■ Towards active control 

p Funded by ANR CoolJazz (France), Science Without Borders (Brazil) 

p Students needed!!!



Installed jets: experimental results

M = 0.4 M = 0.5 M = 0.6

Increase of 10-15 dB!

Jet+flat plate



Modelling: jet noise and trailing-edge noise 
combined
p Sources: wavepackets of free-jet 

studies 
p Effect of neighbouring surfaces 

■ Trailing edge: acoustic scattering 
Cavalieri et al. J. Sound Vib. 2014 

TE scattering



Modelling: jet noise and trailing-edge noise 
combined, flexible wings
p Ongoing work: Acoustic BEM 

written for the elastic modes of 
a (possibly porous) plate 

Cavalieri, Wolf, Jaworski AIAA 2014 
Cavalieri, Donadon, Wolf AIAA 2015



Airframe noise
p Wavepackets in boundary layers? 

p Extension of jet-noise theory to airframe noise 
p Probe numerical databases in search for sound-

producing turbulent structures 
Sano, Nogueira, Cavalieri, Wolf AIAA 2015

oil were used in 2006 for transportation world-wide (as re-
ported by the US Energy Information Administration, EIA),
there is a huge potential of improvement in energy savings
and fuel consumption.

DNS OF THE FLOW AROUND A NACA4412
WING SECTION

In this study we perform a fully-resolved DNS of the
flow around a wing section, at a Reynolds number compa-
rable with the ones characteristic of academic wind tunnel
experiments. Available numerical studies of this configu-
ration are limited to low Reynolds numbers up to around
Rec ' 100,000 (where Rec is the Reynolds number based
on freestream velocity U• and wing chord length c). These
studies include low-order DNSs (Rodrı́guez et al., 2013)
and LESs (Alferez et al., 2013), as well as some high-order
DNSs (Shan et al., 2005), and are all performed on the
symmetric NACA0012 profile. High-order numerical meth-
ods are required for accurate simulations of turbulent flows
due to the significant scale disparity of the flow structures,
both in time and space. Here we present the first results
of a DNS of the flow around a NACA4412 wing profile at
Rec = 400,000 with 5� angle of attack. Note that whereas
the emphasis in other cases was on high angles of attack and
stalled airfoils, here we consider a small angle of attack so
that the flow will be attached throughout most of the suction
side of the wing. The relevance of this flow case lies in the
significantly higher Reynolds number compared with other
studies, and in the additional flow complexity introduced by
the cambered airfoil.

Numerical code
The numerical code chosen for this project is Nek5000,

developed by Fischer et al. (2008) at the Argonne Na-
tional Laboratory, and based on the spectral element method
(SEM), originally proposed by Patera (1984). This dis-
cretization alllows to combine the geometrical flexibility of
finite elements with the accuracy of spectral methods. The
spatial discretization is done by means of the Galerkin ap-
proximation, following the PN � PN�2 formulation. The
solution is expanded within a spectral element in terms of
three Legendre polynomials of order N (of order N � 2 in
the case of the pressure), at the Gauss–Lobatto–Legendre
(GLL) quadrature points. The nonlinear terms are treated
explicitly by third-order extrapolation (EXT3), whereas the
viscous terms are treated implicitly by a third-order back-
ward differentiation scheme (BDF3). Nek5000 is written in
Fortran 77 and C, and parallel I/O is supported both through
MPI I/O and a custom parallel I/O implementation. Over
190 users worldwide employ Nek5000 for their research
and it has been acknowledged in more than 200 journal arti-
cles. In our research group, results obtained with Nek5000
have been reported in more than 20 publications in leading
fluid mechanics journals over the last 5 years. The simula-
tions were carried out on the Cray XC40 system “Beskow”
at the PDC Center from KTH in Stockholm (Sweden), run-
ning on 16,384 cores, and the message-passing interface
(MPI) was employed for parallelization.

Numerical setup
The flow was initially characterized by performing a

detailed RANS simulation based on the explicit algebraic
Reynols stress model (EARSM) by Wallin & Johansson

Figure 1. Instantaneous visualization of the DNS results
showing coherent vortices identified by means of the l2 cri-
terion (Jeong & Hussain, 1995). The spectral element mesh
is also shown, but not the individual grid points within ele-
ments.

(2000). A very large circular domain of radius 200c was
considered in the RANS simulation in order to reproduce
free flight conditions. Since the focus of our study is on
characterizing the flow around the wing section, we used a
smaller computational domain for the DNS. In particular,
we considered a C-mesh of radius c centered at the leading
edge of the airfoil, with total domain lengths of 6.2c in the
horizontal (x), 2c in the vertical (y) and 0.1c in the spanwise
(z) directions. The resulting spectral element mesh (without
the GLL points) and the computational domain are shown
in Figure 1. The solution from the RANS simulation was
used as boundary condition on all the domain boundaries
except the outflow (where the natural stress-free condition
is enforced) and in the spanwise direction, where periodic-
ity is assumed. Atlhough in other external flows where the
stress-free condition was considered at the outflow we had
to use a fringe upstream of the outlet in order to ensure nu-
merical stability (such as in the flow around a wall-mounted
square cylinder computed by Vinuesa et al. (2015)), in this
case the fringe was not necessary. Also note that both in
the RANS and the DNS the wing was placed forming 0�

with the horizontal direction, and the 5� angle of attack was
introduced through the freestream velocity vectors.

Mesh generation is one of the key factors of the present
project, where the computational grid must meet the re-
quirements for a fully-resolved DNS by allowing suffi-
cient geometrical flexibility. The mesh is structured, and
is designed to meet the following criteria around the wing
section: Dx+ < 10, Dy+w < 0.2 (at the wing surface) and
Dz+ < 5. Note that here ‘+’ denotes scaling with the viscous
length `

⇤ = n/ut (where n is the fluid kinematic viscosity
and ut =

p
tw/r is the friction velocity), or inner scaling.

Since the wall shear stress tw is not constant over the wing
surface, we considered the RANS results to design the mesh
according to the following guidelines:

(i) Between x/c = 0.1 and 0.6, the ut from the RANS
was used to compute Dx, both on suction and pressure
sides.

2

Vinuesa et al. 2015

(a) (b)

Figure 13. LES of flow past a NACA0012 airfoil at AoA = 0deg, M

1

= 0.115 and Rec = 408000; (a) iso-surfaces
of �2 colored by vorticity magnitude; (b) iso-surfaces of vorticity magnitude colored by streamwise momentum
with contours of dilatation in the background

(a) (b)

Figure 14. (a) Points used to correlate with center at x/c = 0.5; (b) Points used to correlate with center at
x/c = 1.0
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Control of  jet noise
p Chevrons and microjets: reduction of wavepacket amplification

Lajús Jr., Cavalieri, 
Deschamps AIAA 
2015



Towards active control
p Use linear theory to derive transfer functions for estimation of 

states and derivation of control laws
Sasaki, Piantanida, Cavalieri, Jordan AIAA 2015 
Silvestre, Cavalieri, Jordan AIAA 2015

position of the pressure field, providing real-time sensing of the space time behaviour of azimuthal modes
m = 0, m = ±1 & m = ±2 (as per equation 1). The present work focus on azimuthal number m = 0, due
to its importance for sound radiation in turbulent jets.1 Near the nozzle lip an additional ring array of 14
microphones was installed in order to investigate the relationship between the near-lip fluctuations of the
flow and the downstream evolution.

A second campaign obtained data over a wider range of axial positions, ranging from 0.5D to 8.9D, with
a finer resolution of 0.4D. An array of four 6-microphone rings, each independently displaceable in the axial
direction, was used. This experiment was used to build the two-point cross-correlation matrix for application
of Proper Orthogonal Decomposition.

Figure 2. Wind-tunnel facility and experimental setup: nearfield microphone cage array in the 7-ring config-
uration

p̃

m

(x, t) = p̃(x,m, t) =

Z
p

0(x,�, t)eim�

d�. (1)

III. Modelling methodologies

The hierarchy of approaches used to obtain real-time models are described in what follows.

A. Parabolised Stability Equations

The PSE represents an extension of the parallel-flow linear stability problem to base-flows with mild stream-
wise variation. The total flow field q is decomposed into a mean, time-averaged axisymmetric component
q(x) and a time dependent fluctuation q0(x, t), where q = [u

x

, u

r

, u

✓

, ⇢, T ]T represents the flow variables
(axial, radial & azimuthal components of velocity, density and temperature, respectively) and cylindrical
coordinates x = [x, r, ✓] are considered.

Since the mean flow is homogeneous in the azimuthal direction and in time, the fluctuation may be
expressed in terms of normal modes in these directions.

q0�x, t
�
=

X

!

X

m

q̃
�
x, r

�
eim✓e�i!t

, (2)

where q̃ is the complex amplitude for frequency ! and azimuthal wavenumber m.
One may further simplify the solution by decomposing q̃

�
x, r

�
into two separate contributions, a slowly

varying function representing the amplitude envelope of the solution and a fast, oscillatory function that cap-
tures the wave-like axial structure. This solution corresponds to the wavepacket Ansatz for slowly diverging
jets5 and allows parabolisation of the linearised equations,

q0�x, t
�
= q̂(x, r)e

i
R

x

↵(x0)dx0
eim✓

e

�i!t

, (3)

where ↵ = ↵

r

+i↵
i

is the complex axial wavenumber, whose imaginary part is related to exponential growth
or decay of disturbances in x. Slow variations in x are assumed for both q̂ and ↵. The decomposition in eq.

3 of 18

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 A

nd
ré

 C
av

al
ie

ri 
on

 Ju
ne

 2
4,

 2
01

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I: 

10
.2

51
4/

6.
20

15
-2

21
4 

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
x 10−3

t*

p′
(t* ) −

 in
pu

t

Input

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
x 10−3

t*

p′
(t* ) −

 o
ut

pu
t

Output x PSE TF

 

 Measured Output
PSE TF

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
x 10−3

t*

p′
(t* ) −

 o
ut

pu
t

Output x ARMAX

 

 Measured Output
ARMAX

0 10 20 30 40 50 60 70 80 90 100
−1

−0.5

0

0.5

1
x 10−3

t*

p′
(t* ) −

 o
ut

pu
t

Output x Experimental TF

 

 Measured Output
Experimetal TF

Figure 4. Comparison between measured non-dimensional pressure fluctuations, PSE transfer function, em-
pirical transfer function and ARMAX predictions, with X

D

= 2.1 and 3.3 as the input and output positions,
respectively.

Figure 5 shows how estimation using the PSE transfer function performs as the output station is moved
downstream. The precision gradually deteriorates, that of the amplitude more so than that of the frequency
and phase. Similar trends are observed when the empirical transfer function and ARMAX model are used
as estimation techniques. Given that we are considering a high Reynolds number, fully turbulent, jet,
issuing from a nozzle with a fully turbulent boundary layer, the performance of all three techniques is
encouraging. The performance of the PSE model is, however, particularly impressive, given that the only
information necessary for its construction is the mean flow and the linearised equations of motion. This
result constitutes a convincing demonstration of the reality of linear wavepackets as real-time—as well as
statistical, harmonic—entities.

As a performance metric we use the peak correlation coe�cient between estimation and measurement,
shown in figure 6 for PSE. Correlations of up to 0.8 are observed for small axial separations between input
and output. The correlation decreases as the output station is moved downstream, a consequence of the
limitations of the linear model.

Another interesting characteristic is the fact that the correlation increases when the input is moved from
0.5D to 2.1D. This is consistent with the observations of Cavalieri et. al1 that PSE matches experimental
data best in the axial range 2  /D  5.

The trend is similar for the empirical transfer function and ARMAX estimations, as shown in Figure 7
where the peak correlation values for the three methods are compared for input position, X

D

= 2.1.
The results of this section show that real-time, low-cost modelling of wavepackets in high Reynolds

number turbulent jets is possible and constitutes a promising candidate for use in closed-loop control. The
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Prediction of pressure at 
downstream microphones: 

pressure at upstream microphones 
+ 

transfer function  
(linear wave packet model)

Turbulent jet, experimental!



Contact

André V. G. Cavalieri 
 andre@ita.br 

mailto:andre@ita.br

