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ABSTRACT

Trapped waves in the potential core of high subsonic jet
can be described as a system of waves responsible for
a series of sharp peaks in the near-field pressure spec-
trum. In this work, density fluctuations associated with
these acoustic waves in a Mach 0.9 jet are measured using
Rayleigh scattering in the jet potential core. The set-up
is installed in an anechoic wind tunnel, where simultane-
ous measurements of acoustic near-field pressure and flow
density spectra are carried out. The lowest frequency and
more prominent peak characteristic of trapped waves is
observed at the same frequency in the acoustic and density
spectra. The ability of the present setup to detect trapped
waves signatures in the density spectrum is demonstrated.

Keywords: Aeroacoustics, Jet noise, Rayleigh scattering,
Optics, Experiments

1. INTRODUCTION

The phenomenon of resonance recently identified [1] in
the core of high subsonic jets, and referred to as trapped
waves is easily observable in the acoustic field of the jet
near the nozzle. The signature of these waves is a series
of sharp peaks in the acoustic spectrum. Previous com-
pressible large eddy simulation have made it possible to
isolate these waves, and brought insights into their exis-
tence [1–3]. Experimental studies mainly focused on the
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characterization of this phenomenon from a purely acous-
tical viewpoint, by use of near-field measurements [4].
In the present work non-intrusive density measurements
in a Mach 0.9 jet using a Rayleigh scattering technique
along with acoustic measurements in the near field are
performed. A continuous laser beam that illuminates the
probed volume is used with a collecting optical setup to
measure the intensity of Rayleigh scattered light from this
volume. Density fluctuations measured outside the jet
core were already studied for aeroacoustic purpose [5, 6],
but its implementation in the jet core is proving challeng-
ing due to a low Signal-to-Noise Ratio (SNR) [7]. The
present setup allows the detection of trapped waves sig-
nature in the density spectrum, due to a sufficiently high
SNR. The paper is organized as follows: Section 2 ex-
poses the principle of Rayleigh scattering measurements
along with the experimental set-up used. The measure-
ments are presented and analyzed in Section 3. Conclud-
ing remarks are finally given in Section 4.

2. DENSITY MEASUREMENTS FROM
RAYLEIGH SCATTERED LIGHT

2.1 Measurement of Rayleigh scattered light

The phenomenon of scattering of light by particles smaller
than the wavelength of the incident light is explained by
the Rayleigh theory. The light is scattered in all directions,
with intensity varying according to the angle Ψ between
the polarization direction of the incident beam of wave-
length λ and the direction of observation, as represented
in Figure 1. There is no loss of energy during the scatter-
ing. The light power Ps scattered by the molecules present
in a volume Vs is expressed as:
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Figure 1. Diagram of the Rayleigh scattering inten-
sity measurements. The incident and scattered light
field are noted E⃗0 and E⃗s respectively. The wave-
length λ and the size of the probed volume Vs are
dependent of the laser beam used. The polarization
angle Ψ, the collecting angle δΩ and the efficiency
QE of the sensor characterize the collecting optics.

Ps = NVs
∂σ⊥

∂Ω
∂Ωsin2(ψ)I0 (1)

where N is the numerical density. The term ∂σ⊥/∂Ω is
the effective diffusion cross section of the molecule. It
characterizes the ability of a molecule to scatter light. The
solid angle over which the scattered light is collected is
δΩ. It depends on the collection optics used. The scattered
power is of the order of 10−11 W for the device used, and
thus cannot be measured by a power meter or photodiode.
The power Ps is measured in the form of a photon flux
of energy hc/λ, where h is Planck’s constant and c is the
speed of light in the medium. The measured photon flux
is denoted Φ and is expressed as [8]:

Φ = QEδΩVs
λ

hc

Na

M

∂σ⊥

∂Ω
sin2(ψ)I0︸ ︷︷ ︸

=κ

ρ (2)

with QE the quantum efficiency of the sensor represented
by the red box in Figure 1, which defines the probability
of a collected photon to be detected by it. The Avogadro
number and the molar mass of air are NA and M respec-
tively. The term in underbrace in Eq. (2) is constant for
a given experimental setup, and is denoted κ. It is deter-

mined in a calibration procedure, prior to each measure-
ments [9].

2.2 Experimental setup

The measurement system is operated in an anechoic wind
tunnel, and using an arrangement similar to [10]. The
airstream is filtered an a low velocity co-flow is used to
limit dust contamination of Rayleigh scattered light mea-
surements [11]. The remaining dust signatures in the sig-
nal are removed in the post-processing, using an appro-
priate treatment [12]. The compressor feeds a convergent
nozzle of 50 mm diameter D ((a) in Figure 2) at a Mach
number Mj of 0.905±0.003. The Mach number is calcu-
lated from the static pressure and total temperature mea-
sured upstream of the nozzle, following the procedure de-
scribed in [10]. In addition, an air dryer is mounted down-
stream of the compressor to limit the humidity of the jet,
and the condensation of droplets due to the expansion at
nozzle exit.
The acoustic measurement are performed using a 1/4”
PCB® Piezotronics microphone located at x/D = 0 and
r/D = 1, with x the axial coordinate of the jet and r the
radial coordinate. The sampling frequency of the acoustic
measurement is fac = 204800Hz.

Figure 2. Photograph of the jet facility and optical
setup. The laser beam is vertical and focused in front
of the nozzle. The collecting optics are in the box at
the top-right of the picture

The incident beam is emitted by a continuous fiber
laser (ALS©-GR-65). The maximum power of the beam
is 5 W, and the spectrum of the emitted light is centered
on 532 nm. The orientation of the laser beam polarization
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is controlled by a half-wave plate, placed in a motorized
kinematic mount ((b) in Figure 2). The beam is then fo-
cused by a converging lens of focal length fl = 400mm.
The focal point of the laser beam defines the location of
the measurement volume. The latter is placed for this
study in the potential flow of a free jet. Finally, the
laser beam is stopped by a beam dump. Light is col-
lected by a set of two coupled converging lenses ((c) in
Figure 2), with respective focal lengths f1 = 450mm
and f2 = 200mm and of 110 mm diameter. A spa-
tial filter, in the form of a rectangular pinhole of 200µm
width, is placed at the focal point of the second lens. It is
used to define the width of the measurement volume (here
600µm). The light is then focused on the sensitive ele-
ment of a Hamamatsu© H7422p-40 photomultiplier ((d)
in Figure 2). The entire collection optics is placed in a
black box, occluding light from the outside, except for a
circular opening, in which the front lens of the collector
is located. The output signal from the photomultiplier is
digitized by a National InstrumentTM NI-5160 digitizer.
This system allows signal acquisition at a frequency of
1.25 GHz over a period of 0.86 s, which corresponds to
109 points. The signal is divided into time bins of dura-
tion dt, and the counting rate N correspond to the number
of photons counted during each bin. This equivalent to
sample N at a frequency fs = 1/dt. The photon flux is
therefore the numbers of photons countedN in a time bin,
divided by its length dt, Φ(t) = N(t)/dt.

2.3 Shot noise contribution

One of the major issue for time resolved measurements
of the photon flux is the shot noise contribution [5]. As
the arrival of photons on the sensor is random following a
Poisson’s law during an interval of time dt, the measure-
ment obtained by photon counting is affected. It can be
shown [12] that the signal to noise ratio (SNR) is given
by:

SNR =
N̄

σSN
= (Φdt)1/2 (3)

where N̄ is the expected number N of photons
counted during a time interval dt and σSN is the shot
noise standard deviation. The shot noise contribution can
be neglected for mean density measurements where dt
is high, but is superior to the density fluctuation ρ′ con-
tribution. However, it is statistically independent of ρ′.
This property is used in the one-photomultiplier cross-
spectrum method [12] to obtain density fluctuation spectra

that are less altered by shot noise. The signal N(t) with
t = 0, dt, 2dt, ... is divided in two sub-signalsN1 andN2

respectively sampled from the original signal at t = 2ndt
and t = 2ndt + 1 with n ∈ N. The signals are then di-
vided into m segments N j

1 and N j
2 with j = 1, 2, ...m

that can overlap. The Fourier transform of each segment
is denoted FNj

1
(f) and FNj

2
(f). The cross power spectral

density (cpsd) between those two signals allows to greatly
reduce its contribution, providing that m is large enough.
It expresses as :

PN1N2
(f) =

2

m

m−1∑
j=0

FNj
1
(f)F ∗

Nj
2

(f) (4)

where ∗ denotes the conjugate. The density fluctua-
tion spectrum thus expresses as:

|Pρ′ρ′(f)| ≃ f2s
k
|PN1N2

(f)| (5)

The larger m, the smaller the contribution of the shot
noise to the mean cpsd. Therefore, the shot noise contribu-
tion can be reduced either by increasing the time interval
dt and thus the SNR, or by considering a large number
m of segments. It would respectively correspond to lower
the sampling frequency fs or to reduce the frequency res-
olution of the computed spectrum.

2.4 Calibration of the system

The calibration of the system is here based on the con-
trolled modification of the polarization orientation deter-
mined by the angle Ψ in Eq. (2), of the beam illuminating
the measurement volume [9]. The density remains con-
stant, and is denoted ρ0. By distinguishing this term in
Eq. (2), a new constant κ′ is introduced. Eq. (2) thus
expresses as:

Φ = κ′ sin2(Ψ)ρ0 +Φamb (6)

with Φamb the photon flux imputable to ambient lumi-
nosity. To perform this calibration, the polarization an-
gle Ψ is driven by the changeable orientation of a half-
wave plate placed on the optical path at the laser out-
put and varies between 0 and π. The photon flux then
varies over a range κ′ρ0, and κ′ is found by performing
a non linear regression over the experimental data. The
result of this procedure, realized in the potential core of
a Mj = 0.092 jet, is shown in Figure 3, where κ′ =
3.27×107 photons.m3.kg−1.s−1, and Φamb = 3.02×106
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Figure 3. Calibration curve obtained by changing
the polarization of the incident beam

photons.s−1. The following measurements are performed
with Ψ = 90◦ to maximize the photon flux.

3. RESULTS AND DISCUSSION

The power spectral density (PSD) of the pressure fluctu-
ations measured with the microphone are shown in Fig-
ure 4. A series of peaks are observed, consistently with
[2,4,7]. These are characteristic of the trapped waves. The
more prominent peak is obtained for a nozzle diameter-
based Strouhal number StD of 0.4. Figure 5 shows PSD
of density fluctuations in the jet core, at x/D = 3 and
r/D = 0, normalized with ρj the mean density in the
jet core and ρamb the ambient density. The PSD are the
average PSD computed from the same 100 acquisitions,
but with two sampling frequencies fs. Based on Eq. (3)
and the measured photon flux, reducing the sampling fre-
quency from 102400Hz to 20000Hz leads to a SNR mul-
tiplied by 2. Both PSD are computed with the frequency
resolution ∆f = 75Hz, corresponding to m = 128.
The PSD computed from the signal sampled at the high-
est shows no peak. The spectrum is dominated by shot
noise, and no clear feature is observable. A peak is clearly
present at StD = 0.4 on the red curve, which is the PSD of
the signal sampled at 20000 Hz. This peak is at the same
Strouhal number than the first peak found in the acoustic
spectrum. It corresponds to the first axisymmetric radial
mode, which is the more prominent for this jet. This peak

0.5 1 1.5 2
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10−1

100

StD
P
p
′ p

′

Figure 4. PSD of pressure fluctuations measured at
x/D = 0 and r/D = 1. (near field microphone)

was not observed in the experiments of [7], which was re-
ported as the consequence of shot noise contamination of
the signal.

A transversal profile of the magnitude of this peak
is shown in Figure 6, along with the profile of the rms
value of density fluctuations σρ′ measured at x/D = 1,
for fs = 20000Hz. At each position, 15 acquisitions are
performed. The rms value of density fluctuations is de-
termined using Parseval’s identity:

σ2
ρ′ =

fs/(2∆f)∑
i=1

|Pρ′ρ′(i∆f)|∆f (7)

The peak magnitude forms a lobe in the center of the jet,
which is again indicative of the first axisymmetric radial
mode radial form [1]. It decreases when moving away
from the center, and forms two sharp peaks in the turbulent
shear layer, at y/D ≃ 0.5. The position of the shear layer
is confirmed by of the profile of density fluctuations. A
plateau in the potential core, and two peaks on the outer
regions of the jet can be identified. This profile is similar
to the results found by Rayleigh scattering measurements
in [5].

4. CONCLUSION

Acoustic measurements were performed in the near field
of a Mach 0.9 jet, along with density measurements inside
the jet using Rayleigh scattering. The objective was to
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Figure 5. PSD of density fluctuations measured at
x/D = 3 and r/D = 0. (Rayleigh scattering mea-
surement)
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Figure 6. Transversal profile of Pρ′ρ′(StD = 0.4)
and rms fluctuations of density at x/D = 1

demonstrate the suitability of this non intrusive technique
to measure density fluctuations in the jet core character-
istics of the trapped waves.The experimental approach re-
veals a non-uniform distriution of the magnitude of the
density fluctuations inside the jet core at a fixed axial dis-
tance from the nozzle. To capture this feature, SNR has
been enhanced by adapting the treatment of the single-
photomultiplier output.
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