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ABSTRACT

The acoustic source we study is a vortex whistle com-
posed of three parts of geometry and dimension similar to
that of a bottle. The device consists of a cylindrical cavity
with a circular base, a single fluid inlet tangential to the
base of the cylinder and a cylindrical fluid outlet down-
stream which is a cylinder with a radius smaller than that
of the cavity. The fluid (here air) entering the cavity gener-
ates a circular motion in the cavity and in the downstream
cylinder. This device produces a sound with a dominant
frequency. The frequency of the sound is controlled by the
fluid flow rate. The characterization of the fluid vortex is
performed in air by stereo-PIV (Particle Image Velocime-
try), a laser optical diagnostics, resolved temporally and
spatially, combined with acoustic measurements by mi-
crophone. In the exit section of the whistle, the center of
the vortex circulates with a precession motion. From a
decomposition into eigenmodes of the velocity field, the
contributions to this motion are specified. The directivity
diagram is established by calculating the Rayleigh integral
based on the measured velocity fluctuations. The coupling
between the acoustic field and the flow dynamics is thus
highlighted and analyzed.

Keywords: aero-acoustics, dipole source, time resolved
stereo-PIV, proper orthogonal decomposition.

*Corresponding author: muriel.amielh @univ-amu.fr.
Copyright: ©2025 First author et al. This is an open-access
article distributed under the terms of the Creative Commons At-
tribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the orig-
inal author and source are credited.

1879

1. INTRODUCTION

The Vortex Whistle (Vonnegut, 1954 [1]) is a device gen-
erating sound by rotating a vortex within a cylindrical sec-
tion with a tangential inlet. Vonnegut was the first to ex-
plain that the sound frequency generated at the outlet of
the device is proportional to the fluid flow rate. At the
outlet of the device, the fluid movement becomes unstable
and generates a vortex agitated by a precessional move-
ment. This instability is the cause of the sound emitted and
an empirical formula in which the sound frequency varies
according to the inlet-outlet pressure gradient and the di-
mensions of the device was proposed. His experiments
showed that the Vortex Whistle works equally well in air
and water. In 1963, Chanaud [2] sought to demonstrate
the relationship between the vortex generated by instabil-
ity and the sound frequency. His experimental work al-
lowed him to explain that the sound frequency is the same
as the frequency of the vortex’s precessional motion at the
device’s outlet. Both Vonnegut and Chanaud mentioned
the importance of considering friction losses in order to
establish a right relation between frequency and flow rate,
this being taken into account through a fitting empirical
parameter in the law proposed by Vonnegut.

In the 2000s, applications for the Vortex Whistle emerged.
For example, in 2013, Di et al. [3] suggested using it as a
flow meter, given that frequency varies linearly with flow
rate. In 2016, the device began to be used as a spirometer
for medical applications [4].

In 2020, Kristiansen et al. [5] proposed a model based on
the conservation of angular momentum, including friction
losses. This model predicts the frequency as a function of
the flow rate and device dimensions. The agreement was
obtained with experiments in air and water for two differ-
ent Vortex Whistles, respectively. The vortex precession at
the outlet section of the Whistle was quantified by velocity
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measurements by PIV (2D — 2(") associated to acoustics
measurements by microphone in air. A technique of phase
averaging was performed in order to reconstruct the tem-
poral dynamic of the vortex since the PIV was performed
at 10 Hz whereas the characteristic flow frequency is in
the range 200 — 1500H z. Their experiments allow them
to characterize the acoustic radiation of the source, which
they find similar to that of a dipole, confirming the previ-
ous result of Chanaud [2].

The objective of the present study is to identify the main
contribution of the flow dynamics to sound generation.
The detailed characterization of the vortex at the Vortex
Whistle outlet is performed in air by fast stereo-PIV (Par-
ticle Image Velocimetry, 2D — 3C), a laser optical diag-
nostic, resolved temporally and spatially, combined with
acoustic measurements by microphone. The experimental
setup is described in Section 2. The velocity and acous-
tics results are analyzed in Section 3. By considering the
helicoidal movement in the two cylinders constituting the
Vortex Whistle, some improvements of the model initially
developed in [5] are proposed. A Proper Orthogonal De-
composition is performed on the velocity field in order to
highlight the cyclic movement associated to the dominant
frequency for a given flow rate (Section 4).

2. EXPERIMENTAL SETUP

The geometry of the Vortex Whistle is presented in
(Fig. 1). The main core of the Vortex Whistle with air
tangential inlet is in aluminum, it is quite long compared
to those studied by [2] and [5] with a length-to-diameter
ratio of L./ D, = 3.5 (Tab. 1). For the nozzle, designed in
plexiglass, this ratio is L,/D, = 3.0. The sudden reduc-
tion between these two parts is characterized by a diame-
ter ratio D./D,, = 2.5. The surface of the internal wall is
considered smooth.

L,

Outlet

D. Core

Inlet K?"Di

Figure 1. Geometry of the Vortex Whistle.
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Table 1. Dimensions of the Vortex Whistle.

Geometry Dimension
Inlet diameter, D; = 2R; 14dmm
Outlet diameter, D, = 2R, | 20mm
Oulet pipe length , L, 60mm
Core diameter, D, = 2R, 50mm
Core length, L. 175mm

Stereo-PIV images are acquired by a Dantec Dynam-
ics system (RapiDO) that includes two T4040 SpeedSense
Phantom high-speed cameras (2560 x 1664 pizels, 12
bits), and a double pulsed laser (Fig. 2). The pulsed laser
is a Photonics laser (527nm, 2 x 30m.J at a nominal 1kHz
repetition rate). The DynamicStudio software controls
synchronization of image acquisition. A laser sheet gener-
ator constituted of several suited lenses is installed at the
end of the optical arm so that a flow field of 75.5 x 49mm?
is illuminated. Stereo-PIV needs a depth calibration in or-
der to correctly measure the U, velocity component. This
is performed with five calibration images of a motorized
target positioned at Z = 200pm, 100pum and Opm , the
laser sheet center. PIV images are acquired at a 4k H z rate
and the time delay between two associated pulses is 5us.
The flow is seeded by olive oil droplets of 2 — 3um diam-
eter introduced in the air circuit upstream the inlet of the
Vortex Whistle.

Figure 2. Set up of the nozzle outlet ( ) flow
investigation by high-speed stereo-PIV including two

cameras ( and|2]), a laser sheet generator (|3 )

and a microphone (|5 |).

The spatial resolution is 6, = J, = 472um. The
(0,X,Y,Z) coordinate system is centered on the exit
cross-section on the nozzle where the investigation is fo-
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cused. The three instantaneous components (3C) of ve-
locity (U, Uy, U,) are measured on the plane (2D) Z = 0
specified in (Fig. 2) by a green dotted line square. The ve-
locity components in polar coordinates are (U, Uy, U,).
4000 instantaneous velocity fields are acquired for each
flow conditions during 1s. In the same time of PIV mea-
surements, the acoustic pressure is measured by a micro-
phone (1/4”, GRAS) located at (83mm, —63mm, 60mm,)
during 10s at a 25.6k H z sample frequency. Statistics and
other post-processing on velocity fields and acoustic sig-
nals are performed by homemade codes developed in Mat-
lab.

3. FLOW CHARACTERIZATION

The whistling is clearly detected by spectral analysis of
acoustic pressure measured by microphone in the range
135 — 1200Hz. Five flow conditions with velocity-
pressure measurements are performed for the whistling
frequencies F,, = 135, 410, 520, 620, 720 Hz. The flow
rates ¢ associated to these frequencies F,, are deduced
from integration of the U, velocity component over the
exit cross-section of the nozzle. A summary of the flow
conditions is given in Tab. 2.

Table 2. Flow fonditiogs.iﬁ = q/ (TR2), w, =
27TF’LU97UZ = gz,mam/Ua UG = UG,maz/(woRo),
Sw = UG,mar/Uz,max-

=%

F, |U woRy | T, [T, | Sy
(Hz) | (m/s) | (m/s)

135 2.15 3.92 1.48 | 0.474 | 0.583
410 12.5 25.8 1.58 | 0.523 | 0.682
520 15.3 32.8 1.59 | 0.500 | 0.674
620 18.0 39.0 1.57 | 0.500 | 0.689
720 19.8 45.2 1.58 | 0.473 | 0.684

Fig. 3 presents the mean velocity field at the section
Z = 0. The rotating movement is in agreement with a tan-
gential inlet located in the quarter (X > 0, Y < 0). In the
outer region, for radius R > 10mm, the velocity vectors
orientations highlight the external flow entrainment. This
external part of the flow is not considered for the flow rate
calculation.

The Uy (shown in Fig.4) and U, mean velocity com-
ponents are not maximum in the same regions of the flow,
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Figure 3. Mean velocity for F;, = 720Hz : (U,,

U theta) vectors and U, contours (see colorbar).

their maximum occur on rings centered on a radius of
8.3mm and 9.5mm, respectively and independently of
the flow conditions investigated here by PIV. In the quar-
ter (X < 0,Y > 0) where U, presents a minimum on
its ring, it corresponds to a local maximum U@,max of Uy.
The local maximum of U, is named U, ;4. Thus, the
averaged velocity field is not axisymmetric. The similar
non-dimensionalized values of U; and ﬁz and of the swirl
number S, gathered in Tab. 2 for different F;, suggest a
regime in similarity in the range 410 — 720H z.

Negative values of U in the center of this ring are
significative of a flow reverse inside the nozzle due to the
high level of swirl. The mean vortex center observed in
Fig. 3 is in the region of negative U .. However, this mean
position must be considered carefully, since actually, the
instantaneous vortex follows a precession movement so
that it is never at this position as shown in Fig. 5. The
mean trajectory of the vortex center is shifted from the
nozzle cross-section center and is located in the quarter
(X <0,Y >0).

Thanks to the high speed PIV system, the instan-
taneous three velocity components are acquired at a
sufficient high frequency in order to allow a right spectral
analysis. Fig. 6 highlights the presence of the same
predominant frequency in the velocity component signals
extracted at the position (X smm, Y Smm,
Z = O0mm) than in the acoustic pressure signal measured
by microphone according to the frequency resolution
of 3.91 Hz for velocity and 1.56 Hz for acoustics. This
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Figure 4. Velocity statistics in the exit cross-section of the nozzle from stereo-PIV measurements. Mean

velocity components (.) (up) and velocity root mean square (RMS, down) for F, = 720H z.

concordance is true in the whole velocity field and for all
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Figure 6. Spectral analyses of velocity components
Figure 5. Instantaneous vortex and negative U, re- extracted at (X, = 5mm, Y, = 5mm, Z. = Omm)
gion center positions detected from the 4000 PIV and pressure for different flow rates.

fields for F, = 720H z.

The linear dependency between flow rate ¢ and
whistling frequency F), is confirmed as usually observed
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for Vortex Whistle ( [1,2,5]) as shown in Fig. 7. The
model proposed by Kristiansen et al. [5] is compared with
the present experimental results. Their relation between
the whistling frequency F), and the volume flow rate g
was deduced from the balance of the kinetic momentum.
The expression obtained without wall friction was :

_a
(mRiR,)*

When considering the wall friction along the L. and L,
lengths of the core and the nozzle respectively, the expres-

sion becomes:
(CFCLC + CFDLo) (Rc — RZ)

\/1+16 2

82 (CFCLC + CFOLo) Rg

w (Rc - Rz) (1)

-1

Fw:q
2

where Cr, and CF, are the friction coefficients in the
core and the nozzle.
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Figure 7. Whistling frequency vs flow rate. Adjust-
ment of the model [5] by considering an elongation
of friction length due to the helical movement inside
the core and the nozzle.

While the model was in a good agreement with the
results obtained by Kristiansen et al. [5] for Vortex Whis-
tle with L./D. = 1.76 and 1.94, the agreement is not
so good with the present experimental results because the
present frequencies are lower than those expected by the
original model. The decrease of whistling frequencies for
similar flow rate but with larger ratio length/diameter was
also observed by Chanaud when varying L,/D, while
keeping the same L./D.. In the present experiment, the
ratio L,/ D, = 3 is smaller than those of the vortex whis-
tles of Kristiansen et al. [5] where L,/D, = 3.42 and
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3.85 while the D, /D, ratio are quite similar: respectively
0.28 here, and 0.30 and 0.26 for [5]. Thus, the lower ex-
perimental frequencies is not due to the variation of the
parameter L,/D,, but probably to the larger ratio L./ D,
= 3.5 for the present experiment. It means that friction is
probably not sufficiently taken into account in the model.
A proposed improvment of the model is to consider that
a fluid particle will follow a helical trajectory both in the
core and the nozzle, so that the friction length L; (j = o
or c) to be considered in the model will become the length
of the helix in each part of the Vortex Whistle by con-
sidering the translation velocity ¢/ ﬂR? and the rotation
velocity w; IZ;:

qz
Ter

q

Results presented in Fig. 7 show a better agreement
with this proposed model, but some differences remain,
that can not be fully solved with this simple model.

TR2L;, [(25)? + Wi R

3)

Lj,helir =

4. FLOW FOOTPRINT ON ACOUSTICS
4.1 POD of the velocity field

In order to typify the effect of flow fluctuations on acous-
tics, the coherent structures that contribute to the dynam-
ics are sought. The POD (Proper Orthogonal Decompo-
sition) [6] is a right tool for the analysis of the fluctuat-
ing part of the velocity field. The POD principle is based
on the decomposition on a basis of eigen modes sorted
by their energetic contribution to the quantity of interest,
here the velocity components. The decomposition is per-
formed on 4000 uncorrelated snapshots of the three veloc-
ity components (U,., Uy, U,), which determines a number
of modes equal to the number of realizations. The interest
is here focused on the ten first energetic modes.

Fig. 8 illustrates the cumulative energy for modes
1 to n when non-dimensionalized by the cumulative
energy for mode 1 up to mode 10. When considering
the cumulative energy of the two first modes (condition
named POD [1 2] in Fig. 9 for e.g.), almost 50% of the
cumulative energy of the 10 first modes (POD |1 ... 10])
is reached.

A spectral analysis made on the U, signal extracted
at the position (X, = 5mm, Y. = d5mm, Z. = O0mm)
from the PIV field measured for Fi, T20Hz is
presented in Fig. 9. The power spectral density (PSD)
is compared with different POD reconstructed signals
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Figure 8. Fraction of energy captured by POD ac-
cording to the (n < 10) considered modes for F,, =
T720H 2.
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Figure 9. Spectral analysis of PIV and POD velocity
signals at the position (X, = 5mm, Y. = dmm,
Ze = 0mm) for Fy, = 720H z.

of U, including only the first mode (POD [1]) up to
eight modes ([POD [1...8]). For all the reconstructed
POD signals, the predominant frequency F;, is preserved
while the noise energy level is reduced. The energy
related to the predominant peak is also respected since
PSD 9.29m?/s?/Hz for the PIV and 9.16 and
9.11m?/s?/Hz for POD [1 2] and POD [1 2 3 4],
respectively. Note that for POD [1] the PSD is only
3.88m?/s%/H z. Since no great difference in energy level
is observed between the POD reconstructed PSD for POD
[1 2] and POD [1 2 3 4], the rest of the following POD
analyses will be based on the two first modes.

An example of velocity time series reconstitution by POD
[1 2] at the position (X, Ye, Z.) is given in Fig. 10 (right)
for the three velocity components (U,, Uy, U,). The
harmonic behaviour of the velocity signals is highlighted
by POD while the phase is respected. In the left part of

the figure is presented an instantaneous velocity field for
(U, Uy) where only one vector out of three is plotted
for the sake of readability. The vector field obtained
from POD is obviously smoothed and the instantaneous
position of the vortex center is clearly detected.

1884

time (ms)

-10 0 10
X(mm)

10 20

Figure 10. Comparison between PIV (black) mea-
surements and POD analysis (blue) with the two first
modes [1 2] for F}, = 410H z. Instantaneous veloc-
ity vector (U,,Up) at the exit cross-section of the noz-
zle (left). Extracted velocity signals (U,, Uy, U,) at
the position (X, = 5mm, Y, = 5mm, Z, = 0mm)
located by a blue square on the left figure (right). The
red cross indicates the vortex center.

4.2 Directivity diagram

Since the signal U,(X,Y, Z,t = time) is available in
the whole exit cross-section of the nozzle, the next step
is to check if it is possible to estimate the acoustic pres-
sure level and the directivity diagram from the POD [1 2]
reconstruction. This estimation is performed by Rayleigh
integral applied in the time domain, that can be written:

Pt o [ 5

where c is the sound speed, X is the source area and
vy, = U, is the fluctuating velocity component normal to
the exit cross-section of the nozzle. M is an observation
point situated at a radius R); from the center O of the
nozzle exit section and at the angle ¢ where the contribu-
tion to the directivity diagram will be calculated. Fig. 11
illustrates the geometry for this pressure model. The red

1

T™MS

dv, (S, t — TM5)

d
dt S

“4)
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radius is the location of the observation points M. dS
(white square) is a surface element centered on the source
point .S located on the exit cross-section of the nozzle col-
ored in blue in Fig. 11. The Rayleigh integral is calculated
for Rys = 0.5m using POD [1 2] reconstruction of U, for
F, =410Hz and 720H z.

90

plied by v/2. The proposed formulation is :

U.(R,0,z,t) = A(R) sin(w, t + 6) 3)

The Rayleigh integral is calculated with this sinus
model for F,, = 720H z. A comparison between dU., /dt
calculated from POD modes or this sinus model is pre-
sented in Fig. 12 Due the symmetry of the sinus model,
the typical radiation of a dipole is obviously obtained, but
it is interesting to note that the maximum sound pressure
levels are in good agreement with the experimental results
as seen in the angle range 30-180°.

X(mm)

90°
120° 60° 120° 100 60°

1500 Prms(P2) 300 1500 Prms(9BJg0: 300

“Exp. 606 Hz
[-+-Exp. 700 Hz
0° 1800 |TEX®:725Hz

180° [—POD [1 2], 410

0°
—POD [1 2], 720 tz
|---Sinus Model

210° 330° 210° 330°

240° 300° 240°
270° 270

Figure 11. Angular positions of microphone (in red)
for diagram directivity measurements.

The results are compared to measurements made at
the same distance R); with the microphone previously
described (See Section 2) for three whistling frequencies
F,, = 606,700 and 725H z. For this experiment, the Vor-
tex Whistle exit cross-section was installed flush with a
rigid panel of large dimensions 1.5m x 2.5m. The results
are presented as a directivity diagram in Fig. 12. The val-
ues of sound pressure level are overestimated by Rayleigh
integral calculated with POD modes comparatively to ex-
periments and no minimum is obtained at ¢=0°. Contrari-
wise, such minimum of radiation at 0° angle, the main out-
let flow direction, and larger values towards 90° and 270°
are observed with experimental data, it could be associ-
ated to a dipole radiation as previously suggested by [2]
and [5]. However the radiation is not symmetric against
angles, a larger radiation is detected for the three exper-
imental frequencies F, in the angle range 300 — 330,
this is probably to be associated to the asymmetry of the
real flow. Another proposed approach is to modeled the
U.(R,0, z,t) by a sinus whose amplitude A(R) is the ra-
dial profile of the experimental U, root mean square de-
duced from PIV statistics post-process (See Fig.4), multi-

Figure 12. Directivity diagram in Pa (left) and in
dB (right). The angle ¢=0° corresponds to measure-
ments on the axis on the outflow side.

Figure 13. dU, /dt with U, estimated by sinus model
(up) and POD (modes [1 2]) (down) for F,, = 720H z
at four typical instants.

In order to check if acoustic radiation of the present
experimental source embraces other characteristics of
a dipole, one analyses the SPL level according to the
whistling frequency. By considering that the sound power
level Lw at distance Rg from the sound source, located in
free field positioned over a rigid plane, can approximately
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related to sound pressure level (SPL) by the relation:

27 R3,

So

Lw = SPL + 10log10( )

(6)
where Sy = 1m? and R;; is the radius of a large hemi-
sphere enclosing the source, a study of the SPL will give
some information on Lw. Fig. 14 illustrates the increase
of SPL with the whistling frequency F,, for the acous-
tic pressure measured by microphone at the angle ¢=30°.
Comparisons are made with SPL calculated for the micro-
phone signal filtered with a narrow pass-band filter around
F,, and also with the SPL deduced from the Rayleigh in-
tegral on POD [1 2]. The typical slope 6 of a sound power
level for a dipole is rather in a good agreement with the
present results.
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Figure 14. Sound pressure level vs. whistling fre-
quency.

5. CONCLUSION

The flow dynamics in the exit section of a Vortex whis-
tle was characterized by high-speed stereo-PIV velocity
measurements combined with acoustic pressure measure-
ments by microphone. Using POD, the spatio-temporal
organization of the flow was highlighted. The main char-
acteristics of Vortex Whistles previously studied in the
literature were found, the dynamics of the velocity field
and the acoustic pressure being interdependent. However,
it seems that the length of the main cylinder influences
the characteristics of the acoustic source that the Vortex
Whistle simulates. If the acoustic levels and their radial
distribution remain close to that typical of an acoustic
dipole, the decentering of the precession movement seems
to induce an additional complexity that a simple radiation
model does not fully describe.
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