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Abstract. We present a study of sound propagation through a single vortex by direct numerical simulations
(DNS) compared to experimental measurements. We analyse the amplitude and the phase shift of the sound
wave when it interacts with the vortical flow and we display the focusing effects produced by the vortex.
We show that the turbulent fluctuations have a little effect on the sound phase shift whereas they induce
a strong defocusing effect on the sound amplitude.

PACS. 43.28.+h Aeroacoustics and atmospheric sound – 47.32.-y Rotational flow and vorticity

1 Introduction

The scattering of sound by turbulent and vortical flows has
been extensively studied experimentally and analytically.
Despite this large amount of data, the respective contribu-
tions of large structures of the mean flow in the scattering
processes is not clearly established. In experimental situ-
ations [1–7], this comes from two major difficulties: first,
it is not possible to separate the scattered signal from the
full sound wave and second, it is hard to change indepen-
dently the amplitude of the large scale vortical flow and
the turbulent fluctuations.

Analytical studies are usually limited to study the in-
teraction between a sound wave (wavelength λ) and an iso-
lated stationary vortex (typical size L) with a small Mach
number M � 1. In the geometrical limit λ � L, one
can use standard ray-tracing techniques to qualitatively
analyze the spatial acoustic energy repartition [8]. In the
large wavelength limit λ � L, the scattered wave can be
computed with partial-wave method [9–11]. Asymptotic
expansions can also be used in this limit [12]. Born approx-
imations can be applied to the sound scattering problem in
a third limit. In the first Born approximation (single scat-
tering limit, ML/λ � 1), the full structure of the scat-
tered wave can be obtained in the far-field limit [13,14]
but the approximation usually breaks down in the for-
ward direction for non-zero circulation vortices [15,16].
More recently, the case of many vortices has been consid-
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ered and the sound propagation has been studied in the
second Born approximation [17,18].

In this paper, we analyze the whole structure of the
scattered wave (amplitude and phase) using direct nu-
merical simulations (DNS). We compare them with exper-
imental results obtained in a parameter range for which
the various approximations quoted above are not valid.
The experimental and numerical approaches complement
each other to give a good understanding of the scatter-
ing process. To our knowledge, this is the first time this
kind of comparison between experimental and numerical
results is performed for sound scattering by vorticity.

The paper is organised as follow: after a short pre-
sentation of the experimental setup and of the numerical
methods, we analyse the phase and the amplitude of the
sound wave. Then, we compare the numerical results with
experimental measurements and we show the effect of tur-
bulent fluctuations on the scattering process.

2 Experimental setup

The experimental setup has been already described in [19].
The flow is driven by two coaxial centrifugal fans – with
diameter 0.2 m – facing each other, 0.3 m apart and rotat-
ing at 27 Hz in the same direction. A strongly turbulent
vortex (Reynolds number greater than 105) is generated
and performs a slow precession motion around the com-
mon rotation axis of the disks. The trajectory of its core
is nearly circular with radius approximately 0.025 m. A
square capacitive transducer (0.16 m × 0.16 m) is used
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Fig. 1. Experimental set-up. (a) Upper view, with the vortex
represented as a shadowed circle. (b) Side view.

to send an ultrasonic wave onto the vortex. The sound
frequency is ν0 = 34 kHz, so that the corresponding wave-
length, λ ∼ 0.01 m, is of the same order as the diame-
ter d ∼ 0.02−0.04 m of the vortex core. The emitter is
1 m far from the rotation axis. A schematic drawing of
the experimental setup is shown in Figure 1.

The effect of the vortex on the sound wave is obtained
by comparing the wave fronts propagated in still air with
the ones produced in the presence of the vortex. The sound
detector is a miniature microphone located 0.3 m behind
the vortex; its distance to the propagation line (y coor-
dinate in Fig. 1a) can be freely adjusted. The measured
signal is first processed by a lock-in amplifier and then
subjected to an adaptive coherent average to remove the
fluctuations induced by the vortex precession and the tur-
bulence background [20]. This is done with the help of a
signal provided by a hot wire anemometer which allows,
after some processing, to find the instantaneous position of
the vortex. This procedure gives both, the amplitude and
the phase of the sound wave as functions of the distance
to the propagation line and time.

3 Numerical modelisation

Numerical simulations offer a powerful and accurate tool
for the study of the sound scattering process: they al-
low the full and direct observation of the scattered wave,
the analysis of the sound wave-mean flow interactions
and they provide complementary results to experimental
data [21]. As pointed out by Colonius et al. [22], the direct
numerical simulation of such a problem is very difficult be-
cause several spatial scales (typical size of the mean flow
and wavelength of the sound wave) must be considered to-
gether. Another major difficulty arises from the fact that
the amplitude of the different physical phenomena range

over several orders of magnitude. The scattered wave am-
plitude is usually one or two orders of magnitude smaller
than the incident sound wave amplitude which is itself
four orders of magnitude smaller than the amplitude of
the mean flow. Thus, when designing a numerical code for
sound scattering computations, the interior discretization
scheme has to be chosen with care to ensure high quality
dispersion and diffusion properties. Moreover, a proper
boundary algorithm is needed to avoid as much as possi-
ble the parasitic reflection of outgoing sound waves on the
domain boundaries [23].

3.1 Computationnal algorithm

The algorithm solves the conservation equations govern-
ing the time evolution of a compressible, isothermal and
non-viscous flow in a two-dimensional case:

∂U

∂t
+

∂F

∂x
+

∂G

∂y
= 0 (1)

with

U =




ρ
ρu
ρv
E


 F =




ρu
ρuu + p

ρvu
(E + p)u


 G =




ρv
ρuv

ρvv + p
(E + p)v


 (2)

ρ, u, v, E and p denote respectively the density, the fluid
velocity components in the x and y Cartesian directions,
the total energy (kinetic energy and internal energy)
and the pressure. Assuming a perfect gas and neglecting
thermal effects, the pressure can be written as follows:

p = (γ − 1)
(

E − 1
2
ρ(u2 + v2)

)
. (3)

The interior scheme is based on an enhanced version
of the Mac Cormack’s scheme. Using a predictor-corrector
technique, this scheme is second order accurate in time
and fourth order accurate in space [24]. The boundary al-
gorithm uses a linear decomposition of the physical fields
U(t) with respect to the initial state of the simulation and
an approach using a characteristics method. It allows a
great numerical stability of the mean flow and low bound-
ary reflections during the sound-flow computation [23].

3.2 Numerical setup

An Oseen vortex seems to be the closest mean flow model
to analyze our sound scattering problem. Its vorticity
field Ω(r) can be expressed in cylindrical coordinates [25]

Ω(r) = Ω0 exp
[
−α

r2

L2

]
ẑ (4)

which corresponds to the velocity field

v(r) =
Γ

2πr

(
1 − exp

[
−α

r2

L2

])
θ̂ (5)
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Fig. 2. Sound pressure ps from the numerical experiment. The
vortex is located at the circle position.

where θ̂ is the orthoradial unit vector and α is a constant
roughly equal to 1.2 such that the velocity maximum vm

is located at r = L. Its circulation Γ and Mach number
M are given by

Γ =
Ω0π L2

α
and M =

|Ω0|L
(1 + 2α) c

(6)

with c the speed of sound. The Oseen vortex typical size is
L � 0.03 m and its Mach number M = vm/c � 2.2×10−2,
close to the experimental Mach number. Ω0 is determined
by the value of M from the second part of equation (6) and
equation (5) then gives the initial computational velocity
field. The vortex is located at (x0 = 0.15 m, y0 = 0.15 m)
from the South-West corner of the domain.

We choose a computational domain of size 0.5 m ×
0.2 m, with a Cartesian mesh of 640 × 384 points to pre-
serve a good numerical resolution of scattering phenom-
ena. All the boundaries are non-reflecting and the West
one models a plane wave emitter with wavelength λ � L/3
and velocity amplitude vinc = 10−2 m s−1 as described
in [23]. This amplitude choice ensures the linear behavior
of sound waves.

The numerical microphones are spaced on lines
x = const. (x is the distance from x0) from x = −0.10 m
to x = 0.35 m.

4 Amplitude and phase of the sound wave

From the numerical data [26], we obtain the sound pres-
sure ps and the undisturbed plane incident sound pres-
sure pi. The sound pressure ps is displayed in Figure 2.
We observe that the vortical flow breaks the symmetry
of the sound wave propagation with respect to the plane
y = 0. The sound pressure amplitude becomes small in the
vicinity of the forward direction whereas a maximum is ob-
served along a constant angular direction. Moreover, the
sound phase is twisted when the wave propagates through
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Fig. 3. Evolution of the phase shift Φ with the distance x from
the vortex from the numerical data.

the vortex. The orientation of this twisting effect is related
to the vortex flow, which rotates clockwise.

The sound pressure can be written, introducing the
phase shift Φ between ps and pi and the normalized am-
plitude As with respect to the plane incident wave:

ps

pi
= As eiΦ + complex conjugate. (7)

Many temporal recordings of the sound waves are real-
ized and we compute ADNS

s and ΦDNS from the DNS,
using a numerical heterodyne detection. We can then ex-
tract the profiles Φ(y) of the phase shift as a function of
the distance x from the vortex (Fig. 3). A phase jump is
observed when the detector is displaced along the y-axis.
This phase jump ∆Φ increases as the sound wave trav-
els away from the vortex position. We also observe that a
significant part of the phase jump has been already gener-
ated when the wavefront reaches the center of the vortex
x = 0. The largest part of the phase jump is produced by
the interaction of the sound wave with the vortex core:
the slow decay of the velocity field outside the core has
just a small effect on the phase shift amplitude ∆Φ (see
also Fig. 2).

Following Klimov [27], we can consider the geometrical
interaction of the incident wave (frequency ν0, wavevec-
tor kinc) propagating through a mean flow v(r). In this
limit, the mean flow acts on the sound wave in its direc-
tion of propagation like an optical refractive medium of
variable index. Writing the incident wave in the form

ρk
inc = ρinc0 exp

[−i(2πν0) t + ikinc · r + iφk(r)
]
, (8)

we can describe its phase evolution in the small Mach
number limit by

kinc · ∇φk(r) = −2πν0

c2
[kinc · v(r)] . (9)
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Fig. 4. Phase shift Φ from the numerical data and φk from
equation (9), compared at x/L = 10 from the vortex.

In the small Mach number limit, we can neglect the
small tilt of kinc from the x̂ direction [28] and the incident
phase at point r = (x, y) can be expressed as [29]

φk(x, y) = −2πν0

c2

∫ x

−∞
v(x1, y1) · x̂ dx1. (10)

We can then compute the phase φk(x, y) in the whole
domain. We define the phase jump between the maximum
and the minimum values of the phase (see Fig. 4) and
we analyse the evolution of the phase jump ∆φk with
the distance from the vortex (Fig. 5). The quantitative
agreement with the numerical result for Φ is good, ex-
cept outside the vortex core. The geometrical phase jump
∆φk corresponds to the dislocated wave produced by the
vortex [30,31] whereas ∆ΦDNS also takes into account
the wave scattered by the vortex core (see also Fig. 4).
The scattering effects become important outside the first
Fresnel zone [32]. This means x/L � L/λ and corresponds
to x/L � 3 in our computations.

Inserting the Oseen velocity field (5) in equation (10),
we can calculate the phase φk(x, y):

φk(x, y)=
Γν0

c2
[Arctan(x/y)+sign(x/y)π/2−y g(x, |y|)]

(11)

where g is a function of x and |y| which only depends
on the internal structure of the vortex. Then, around the
forward direction and far from the vortex location, the
phase jump ∆φk is

∆φk =
2πν0Γ

c2
· (12)

Figure 5 shows that the phase jump ∆Φ is mostly pro-
duced by the geometrical interaction of the sound wave
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Fig. 5. Comparison of the phase jump of the sound wave de-
duced from the DNS (circles) with the phase jump of the inci-
dent wave deduced from the geometrical approach (9) (solid
line). The vortex core is roughly located between the two
dashed lines.
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Fig. 6. Evolution of the amplitude ratio As with the distance x
from the vortex from the numerical data.

even at a distance of observation ten times larger than
the vortex radius.

We also extract the profiles As(y) of the amplitude ra-
tio as a function of the distance x from the vortex (Fig. 6).
The evolution is rather different: as we go far from the vor-
tex, both the amplitude maximum and minimum increase
but the space lag between the two extrema remains almost
constant. As can be seen in Figure 2, these effects are a
consequence of the sound angular focusing by the vortex:
as the velocity field induced by the vortex decays slowly,
it has a long range interaction with the sound wave. More-
over, the amplitude changes become significant when the
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Fig. 7. Phase shifts Φ from numerical and experimental data.

sound has propagated through the entire vortex core. This
is an important difference with the phase shift evolution:
the scattered wave by the vortex is the only contribu-
tion to the amplitude evolution, whereas the phase jump,
which is a purely kinematic effect, is also generated by the
deformation of the incident wave.

5 Comparison with the experimental results

From the experimental data, we also obtain the sound
pressure ps and the undisturbed plane incident sound pres-
sure pi [33]. Then, from equation (7), we compute Aexp

s

and Φexp using a numerical heterodyne detection and we
can directly compare experimental and numerical results
for the amplitude As and the phase shift Φ. This com-
parison is made up to a constant phase shift, due to the
arbitrariness of the experimental phase reference. Also, a
small lateral shift in the y coordinate is in order, to ac-
count for a misalignment in the zero reference for the de-
tector position. To be close to the experimental situation,
we realize the comparison for x = 0.30 m (x/L = 30).

DNS have been performed with various choice of λ/L
and M. The fit on the sound amplitude is very sensitive
to the Mach number value and we choose M � 2.2×10−2,
close to the experimental value. The value of L for the ex-
perimental setup cannot be accurately known, because the
strong turbulent fluctuations in the velocity field preclude
its accurate determination. We choose λ/L � 1/3, which
gives the best fit to the experimental data. Figure 7 shows
the phase shift Φ from the numerical and the experimen-
tal results. The quantitative agreement is not excellent
but the differences between Φexp and ΦDNS are mostly
outside the forward direction. They come from the small
turbulent structures around the vortex that are not taken
into account in the DNS. However, the phase jump ∆Φ has
the same order of magnitude in the experiment and in the
DNS, showing that the dominant contribution is due to
the mean flow. Thus, we can use its value, ∆Φexp � 200◦,
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Fig. 8. Amplitude ratio As from numerical and experimental
data.

to determine from equation (12) the order of magnitude
of the mean flow circulation, Γ � 1.33 m2 s−1, in good
agreement with hot wire measurements [19]. The maxi-
mum value of the velocity field cannot be easily deduced
from Γ in the experimental case because the flow is turbu-
lent around the vortex. We must take into account viscous
effects and the mean vortex shape in the experiments is
not exactly fitted by (4). However, using the above values
of L and Γ gives a correct order of magnitude of the large
scale velocity measured in the experiments [19].

The normalized amplitudes Aexp
s and ADNS

s are plot-
ted in Figure 8 under the same conditions of compari-
son. We observe larger difference between the experiment
and the DNS on the sound amplitude than on its phase.
The maximum amplitude value as well as the variations
of the amplitude along the y-axis are much larger in the
DNS. We think that this is due to the turbulent fluctua-
tions which are not taken into account in the DNS. The
Reynolds number of the experiment is larger than 105,
thus the flow involves both a large scale vortex and tur-
bulent fluctuations. These two components do not behave
in the same way with respect to the scattering process.
First, their typical time scales strongly differ: the turn-
over time in the vortex is roughly 1 ms, i.e. ten times larger
than the travel time of the sound wave through it. The
typical time scale of the smallest turbulent fluctuations is
roughly 5×10−2 ms. Consequently, the turbulent flow con-
figuration changes many times as the sound wave travels
through the flow whereas the vortex looks frozen. Second,
turbulent eddies involve a range of scales ln smaller than
the vortex radius L. Thus, x � l2n/λ for a distance of
observation x/L = 10 and there is a strong contribution
of diffraction to the scattering by the small eddies [32].
We observe that scattering by random small scale ed-
dies smooth out the amplitude variations along the y-axis
whereas this does not affect the mean phase jump which
primarily results from the coherent part of the flow, as it
can be shown by taking the average of equation (10).
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6 Conclusion

We have presented a study of sound propagation through
a single vortex by direct numerical simulations (DNS).
DNS allow the study of the sound-mean flow interaction
within and near the vortex core, which is not feasible by
direct measurements of the pressure field without strongly
perturbating the flow. The vortical flow induces a phase
jump in the sound wave and a strong angular focusing
of the sound amplitude. The comparison with experimen-
tal measurements shows that the turbulent fluctuations
tend to smooth the focusing of the sound amplitude. The
phase jump, generated by the largest vortical structure,
remains the same and turbulent fluctuations induce small
variations on the phase shift. This allows the estimation of
the vortex circulation by measuring the phase jump even
when the surrounding flow is strongly turbulent.

This work has been partially supported by ECOS contract
C98E04 and FONDECYT under grant number 1990169.
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