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ABSTRACT
An experiment is conducted to link the scattering of

acoustic waves by a turbulent field in a shear layer with the tur-
bulent features of the shear layer. Microphones measurements
highlighted a spectral broadening around the carrier tone with
the formation of two sidelobes. The application of SPOD to
the particle image velocimetry (PIV) results obtained in the
shear layer reveals that the most energetic mode of the span-
wise velocity component has a peak at a frequency that corre-
sponds to the side-lobes of the acoustic spectrum. Synced PIV
and acoustic measurements demonstrate a correlation between
the time delay/anticipation of the acoustic wave traversing the
shear layer and the instantaneous spanwise velocity coherent
motion.

1 INTRODUCTION
An acoustic wave that impinges a shear layer is convected

by the uniform flow, refracted by the mean velocity gradient
and scattered by the turbulent field. Due to the scattering, a
source tone measured far-field, after the acoustic wave has tra-
versed the shear layer, does not emerge as a narrow peak in
the energy spectrum. The spectrum exhibits a broadening and
the tone energy is redistributed into a broadband field centred
around the carrier tone, with the presence of two side-bands
colloquially called ”haystacks” (McAlpine et al. (2013)).

Examples of industrial context where haystacking is of in-
terest are the propagation of a tone radiated from the exhausted
nozzle through a turbulent shear layer (Ewert et al. (2009)), the
acoustic propagation through the atmospheric boundary layer
and far-field acoustic measurements conducted in an open jet
wind tunnel. In the last case the model to study is usually lo-
cated in the potential region of the jet; the acoustic field that
propagates from the model impinges and traverses the shear
layer that develops on the sides of the nozzle. The acous-
tic waves are scattered causing a broadening of the spectral
content and an attenuation of the tone energy (Sijtsma et al.
(2014); Kroeber et al. (2013)). Having further insight into the
physics of the haystacking is of primary importance for acous-
tic imaging techniques that experience error caused by signal
coherence loss due to the turbulence field (Sijtsma (2008)).

Lighthill (1953) carried out the first theoretical studies

on the scattering of acoustic field by turbulence, then Kraich-
nan (1953) focused on the modification of the spectrum by
isotropic turbulence. Candel et al. (1976a) developed an an-
alytical models to predict the haystacking and more recently
Clair & Gabard (2018) focused on the scattering produced by
a single eddy or a turbulent shear layer with constant width.
According to Candel et al. (1976b) the broadening of the spec-
trum and the two sidelobes can be expressed as

|∆ f | ∼= Uc

ℓ
(1)

where ∆ f is the frequency shift of the side-bands with respect
to the carrier frequency, f0; Uc = U0/2 is the convective ve-
locity and ℓ is a characteristic scale of the large eddies, some-
times called scattering lengthscale, that is found to scale with
the vorticity thickness δω (Candel et al. (1976b); Kroeber et al.
(2013); Sijtsma et al. (2014); McAlpine et al. (2013)). In the
works by Candel et al. (1975, 1976b) it is suggested that spec-
tral broadening is dominated by Doppler like effects and, ac-
cording to Clair & Gabard (2018), the haystacking is due to a
combination of a scattering of sound due to the refraction of
waves that propagate through a vortical structure and a dou-
ble Doppler shift, one linked with the motion of the turbulent
structure relative to the source and the other linked with the rel-
ative motion between the turbulent structure and the observer.
Sijtsma et al. (2014) proposed an alternative explanation for
the haystacking that links the formation of sidelobes with the
time delay variation due to the turbulent shear layer. In their
work they derived an analytical expression that evaluates the
energy decay of the carrier tone and the formation of sidelobes
as a function of shear layer properties: the convective velocity,
the thickness of the shear layer, the source frequency and the
spanwise velocity fluctuations.

Despite several hypothesis have been drawn to model the
haystacking, and several studies have been conducted to theo-
retically or experimentally investigate the scattering of acous-
tic waves by a turbulent field, some of them cited above, doubts
remains on which turbulence feature in the shear layer inter-
acts with acoustic transmission and leads to a modification of
the acoustic spectrum. In the current paper, we aim to gain fur-
ther insight into the physics of haystacking by investigating the
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link between the shear layer properties and the generation of
sidebands in the acoustic spectrum. For the first time in the lit-
erature we explore the subject relying on synced microphones
and time resolved particle image velocimetry (PIV) surveys.
Spectral proper orthogonal decomposition will be employed
to better highlight the turbulent features in the shear layer that
interact with the acoustic waves.

2 EXPERIMENTAL SETUP
The experiments are conducted in the anechoic open jet

wind tunnel of the Laboratoire de Mécanique des Fluides et
d’Acoustique (LMFA) at the École Centrale de Lyon. The jet
is equipped with a nozzle having a contraction ratio of 1.25
ending with a square exit section that measures 0.5 m side.
The anechoic room where the jet enters measures 730m3. The
maximum speed achievable with the current contraction ratio
is around 80 m/s, the choice, that imposes a limit to the max-
imum speed, is dictated by the need of having a sufficiently
extended potential core region where to place the acoustic
source. The tests are conducted at a free-stream velocity of
U0 = 35,55 and 75 m/s (Mach number 0.10, 0.16 and 0.22).

The acoustic source consists in a speaker embedded on
one side of a NACA-shaped support and located along the cen-
treline of the jet. The acoustic field is generated by a compres-
sion chamber connected to the speaker and located beneath the
support. The source is connected to three microphones inside
the NACA-casing that are used as a reference. The amplitude
of the acoustic source is chosen in order to be clearly distin-
guished from the broadband noise generated by the jet and the
trailing edge noise of the source support. The source vertical
position is at z = 0, that corresponds to half of the vertical side
of the side of the nozzle, where the shear layer can be consid-
ered plane, see figure 1. The source streamwise positions is
xs =500 mm downstream the exit of the jet. Three frequencies
are tested 8,12,16 kHz.

A SoundCam antenna is used to perform the acoustic
measurements, it consists of five branches connected to a cen-
tral portion. 84 MEMS microphones are located along the
branches and the centre of the antenna. A branch of the an-
tenna is aligned with the flow along the streamwise direction;
the branch is located at the same z height of the source (lays
in the same xy plane of the source). Care is given in aligning
one microphone of the branch with the source streamwise po-
sition in order to have xm = xs. Each acoustic measurement is
performed at 51.2 kHz for 60 s. The antenna is located at two
distances with respect to the source, Yr = 1500 mm (nominal
condition) and Yr = 579 mm (closer condition). The distances
reported are related to the microphone aligned with the source.

Planar PIV is employed to characterise the shear layer
at 35 and 55 m/s (the 75 m/s case has been characterised us-
ing hot wire anemometry but the aerodynamic results are not
shown here for brevity). The measurement plane is horizon-
tal (xy) in the plane containing the source and the branch of
the antenna aligned with the source. The PIV plane is centred
with the streamwise location of the source, xs =500 mm. Two
smoke generators are employed, one to seed the core of the jet
and the second to seed the anechoic chamber in order to have
sufficient particle density in the shear layer. To keep the parti-
cle image size between 2 and 4 pixels and reduce peak-locking
effects the particle images are slightly defocused (Michaelis
et al., 2016). A double pulsed Continuum Mesa PIV laser
is employed to illuminate the particles. The acquisition fre-
quency is set to 5 kHz. A Phantom VEO1310L 12 bits CMOS
camera equipped with a 60 mm f/2.8 Micro Nikkor lens is used

as imaging tool. Lavision DAVIS 10.2 is used for the cali-
bration, synchronisation,laser control and image acquisition.
Each run consists in 4900 image pairs for a duration of 0.98 s.
Almost 20 runs are acquired in order to have a sufficient con-
vergence of the statistics allowing to resolve the largest flow
features. For each of the three source frequency tested and the
two free-stream velocities, at least one run is synced with the
antenna measurements. The samples are processed using the
2D2C cross-correlation PIV algorithm of DAVIS 10.2. The in-
terrogation window size was iteratively changed passing from
64× 64 pixel to 8× 8 with an overlap of 50%; this leads to
a vector spacing of ∆x = ∆y =0.665 mm and 34200 vectors.
The field of view (FOV) is 158mm×212mm (2.2δω ×1.6δω ,
where δω is the vorticity thickness).

3 RESULTS
3.1 Shear layer characterisation

The shear layer characterisation is depicted in figure 2.
According to Bell & Mehta (1990), the self-similarity of the
shear layer is assured by the linear growth of the vorticity
thickness, δω (x) = U0(

∂U(x)
∂y

)
max

, the collapse of the statistics

when plotted using reduced coordinates (figure 2), where x
is the streamwise location and σ is the spreading parameter
(Görtler (1942)) and the plateau of the peaks of the statistics
in the streamwise direction (not shown here for brevity).

3.2 Power spectral density of acoustic signal
and bicoherence

The power spectral density (PSD) of the acoustic signal
obtained with the microphone of the antenna located at the
same streamwise location of the source (xm = xs) are reported
in figure 3. The spectra are computed using the Welch algo-
rithm with 94 segments, a window size of 215 samples and
50% overlap. The spectra are then centred with the source
frequency and normalised by the peak energy following Si-
jtsma et al. (2014). The effect of changing the tone frequency
for a fixed free-stream velocity (figure 3 (a)) evidences that
the energy associated to the sidelobes increases when the fre-
quency increases because the acoustic wavelength decreases
and the interaction with the shear layer is stronger (an higher
amount of energy is scattered). When increasing the free-
stream velocity for a fixed carrier frequency the side-lobes
shift towards larger frequencies (the frequency shifts are ap-
proximately equal to 50, 80 and 100 Hz) as predicted by Can-
del et al. (1976b) (equation 1). When the source location is
shifted downstream the vorticity thickness is larger, the scat-
tering is stronger and the frequency of the sidelobes decreases.

As done by Bennaceur et al. (2016) on LES data, we per-
formed the bicoherence on the pressure signal following the
formulation reported by Kim & Powers (1979)

Bic2(xi, f1, f2) =
|⟨F̂(xi, f1)Ĝ(xi, f2)Ĥ∗(xi, f1 + f2)⟩b|2
⟨|F̂(xi, f1)Ĝ(xi, f2)|2|Ĥ(xi, f1 ± f2)|2⟩b

(2)
where F,G and H are three signal f1 and f2 are two frequen-
cies and ⟨⟩b is the average of the blocs in which the signals
is divided. In the current case the bicoherence spectrum is
computed on one microphone that corresponds to the xm = xs,
namely (F = G = H) in the case where the microphones an-
tenna is located closer to the shear layer, so that the aerody-
namic low frequency content of the shear layer is captured in
the pressure signal as depicted in figure 4 (a). The bicoherence
represents the non-linear interaction between the frequencies
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Figure 1. (a) Schematic of the experimental setup, (dimensions not in scale), (b) photos of the experimental setup.
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Figure 2. Linear growth of the vorticity thickness (a), collapse of the shear layer mean velocity profiles at different streamwise
locations for 55 m/s (b), collapse of standard deviation of the U and V component and Reynolds shear stress at the two freestream
velocities compared with Bell & Mehta (1990) and Rogers & Moser (1994) (c).
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Figure 3. PSD for three different source frequencies for the microphone at xm = xs (a) effect of source frequency at a U0 =55 m/s
and, (b) effect of the free-stream velocity U0 at f0 =16 kHz, (c) effect of the measurement location xs at U0 =55 m/s and f0 =12 kHz.

f1 and f2 and a non-linear transfer of energy to the frequency
f1 ± f2.

The bicoherence spectrograms are reported in figure 4 for
f0 = 12 kHz at 35 and 75 m/s. As found by Bennaceur et al.
(2016), high level of bicoherence are found in correspondence
of the intersection of the frequencies f1 =12 kHz and f2 = 50
(U0 =35 m/s) and 100 Hz (U0 =35 m/s), frequencies that cor-
responds to the sidelobes of the PSD at 35 m/s and 75 m/s.
This demonstrates a strong non-linear interaction between a

characteristic low frequency of the shear layer and the tone fre-
quency and the depletion of the energy of the carrier frequency
into the two side-lobes.

3.3 Spectral Proper orthogonal decomposi-
tion

To further investigate the low-frequency coherent motion
of the shear layer that interacts non-linearly with the acoustic
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spectrogram of the signal at xm = xs, f0 =12 kHz, (b) 35 m/s, (c) 75 m/s.

(a)

𝑈	component

(b)

𝑉	component

U0=55m/s, V component, 
mode 1, f≈ 80 Hz

101 102 103

10�1

100

101

f [Hz]

S
P

O
D

en
er

g
y
/
U

2 0

35 m/s

55 m/s

101 102 103

10�1

100

101

102

f [Hz]

S
P

O
D

en
er

gy
/U

2 0

35 m/s

55 m/s

(c)

xm-xs [mm]

y 
[m

m
]

Figure 5. SPOD spectra for 35 m/s (a) and 55 m/s (b), only the ten most energetic modes are displayed, thick lines represent the
leading mode (averaged on all the RUNS); snapshot of the leading sPOD mode (30% total energy) at the peak frequency for 55 m/s (c).

transmission, the spectral Proper Orthogonal Decomposition
(sPOD), described by Towne et al. (2018), is applied to the
streamwise and spanwise velocity component of the PIV data-
set. The data-set is divided in 37 Hamming windows of 256
snapshots with 50% overlap. As depicted in figure 5(a) and (b),
for both velocity components the first mode is dominant, how-
ever, for the spanwise component the spectrum shows a lobe
centred in correspondence with the frequencies of haystacking
for both 35 and 55 m/s. The contour of the mode is reported
in figure 5(c) for 55 m/s and represents oriented velocity pat-
tern in the spanwise field as depicted also in figure 6 where the
spanwise velocity field at 55 m/s is reconstructed using the
first SPOD mode and a frequency band centred at the peak fre-
quency. It is worth noting that the frequency of side-bands, bi-
coherence and SPOD spectrum peak corresponds to a Strouhal
number (obtained using the vorticity thickness and the con-
vection velocity) approximately equal to 0.25. This Strouhal
number is very close to the one of vortex shedding, suggest-
ing, as proposed by Brown & Roshko (1974), that the coher-

ent spanwise velocity pattern is reminiscent of the two dimen-
sional roller forming due to the instability of a laminar shear
layer in the pre-transition regime.

3.4 Flow feature time delay correlation
The oriented and coherent spanwise velocity pattern

shown in figure 6 can interfere with the acoustic transmission
as it is almost parallel to the acoustic wave-vector. A positive
instantaneous spanwise velocity should correspond to a posi-
tive time delay of the acoustic wave and a negative spanwise
velocity should correspond to a negative time delay. For each
snapshot, an indicator of the instantaneous velocity is chosen
by averaging the velocity inside a certain region centred with
the streamwise position of the microphone aligned with the
source.

The time delay due to the acoustic transmission through
the shear layer is computed from the phase difference between
the reference microphone installed in the source case and the
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Figure 6. Spanwise velocity field at 55 m/s reconstructed using the first SPOD mode in a frequency interval of 30-100 Hz (a) oriented
positive velocity (b) oriented negative velocity.

microphone on the antenna knowing the distance between the
source and the antenna. Further details on the time delay eval-
uation can be found in Sijtsma et al. (2014). As depicted in
figure 7 the time delay is negligible when the free-stream ve-
locity is zero and increases when increasing the free-stream
velocity. The time delay is calculated on the acoustic signal
synced with the PIV acquisition.

When plotting the normalised indicator and time delay on
top of each other (figure 7 (c)) one can see how the signals
collapse remarkably well. The correlation between the time
delay and the streamwise and spanwise component is reported
in figure 8. As depicted in the figure, a correlation as high as
0.5 is found for the spanwise component while the correlation
is negligible for the streamwise component. What needs to be
underlined, and can be considered a validation of the current
result, is that the peak of correlation (figure 8 (b)) is associ-
ated with a time that corresponds exactly to time the acoustic
waves take to reach the antenna from the PIV measurement
plane. Similar results are found when the spanwise field is not
filtered, the main difference is that the indicator is less accurate
due to the small scales and higher frequency turbulence.

4 Conclusions
We performed for the first time synced PIV and micro-

phones measurements. The bicoherence results revealed that
the haystacking is due to a non-linear interaction between the
acoustic carrier tone and a low frequency feature of the turbu-
lent shear layer. The low frequency feature is a shedding-like
oriented motion of the spanwise velocity component, with a
characteristic Strouhal number of 0.25 which is documented
both in the SPOD spectrum and in the side-lobes of the PSD
of the acoustic signal. The synced PIV-microphone results cor-
roborate the theoretical derivation proposed by Sijtsma et al.
(2014) that links the haystacking with the acoustic transmis-
sion delay/anticipation due to the turbulent field. The time de-
lay/anticipation is indeed correlated with the turbulent shear
layer instantaneous spanwise velocity pattern.
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