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ABSTRACT

The scattering of acoustic waves by elliptic vortices is
studied in two dimensions by solving the Linearized Eu-
ler Equations with the Discontinuous Galerkin Method.
The parameters of interest for this work are: the aspect
ratio of the elliptic vortex, the orientation of the vortex
with regard to the incident acoustic waves, the magnitude
of the vortex velocity and the ratio between the acoustic
wavelength and the size of the vortex λ0/r0. The vortex
orientation and its velocity magnitude affect the number
of visible interference patterns, their amplitude and their
angular spread around the vortex. The parameter λ0/r0
also has an effect on the width of individual interference
beams. The aspect ratio of the vortex has a milder ef-
fect on the scattered field. Next, the scattering observed
when the vortex is convected by a uniform mean flow is
studied. During the convection of the vortex, the scattered
field evolves because the orientation of the incident wave-
fronts and the ratio λ0/r0 vary with the position of the
vortex. The signals recorded at several microphone posi-
tions show that the scattering of the acoustic field leads
to a spectral broadening associated with the convection of
the vortex.

Keywords: Acoustic scattering, Elliptic vortex, Discon-
tinuous Galerkin method, Linearized Euler Equations
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1. INTRODUCTION

When acoustic waves propagate through a volume of tur-
bulence such as a jet shear layer, the propagation is af-
fected by the disturbances in the medium properties, lead-
ing to spatial scattering. If the volume of turbulence is
convected, the sound scattered by the inhomogeneities is
affected by a Doppler effect, which leads to a spectral
broadening [1]. In many instances, the resulting acous-
tic spectra consists in a peak at the source frequency, with
a reduced amplitude, and sidelobes around the peak as-
sociated with the scattered field. The unsteady modelling
of a turbulent mixing layer is complex. It can be achieved
numerically, for example through Direct Numerical Simu-
lation, but at a high computational cost. Alternatives exist,
such as Large Eddy Simulation [2] where only the large
turbulent scales are resolved, or stochastic methods such
as RPM [3] where a turbulent field is reproduced from
its statistical properties. In previous work [1, 2], it was
shown that the scattering was mostly due to the contri-
bution of the largest most energetic eddies of the shear
layer. Thus, some general properties of the spectral broad-
ening can be understood by considering only the most en-
ergetic eddies instead of all the turbulent scales [4]. If
these eddies are arranged so that the interaction between
their scattered acoustic field and other eddies can be ne-
glected, the scattering by a single eddy can be studied and
the observations can be generalized to complete shear lay-
ers. Previous studies on the acoustic scattering by a single
vortex in the literature consider a round vortex as the tur-
bulent structure, although, in mixing layers, the eddies are
slightly elongated in the axial direction [5]. This moti-
vated the present work on the acoustic scattering by an
elliptic vortex. The Kirchhoff vortex model was selected
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as it can be defined analytically in a parametric way, and
it satisfies the Euler equations [6]. The effects of several
parameters are assessed such as the aspect ratio and the
orientation of the vortex which differentiate the elliptic
vortex from the circular vortex. The influence of the ve-
locity magnitude of the vortex and of the ratio between the
acoustic wavelength and the vortex size is also studied.

This article is structured as follows. The definition of
the Kirchhoff vortex and its parameters are presented in
section 2. The configuration used in the numerical simu-
lations is described in section 3. In section 4, the study of
the different parameters defining an elliptic vortex is pre-
sented. The effects of the convection of the vortex by a
uniform mean flow in the spatial and frequency domains
are studied in section 5.

2. VORTEX DEFINITION

The vortex chosen for this study is defined by Kirchhoff
[6] depicted in Fig. 1. The shape of the vortex depends
on its semi-major axis a = r0(1 + ϵ) and its semi-minor
axis b = r0(1 − ϵ), where ϵ controls the degree of ellip-
ticity and r0 is the equivalent radius of a circular vortex
if ϵ = 0. The aspect ratio of the vortex is defined by a/b.
The orientation of the major axis is given by the parameter
θ, which is the angle between the direction of propagation
of the incident wave at the center of the vortex (0, 0) and
the direction of the major axis. The core of the vortex is
the region Dθ where the vorticity Ω is uniform, defined as

Dθ = {(x, y) = (r cos(ζ), r sin(ζ)) |

[r cos(ζ − θ − π/4)/a]
2
+ [r sin(ζ − θ − π/4)/b]

2 ≤ 1
}
.

The vortex is defined by its velocity field (u, v), and
its pressure and density fields are constant. For sim-
plicity, the expression of the velocity field is formulated
through the stream function ϕ such that u = −∂ϕ/∂y,
v = ∂ϕ/∂x. The definition of the stream function is dif-
ferent inside and outside the core of the vortex:

ϕ =



Ω
2

b(r cos(ζ−θ−π/4))2+a(r sin(ζ−θ−π/4))2

a+b

if (x, y) ∈ Dθ

Ωab cos(2(ζ−θ−π/4))
4 e

−2 cosh−1

(
r√

a2−b2

)

+
Ωab cosh−1

(
r√

a2−b2

)
2 if (x, y) /∈ Dθ

(1)

where (r, ζ) are polar coordinates [7]. This velocity field
is continuous but it is not differentiable at the boundary of

Dθ. The maximal velocity of the vortex is reached at the
boundary ofDθ and given by Uv =Mvc0 = abΩ/(a+b),
with Mv the vortex Mach number associated with the ve-
locity Uv and c0 the speed of sound. In Sec. 5, the vor-
tex is convected by a horizontal uniform base flow with a
velocity Uc = Mcc0, where Mc is the convection Mach
number. The velocity field is thus the sum of the convec-
tion velocity and the vortex velocity with a center position
evolving in time due to the convection.

3. NUMERICAL PARAMETERS

The test case considered consists in a monopole whose ra-
diation is scattered by an elliptic vortex. The positions of
the vortex and the monopole within the physical part of
the computational domain are represented in Fig. 1. The
vortex is centered on (0, 0). The monopole is introduced
through source terms on the right hand side of the Lin-
earized Euler Equations (LEE) written with the Goldstein
pressure π′ [8] .
sρ′(x, y) = ρ0 sin(ω0t)e

− (x− xc)
2 + (y − yc)

2

b2m ,

s(ρu)′(x, y) = sρ′(x, y)u0(x, y),

s(ρv)′(x, y) = sρ′(x, y)v0(x, y),

sπ′(x, y) =
π0(x, y)
ρ0(x, y)

sρ′(x, y).

(2)

The monopole is located at (xc, yc) = (0,−25r0) and
radiates at angular frequency ω0. The wavelength of the
acoustic wave is λ0 = 2πc0/ω0. The Gaussian half-width
bm is r0/10. The results are obtained using a research
code developed at Siemens, which resolves the LEE us-
ing the Nodal Discontinuous Galerkin Method [9] with
polynomial order N = 4, and the 6-stage, optimized,
low-storage Runge-Kutta scheme from [10]. This code
has been previously validated by Williamschen [11]. A
triangular unstructured mesh is used. The physical do-
main extends over −25r0 ≤ x ≤ 25r0 and −35r0 ≤
y ≤ 25r0, and the buffer zone surrounding it is 5r0
wide. The average length of the side of the elements in
the physical domain is h. Its value is chosen to ensure
at least 10 nodes per λ0 and r0, knowing that the dis-
tance between nodes is ∆ = h/4 for a polynomial or-
der N = 4. The ratio λ0/r0 varies between 1/4 and
4. In order not to modify the mesh every time the value
λ0/r0 changes, only three meshes are considered, with
∆ = r0/40, r0/20 and r0/10. The coarsest mesh satis-
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fying the criteria mentioned above is then used depending
on the value of λ0/r0. The time step ∆t is chosen so that
CFL = ∆tmaxe{u⃗e,max/(∆normRe)} ≃ 0.9, where
u⃗e,max is the maximal phase speed, ∆norm is the smallest
distance between nodes of a normalized element of side
hnorm = 1, and Re is the radius of the inscribed circle
in the element e. The element size at the outer boundary
of the buffer zone is 2h. This stretching of the elements
is combined with a dissipative filtering procedure whose
amplitude varies between the inner and outer boundaries
of the buffer zone. A high-order filter is also applied ev-
erywhere in the domain with a cut–off order Nc = N − 1.
This means that the terms of degree N are cancelled at
each time step. A circular array of microphones is placed
at a distance of 10r0 from the center of the vortex, as
shown in Fig. 1. The angle indicating their position in the
array is ψ.

θ

ψ

a b

−25r0 25r00

−35r0

−25r0

0

25r0

x

y

Figure 1: Schematic of the configuration within the
physical domain for the static vortex test case.

4. VORTEX AT A FIXED POSITION

In this section, the vortex is not convected and remains
centered at (0, 0). Thus, no spectral broadening is ob-
served and only the spatial scattering of acoustic waves
is considered, for each of the parameters of interest.

4.1 Influence of the aspect ratio a/b

The effects of the ratio a/b on the spatial scattering of
sound are investigated for values ranging from 1, for
which the vortex is round, to 5. The other parameters such
as the vortex Mach numberMv = 0.15 and λ0/r0 = 1 are
fixed. The angle θ is set to π/4. This choice is justified

in Sec. 4.2. Instantaneous pressure fields are presented in
Fig. 2 for values of a/b = 1, 2, 3 and 5. On these fields,
constructive and destructive interference beams are visi-
ble, due to the scattering of the vortex. A larger number
of beams is visible on the left of the vortex (ψ > 0◦).
The beams closer to ψ = 0◦ seem wider and more in-
tense than the ones visible at larger values of ψ. The num-
ber of beams seems to increase with the ratio a/b. The
beams that are visible for all four values of a/b seem to re-
main at the same angular position. The sound scattering is

(a)

x/r0

y
/
r 0

(b)

x/r0

y
/
r 0

(c)

x/r0

y
/
r 0

(d)

x/r0

y
/
r 0

Figure 2: Total pressure fields p′ obtained for (a)
a/b = 1, (b) a/b = 2, (c) a/b = 3 and (d) a/b = 5.

now quantified by the normalized difference between the
root-mean-square pressure obtained with and without the
vortex |p′rms − p′ref,rms|/p′ref,rms measured over the mi-
crophone array. This quantity is represented in Fig. 3 as a
function of the ratio a/b and the angleψ. This cartography
confirms the observations made previously. Interference
beams are visible mostly for ψ > 0◦, are wider and more
intense close to ψ = 0◦ than further away. Additional
beams appear progressively further and further away from
ψ = 0◦ when the value of a/b increases. The angular po-
sition of the interference beams does not evolve with a/b,
but the amplitude of the beams increases slightly with a/b.

4.2 Influence of the vortex orientation θ

The effects of the vortex orientation θ on the scattering
of sound are discussed. All the vortices considered in
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Figure 3: Variations of |p′rms − p′ref,rms|/p′ref,rms

as a function of a/b and ψ.

this section have a vortex Mach number Mv = 0.15 and
λ0/r0 = 1. The vortex aspect ratio a/b = 3 is chosen.
Simulations are performed for −π ≤ θ ≤ π. The levels
|p′rms − p′ref,rms|/p′ref,rms are displayed in Fig. 4 as a
function of θ and ψ. Because of the symmetry of the prob-
lem, the interference patterns have a π-periodicity with θ.
As for the previous section, the angular positions and the
width of the interference beams do not evolve much with
θ. The two main interference beams are located around
ψ = 10◦ and ψ = 20◦. Their amplitudes vary with θ,
with the first one having maxima for θ = ±π/4 as well as
θ = ±3π/4 and minima for θ = 0 as well as θ = ±π. The
second beam also shows low amplitudes around θ = 0 and
θ = ±π. A series of narrow beams with low amplitudes
is visible for ψ > 40◦, but only for values of θ roughly
between 0 and π/4 with a π-periodicity. The choice of
θ = π/4 in the previous section was thus done because
there is both a large number of interference beams over a
wide range of angular positions, and the main beams have
a large amplitude for this value of θ.

4.3 Influence of the vortex Mach number Mv

The effects of the vortex Mach number Mv are studied
in this section. A round vortex and an elliptic one with
a/b = 3 are considered, their orientation is θ = π/4 and
the ratio λ0/r0 = 1. To describe the evolution of the
interference pattern with Mv , simulations have been per-
formed for values of Mv between 0 and 0.5. The results
are plotted in Fig. 5 as a function of Mv and ψ. The in-
terference beams appear under the form of lobes that exist
within a limited range of values of Mv . The two cases
of a/b = 1 and a/b = 3 show similar patterns for the

θ/π

ψ
(d
eg
)

Figure 4: Variations of |p′rms − p′ref,rms|/p′ref,rms

as a function of θ and ψ.

interference beams. As Mv increases, narrow beams ap-
pear progressively further and farther away from ψ = 0◦,
up to ψ = 120◦ within the range of Mv considered. The
amplitude of the beams is smaller as they appear further
away from ψ = 0◦. The four lobes located around ψ = 0◦

present the larger amplitudes are and tilted towards higher
values of ψ whenMv increases, but the overall position of
these lobes appear to shift slightly towards negative values
of ψ whenMv increases. The main difference between the
two figures is that for any given value of Mv , the beams
are spread over a larger angular range for ψ > 0◦ when
a/b = 3, and also the amplitudes of the narrow beams far
from ψ = 0◦ are smaller compared to the case a/b = 1.
Overall, increasing Mv leads to an increase of the scatter-
ing angular range.

(a)

Mv

ψ
(d
eg

)

(b)

Mv

Figure 5: Variations of |p′rms − p′ref,rms|/p′ref,rms

as a function of Mv for (a) a/b = 1 and (b) a/b = 3.

4.4 Influence of the acoustic wavelength λ0

Finally, the effects of the ratio between the acoustic
wavelength and the size of the vortex are studied. The
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size of the vortex is fixed, and the frequency of the
source varies so that the ratio λ0/r0 ranges between
1/4 and 4. The aspect ratio of the vortices considered
are a/b = 1 and a/b = 3, their Mach number is
Mv = 0.15 and their orientation is θ = π/4. Cartogra-
phies of |p′rms − p′ref,rms|/p′ref,rms are plotted in Fig. 6
as a function of λ0/r0 and ψ. The two cases consid-
ered display a similar distribution of interference beams,
and here again, the main difference appears to be in the
angular spread of the scattered field, which is larger for
a/b = 3. For ψ > 10◦, the lobes are bent upwards. This
implies that the interference beams are shifted to greater
angles ψ when the wavelength increases. For ψ < 10◦ the
lobes are bent downward, so the beams are shifted to lower
angles ψ when λ0 increases. In general, the lobes seem to
widen with λ0 and their amplitude decreases. For small
values of λ0, the scattered field consists of a large number
of narrow but intense interference beams. For large values
of λ0, the interference beams are much less intense and
only a few wide beams are visible. This trend is consis-
tent with existing work [12]. Note that, as λ0 increases
and becomes large compared to the vortex (for example
when λ0 ≥ 2r0), the shape of the vortex does not seem to
have much influence on the scattered field [13].

(a)

λ0/r0

ψ
(d
eg

)

(b)

λ0/r0

Figure 6: Variations of |p′rms − p′ref,rms|/p′ref,rms

as a function of λ0/r0 for (a) a/b = 1, (b) a/b = 3.

5. VORTEX CONVECTED BY A UNIFORM
FLOW

In this section, a vortex convected by a uniform flow is
considered. The meshes previously used are extended hor-
izontally, such that −75r0 ≤ x ≤ 75r0 for the physical
domain, allowing the vortex to be convected over a large
distance. Only the convection Mach number Mc and the
aspect ratio of the vortex vary in this section. The vor-
tex convected along y = 0 and its orientation is such that
the major axis is parallel to the convection direction. The
source emits at a frequency such that λ0/r0 = 1 and the

vortex Mach number is Mv = 0.15.

5.1 Spatial scattering

The pressure fields obtained when a vortex with a/b = 3
is located at x/r0 = −30, 0 and −30 are presented in
Fig. 7. The convection effect of the uniform flow on the
acoustic waves is clearly visible, with shorter wavelength
upstream than downstream of the source, and higher am-
plitudes upstream. The interference patterns associated
with the scattering by the vortex evolve with the posi-
tion of the vortex. As the vortex convects throughout the
domain, the interference patterns rotate clockwise with
the orientation of the incident wavefronts radiated by the
monopole. The number, width and angular range of the in-
terference beams also change with the position of the vor-
tex. These changes can also be related to the differences
in the incident acoustic field in terms of the orientation of
the wavefronts (as discussed in Sec. 4.2) and of the wave-
length (as discussed in Sec. 4.4). The angle θ varies from
θ ≃ 0 when the vortex is far upstream to θ ≃ π when it is
far downstream. At the same time, the wavelength varies
from λ ≃ λ0(1−Mc) far upstream to λ ≃ λ0(1+Mc) far
downstream. In Fig. 7a, this results in the appearance of
a large number of narrow interference beams over a wide
angular range. The number of beams appears to decrease
progressively in Figs. 7b and 7c, but a wide and intense
constructive interference beam appears. The effects of the

(a)

x/r0

y
/
r 0

(b)

x/r0

y
/
r 0

(c)

x/r0

y
/
r 0

Figure 7: Pressure fields p′ obtained for Mach
number Mc = 0.3 when the vortex is located at
(a) x/r0 = −30, (b) x = 0 and (c) x/r0 = 30.
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Mach number Mc are investigated by considering Mach
numbers values Mc = 0, 0.3 and 0.6. In absence of con-
vective flow, i.e. Mc = 0, the vortex is steady and cen-
tered on (0, 0), where the incident wavefronts are tangent
to the horizontal direction. When Mc ̸= 0, the tangent
point is located at t(Mcc0, 0) for t = 25r0/c0. The re-
sulting pressure fields are displayed in Figs. 8a, 8b and 8c
respectively, when the vortex is located at (25r0Mc, 0).
When Mc increases, the interference beams appear to be
more curved because the scattering visible in the top left
of the figures was generated by the vortex at a position that
is more upstream. Some changes related to the effects of
the convection on the incident field can be observed in the
interference patterns between Mc = 0.3 and Mc = 0.6,
such as a larger number of narrow beams at angles far
from the incident waves propagation direction.

(a)

x/r0

y
/
r 0

(b)

x/r0

y
/
r 0

(c)

x/r0

y
/
r 0

Figure 8: Pressure fields p′ obtained for a vor-
tex convected at Mach number (a) Mc = 0,
(b) Mc = 0.3 and (c) Mc = 0.6.

5.2 Spectral broadening

5.2.1 Time signals

The pressure field scattered by the convected vortices is
first analyzed by looking at the time signals recorded at
two observer positions. These signals are plotted as a
function of the reduced time t/tMc where tMc is defined
such that the vortex travels through the physical domain
at a velocity Mcc0 during a time 2tMc

. Thus, the vortex
enters the physical domain at t/tMc

= −1 and exists at

t/tMc
= 1. In Fig. 9, the signals received at x/r0 = −30,

y/r0 = 16 are plotted for a vortex convected at Mach
number Mc = 0.3 and at Mc = 0.6. Since the signals are
plotted as a function of t/tMc

, the period corresponding
to the monopole source frequency appears twice as long
for Mc = 0.6 than for Mc = 0.3. On the signals, mod-
ulations of the amplitude are visible, that correspond to
the interference beams passing over the microphone posi-
tion. On figure Fig. 9a, those modulations occur between
−0.2 ≤ t/tMc

≤ 0.2 and can be related roughly to the
pressure field displayed in Fig. 7a where a wide destruc-
tive interference beam appears first, followed by a series
of narrower constructive and destructive interferences. In
figure Fig. 9b, the modulation pattern is relatively similar
but appears later in terms of t/tMc

since the interference
beams are lagging further behind the vortex for Mc = 0.6
than for Mc = 0.3, as shown in Fig. 8. Signals recorded

(a)

(b)

t/tMc

Figure 9: Pressure signal captured upstream at
x/r0 = −30, y/r0 = 16 for a vortex convected at
Mach number (a) Mc = 0.3, (b) Mc = 0.6.

downstream of the source at x/r0 = 30, y/r0 = 16 are
plotted in Fig. 10 for Mc = 0.3 and Mc = 0.6. Here,
the amplitude modulations are visible over a shorter time
extension than for the observer located upstream, and the
number of modulations is lower. This can again be related
to the pressure field displayed in Fig. 7c where a smaller
number of interference beams are visible, and these beams
are spanning a smaller angular range. As in Fig. 9, the
modulations are shifted in time forMc = 0.6 compared to
Mc = 0.3, but to a lower extent. These amplitude modula-
tions are expected to have an effect on the spectral content
of these signals. As discussed in previous work [12], the
vortex is in motion relative to the source and the observer,
which suggests Doppler effects leading to frequency mod-
ulation of the signals in addition to amplitude modulation.
This frequency modulation might not be easily observable
on the time signals.
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(a)

(b)

t/tMc

Figure 10: Pressure signal captured downstream at
x/r0 = 30, y/r0 = 16 for a vortex convected at
Mach number (a) Mc = 0.3, (b) Mc = 0.6.

5.2.2 Spectral densities

Power Spectral Densities (PSD) of the signals previously
discussed have been calculated using pressure signals
recorded between −1 ≤ t/tMc

≤ 1 for observers located
at y/r0 = 16 and x/r0 = −30, 0 and 30. In Fig. 11, the
PSD are plotted as a function of the reduced frequency
(f − f0)/Mc for vortices with aspect ratio a/b = 1 and
a/b = 3 convected by a uniform flow at Mc = 0.3. The
PSD present a central peak at f = f0, and sidelobes on
both sides. A wide lobe is observed for f < f0, while
multiple but narrower lobes are observed for f > f0.
Overall, the PSD show similar trends for a/b = 1 and
a/b = 3. The main difference is that the sidelobes appear
to be wider for a/b = 1. When the observation point is
moved from upstream to downstream of the source, the
sideband visible for f < f0 gets closer to f = f0 and is
even merging with the peak. The opposite observation can
be made for the sidelobes at f > f0, as they are shifting
away from the peak when the observer is moving down-
stream. The PSD obtained with a convection Mach num-
ber Mc = 0.6 are presented in Fig. 12. Similar observa-
tions can be made overall, with the main difference being
the presence of a second lobe at f < f0 for the observer
located upstream. Note that, in [12] when the incident
acoustic field was a plane wave propagating in a direction
normal to the convection flow, increasing Mc led to an in-
crease of the Doppler shift of the scattered field. In that
case, the position of the sidelobes plotted as a function of
(f − f0)/Mc is independent of Mc. If the incident field
is radiated by a monopole, then the convection affects the
incident field as it changes the wavelength and orientation
of the wavefronts, but it can also induce convective am-
plification on the scattered field. Thus, differences may
be observed when comparing the PSD plotted as a func-

(a)

(f − f0)/Mc

P
S
D

[d
B
/
H
z
]

(b)

(f − f0)/Mc

(c)

(f − f0)/Mc

P
S
D

[d
B
/
H
z
]

Figure 11: PSD levels obtained at (a) x/r0 = −30,
(b) x/r0 = 0 and (c) x/r0 = 30, y/r0 = 16 for
Mc = 0.3 and a/b = 1 and a/b = 3.

tion of (f − f0)/Mc at the same observation position but
for different Mc. This is the case here when comparing
the PSD at x/r0 = −30 and x/r0 = 0 for Mc = 0.3
and Mc = 0.6, where the positions of the sidelobes dif-
fer significantly and a second sidelobe is even visible for
x/r0 = −30 at Mc = 0.6. For the observer located
downstream, the PSD are very similar for Mc = 0.3 and
Mc = 0.6.

6. CONCLUSION

This work assesses the scattering of acoustic waves by el-
liptic vortices. It aimed at understanding the effects of
the parameters defining the vortex such as its aspect ra-
tio, its orientation with regards to the incident wavefronts,
its velocity magnitude and its size relative to the incident
acoustic wavelength. Each of the parameters was inves-
tigated separately for a stationary vortex scattering the
acoustic field radiated by a monopole. The vortex aspect
ratio appears to have a relatively mild effect on the scat-
tered field as its increase leads mostly to the appearance
of additional, low amplitude interference beams at large
scattering angles. The vortex orientation and its velocity
magnitude have an influence on the amplitude of interfer-
ence beams and on the angular range within which inter-
ferences are visible. The wavelength to vortex size ratio
also affects these characteristics, as well as the angular
position and width of the interference beams. The sec-
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Figure 12: PSD levels obtained at (a) x/r0 = −30,
(b) x/r0 = 0 and (c) x/r0 = 30, y/r0 = 16 for
Mc = 0.6 and a/b = 1 and a/b = 3.

ond part of the paper focuses on the scattering of acoustic
waves when the vortex is convected by a uniform mean
flow. Since the acoustic source is a monopole, the uniform
convection also has a effect on the incident field and modi-
fies the incident wavelength and wavefront orientation de-
pending on the position of the vortex. As a result, changes
in the scattering field associated with several parameters
in the first part of the paper are combined together when
the vortex is convected from upstream to downstream of
the source. For an observer at a fixed location, the interfer-
ences due to the scattering by the vortex appears as ampli-
tude modulations and frequency modulations associated
with a Doppler shift. This leads to a broadening of the
spectral content, with the appearance of sidelobes which
characteristics such as amplitudes, positions and widths
are influenced by the parameters defining the vortex and
by the convection velocity.
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