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ABSTRACT

This study focuses on the noise produced by cylinder-flow
interactions. The aerodynamic noise is established when the
instabilities in the shear layer lead to periodic vortex shedding.
This results in a tonal noise called “aeolian tone”. For a
rectangular cylinder with no incidence, the sources of noise
are located along the spanwise direction. They have a dipolar
directivity, orthogonal to the flow. However, when the incidence
of the flow varies, the orientation of the dipoles changes. This
phenomenon is investigated experimentally in the test section
of an anechoic wind-tunnel, with an array of microphones
placed orthogonally to the cylinder. The rectangular cylinders
studied have two different aspect ratios: AR=1 and AR=2, for
Reynolds numbers between 2 000 and 23 000. A beamforming-
based method is used to recover the dipolar angles from the
microphones data. For the two cylinders, the dipole tilts
similarly when changing the flow incidence angle. These results
confirm numerical predictions of the sound directivity based on
Curle’s solution, for a compact source using the drag and lift
force fluctuations.

Keywords: rectangular cylinder, incidence angle, dipole,
directivity

1. INTRODUCTION

Research on the aerodynamic noise emitted by a cylinder in a
flow has been conducted extensively [1]. However, the majority
of studies on this field focused on circular cross-sections [2].
Concerning rectangular cross-sections, experimental studies
have shown variations in the wake properties due to geometrical
characteristics, making parameters such as the aspect ratio [3],
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the incidence angle [4–6], and the sharpness [7] crucial in the
flow analysis. Specifically, the contribution of the drag dipole
is enhanced compared to circular cylinder, and the separation
points are fixed on corners. In the absence of incidence of the
incoming flow, the resulting sound has a dipolar directivity that
is orthogonal to both the cylinder and the flow.

Physically, a flow impinging on a rectangular cylinder
separates from the upstream corners (except at really low Re).
A vortex is shed from one side of the object, which induces a
negative pressure pulse on this side, and a positive pressure pulse
on the other side. Vortices are then shed alternately from the two
sides of the cylinder, and this induces sound pressure waves from
the two sides. This sound is established as the wake becomes
unsteady, namely when Re > 40 [8]. The transition between
2D-3D wake is observed between 200 < Re < 300. As the
value of Re increases, turbulence appears closer to the cylinder,
until it extends to the shear layer (around Re = 3, 5.105).

A previous paper predicted numerically the acoustic
directivity of a rotating rectangle for Re = 200, using Curle’s
analogy [9] (with an aspect ratio of 4). This paper exhibited
the influence of the flow incidence on the induced-dipole
orientation. However, the experimental validation of this model
remains unexplored.

The present study aims to investigate experimentally the
impact of flow incidence on the induced-dipole directivity for
two distinct aspect ratios, AR=1 (square cross-section) and
AR=2 (rectangular cross-section), within the test section of an
anechoic wind tunnel. In order to allow an accurate estimation of
the dipole orientation, a planar array approximately orthogonal
to the cylinder is used. The experiments are performed between
2 000 < Re < 23 000: the wake is turbulent, but the boundary
layer separation is laminar. The observed results are compared
with numerical predictions.

The paper is structured as follows. In Section 2, the
experimental setup and the method of data processing are
exposed. Then, the numerical model that provides results at
low-Reynolds number is described in Section 3. The effect of
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the angle of attack and the Reynolds number are discussed and
compared to numerical predictions in Section 4. Finally, the
contribution and limitations of this work are argued in Section
5.

2. EXPERIMENTAL METHOD

2.1 Experimental set-up

The series of experiments presented in this paper was conducted
in the anechoic wind tunnel BETI of the Pprime Institute. The
anechoic room has a volume of 90m3 and a cutoff frequency of
200Hz. The dimensions of the nozzle are (0.7×0.7)m2, and the
distance between the nozzle and the collector is 1.5m (Fig. 1).
The part of the array used for this paper is made of 256 MEMs
microphones attached to 16 aluminium bars oriented towards X.
The microphones periodicity are ∆x ≈ 7 cm and ∆y ≈ 8.5 cm
The array is based on the MegaMicros system [10].

The studied cylinder, made of steel, is positioned vertically
within the test section, at X = 36.5 cm from the nozzle, centred
with respect to the nozzle in the Y direction. It is nested on
two metal supports at the top and bottom at Z = 55 cm and Z =
−55 cm respectively. The cylinder protrudes beyond the top side
array. The supports are covered with foam to prevent unwanted
diffraction phenomena.

The parameters of the experiments are detailed in Table 1,
and the notations are specified in Fig. 2: the measurements are
performed every two degrees for the angle of attack α, for a
recording time of 5 seconds, at the sampling frequency Fe =
50 kHz. For the experimental determination of the angle of
attack, a half disk is positioned underneath the cylinder, with
the angles noted (every 2◦ from 0◦ to 180◦). A needle is welded
to the down part of the cylinder, which aligns with the angles
indicated on the half disk. The angle θ is the one between
the induced-dipole axis and the direction of the incoming flow
(θ = 90◦ for α = 0◦).

Figure 1: Diagram of the test section in the BETI
anechoic wind-tunnel: the nozzle is on the left, the
cylinder in the middle, fixed to two metal supports, and
the collector on the right. The flows goes from the left to
the right side.

Table 1 – Cylinder’s section shape and velocities.

Section Square Rectangle
d=7mm d=6x11,5mm

U∞(m/s) 10,15,30,50 20,30,50
α(◦) 0 7→ 90 0 7→ 90

Figure 2: Configuration and notations for the experiment
of a rectangular cylinder at incidence towards a flow. On
the left, the top view of a cylinder’s cross-section with
an angle of incidence α is represented. On the right, the
orientation angle θ of the dipole is specified.

2.2 Data processing

The dipole orientation is estimated with a dipole-based
beamforming method as proposed in Ref. [11]: after the
cross-spectral matrix calculation using the Welch method,
beamforming is performed in the frequency domain, at the
frequency of the tonal sound, on the XY plane, at Z = 0m
(middle of the test section). In this work, a dipolar steering
vector is used [12]:

Edip,θ(r, ω) =
e−iωr/c0

4πr

(xs − xm

r
.ξθ

)
(1)

with c0 being the speed of sound, ξθ a vector oriented on
a direction that makes an angle θ with the observer, and
r = |xs − xm| the distance location between the considered
microphone and the position of a point describing the scanning
domain.

Considering the location of the cylinder, the corresponding
scanning point on the grid is known: at this scanning point, the
dipole-based beamforming is successively implemented for all
possible dipolar orientations ξθ with a precision of ± 0.1◦. The
estimated orientation for the dipole is the angle θ that maximises
the calculated amplitude at the cylinder location.
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3. NUMERICAL MODEL

A hybrid method based on coupling Curle’s analogy and IBM
(Immersed Boundary Methods) is conducted to predict the
orientation of the flow-induced acoustic sources on a cylinder
[9]. First, the fluctuation of the aerodynamic force is obtained
with a numerical simulation, considering an incompressible, 2D
flow. Then, Curle’s approach for compact sources uses these
fluctuations to estimate the acoustic pressure in the far field.

The acoustic field in the 3D case depends on the energy
of the fluctuating forces, and on the span on which this
energy is efficiently radiating. Consequently, to predict the
acoustic pressure, the fluctuation of aerodynamic forces is first
calculated: drag and lift forces Fy and Fx are respectively the
streamwise and transverse components of the force applied to
the obstacle surface by the fluid.

The mean acoustic intensity at the dominant flow frequency
is approximated as follows in the 2D far field:

Ia(R,φ, fs) ≈
fs

2ρ0c20R

[
|F̂x|2 cos2 φ+ |F̂y|2 sin2 φ

+ (F̂xF̂
∗
y + F̂ ∗

x F̂y) cosφ sinφ
] (2)

where ρ0 is the density of the air, (R,φ) are the polar
coordinates centred on the body with φ = 0 in the flow direction,
fs the lift fluctuation frequency, ∗ denotes the complex conjugate
and

F̂q =

+∞∫
−∞

Fq(t) e
−i2πfst dt (3)

is the Fourier mode of Fq corresponding to fs. Though |F̂x| is
greatly smaller than |F̂y|, especially for symmetric bodies (e.g.
square at 0o or 45o of incidence), it is enough significant to tilt
the dipole directivity away from θ = 90o due to the last term
in (2).

For any angle φ, the intensity is calculated using Eqn. (2),
and the highest value obtained corresponds to the orientation
of the dipole. Finally, the noise radiated by the flow over
a rectangular cylinder at Re = 200, based on the upstream
velocity and the blocking height of the cylinder d, is computed
for 10 values of α ∈ [0◦, 90◦]. The incidence varies while
the blockage length and the aspect ratio are maintained constant
(b/a = 1 and 2 ): the difference with our experiments is that the
size of the cylinder changes for every incidence angle, so that
Re based on d is kept constant.

3.1 Square section (AR=1)

As shown from Eqn. (2), the lift and drag fluctuations forces
are crucial for determining the tilt angle of the dipole. These
fluctuations, computed using the IBM technique, are presented
in Fig. 3: the lift fluctuation is plotted as a function of the drag
fluctuation, revealing the trajectory of the head of the fluctuation
force vector, for one cycle of vortex-shedding.

The configuration looks symmetric with respect to the X-
axis when α = 0◦ and α = 45◦, which means that the flow
is symmetrical. It will be shown in Section 4 that at those
incidences, the dipole is in the Y direction (θ = 90◦). Though
emphasized by the non-orthonormal frame, a shift of orientation
is definitively observed at α = 45◦: before, the loop has a North-
west/ South-East orientation, and after, it tilts to a South-West/
North-East orientation. The pattern is the same every 90◦, and
this remarkable behaviour is commented in Section 4.1.

3.2 Rectangular section (AR=2)

Fig. 4 presents the same graphs as in Fig. 3, for the rectangular
cross-section. Though, several differences are observed. First,
the angles where the graph is symmetric are α = 0◦ and 90◦.
Moreover, 90◦ − α and 90◦ + α graphs are symmetrical. The
rotation of the rectangle has a pattern repeated every 180◦.
Furthermore, the loop crosses itself at α = 30◦. It will appear
later that this angle indicate the moment when the dipole tilts
away from the downstream direction to the upstream direction.
It can be noticed that for 0◦ < α ≤ 30◦, the loop is oriented
North-West/ South-Est. On the contrary, for 30◦ < α < 90◦,
it shifts to a North-Est/ South-West orientation. This behaviour
will be linked to the experimental results in Section 4.2.

4. EXPERIMENTAL RESULTS

4.1 Square section (AR=1)

The experiments are shown for 0◦ < α < 90◦. However,
to make sure that the results are reproducible and symmetrical,
the experiments have been performed from α = −45◦. The
Strouhal number, based on the blockage section d (see Fig. 2), is
calculated for every incidence angle as follows:

Std = fsd/U∞ (4)

with fs the dominant vortex shedding frequency (determined by
the first peak of the frequency spectrum).
The Strouhal number is plotted on the upper part of Fig. 5, with
the numerical model (Re = 200), as a function of the imposed
incidence angle. It is found to be maximal Stmax = 0, 2 for the
experiments, and Stmax ≈ 0.22 for the model. As expected, the
graph is symmetrical with respect to α = 45◦.

At α = 0◦, St is at its minimum. Then, it increases until
the first peak, corresponding to a critical angle αcr , namely the
angle when the flow reattaches on the side B-C [13]. This critical
angle is dependant on Re, and is reported on Tab. 2: the higher
Re is, the lower αcr is observed. On the numerical prediction,
there is no critical angle corresponding to αcr , but the tendency
between 0◦ < α < 20◦ is similar.

The dipole orientation θ is sketched as a function of the
incidence angle on the bottom part of Fig. 5. The angle θ is
determined with a method of dipole-based beamforming (see
Section 2.2). The dipole is shown to have a global rotation
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Figure 3: Lift fluctuation as a function of drag fluctuation over one cycle of vortex shedding, for a square section cylinder
(AR=1). On the left: low incidence angles (0◦ ≤ α ≤ 30◦), and on the right: high incidence angles (45◦ ≤ α ≤ 80◦).
The values come from the model prediction at Re = 200.

Figure 4: Lift fluctuation as a function of drag fluctuation over one cycle of vortex shedding, for a rectangular section
cylinder (AR=2). On the left: low incidence angles (0◦ ≤ α ≤ 30◦), and on the right: high incidence angles (45◦ ≤ α ≤
90◦). The values come from the model prediction at Re = 200.

of ±15◦. The different phases and the corresponding dipole
changes are summarised in Tab. 3, where the gradient from grey
to black arrows shows the variation of the dipole orientation.

When α = 0, the dipole orientation is θ = 90◦ and the
fluctuating lift and drag forces show perfect symmetry: this
is referred to as the subcritical regime [14], where the vortex

detachment is also symmetric, on the top and the bottom of the
section (the reattachment varies with Re).

As α increases from 0◦ to αcr , the system transitions to a
critical regime and the Strouhal number increases very quickly,
reaching its maximum at αcr (see Tab. 2). The dipole orientation
θ evolves linearly to reach θ ≈ 80◦. According to [14], when
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St ≈ 0.2 is at its maximum (α = αcr), the flow detaches at
corner B and reattach to the cylinder surface on the B-C face,
which induces a huge pressure change on this face: this phase
is also named the separation bubble regime. On this same angle
α = αcr , the stagnation point is getting closer to point B (see
Fig. 2) [15], and the dipole tilts away from the flow direction,
reaching its maximum (around θ ≈ 100◦).

In the supercritical regime (α > αcr), detachment occurs at
the corners A and C of the cylinder, while the stagnation point is
located at B. Notably, θ decreases smoothly and gradually until
it ultimately reaches 0 for α = 45◦.

Moreover, the pattern described above is consistent across
all measurements conducted at different Reynolds numbers, and
the critical angles are the same for the two graphs of Fig. 5 (St
and θ).

Figure 5: Strouhal number (top) and directivity of the
dipole θ (bottom) as a function of the incidence angle
α for the square cylinder (AR=1) for several Re. The
numerical prediction for low Re number is plotted for
qualitative comparison. The Std curve of [16] is plotted
for comparison.

Table 2 – Critical angles observed for each flow velocity.

U∞ (m/s) Re αcr (◦)
10 4 000 13
15 6 000 10
30 13 000 9
50 22 000 7

Table 3 – Orientation of the dipole for the different
regimes (flow from left to right) for the square section
(AR=1). The white point stands for the stagnation point
[15], and the arrows (from grey to black) represent the
variation of orientation of the dipole.

Regime Scheme
Subcritical
0◦ < α < αcr

Critical
α = αcr

(depends on Re)

Supercritical
αcr < α < 45◦

The numerical model has been computed at Re = 200, in
a laminar flow (2D): it cannot be quantitatively compared to
the experiments, which are performed in turbulent flow (3D).
Though, a qualitative comparison can be done. For the dipole
orientation, the curves have the same pattern and maximum
values as the experimental curves, however, no tilt appears at the
critical angle, but this could be due to the lack of points between
α = 0◦ and 6◦.

4.2 Rectangular section

The following paragraph focuses on the rectangular section,
which has been studied for 0◦ < α < 90◦. However, for the
same reason as for the square section, the experiments have also
been performed from α = −10◦. The Strouhal number and the
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tilt angle α are plotted in Fig. 6, as in Section 4.1. The critical
angles are listed in Tab. 5.

The Strouhal number curve has two peak (top Fig. 6), one at
αcr,1 = 5◦ and one at αcr,2 = 70◦, for all flow velocities. It
can be noticed that the second one is less sharp than the first one.
Those two same peaks are observed on the dipole orientation
graph also, at the bottom of Fig. 6. The dipole follows linearly
the variations of α for 0◦ < α < 5◦, and tilts away in the
opposite direction to reach its maximum angle θ ≈ 105◦. After
αcr , the dipole slowly returns to its initial position, which is
observed at α = 30◦. It is noticed that this position corresponds
to when the stagnation point reaches B (see Tab. 4), and also to
the change in behaviour of the loops of Fig. 4.

After this, the dipole slowly reaches θ = 80◦, and then tilts
away to the streamwise direction (at α = 70◦). Finally, it comes
back to the Y direction, for α = 90◦.

Figure 6: Strouhal number (top) and directivity of the
dipole θ (bottom) as a function of the incidence angle α
for the rectangle cylinder (AR=2) for several Re. The
numerical prediction for low Re number is plotted for
qualitative comparison. The Std curve of [17] is plotted
for comparison.

Table 4 – Orientation of the dipole for the different
regimes (flow from left to right) for the rectangular section
(AR=2). The white point stands for the stagnation point
[18], and the arrows represent the variation of orientation
of the dipole.

Regime Scheme
Subcritical
0◦ ≤ α ≤ αcr,1

Critical
α = αcr,1

(depends on Re)

Supercritical
αcr,1 ≤ α ≤ 30◦

Supercritical
30◦ ≤ α ≤ αcr,2

Critical
α = αcr,2

Subcritical
αcr,2 ≤ α ≤ 90◦

The first tilt (∆θ1 ≈ 20◦) is larger than the second one
(∆θ2 ≈ 10◦). The behaviour of the acoustic dipole when the
incidence angle varies is summarised in Tab. 4.

Finally, the rectangle section is quite similar to the square
one, except there are two different critical angles, because of the
fact that the stagnation point is moving slower from A to B than
from B to C, given the different lengths.
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Table 5 – Critical angles observed for each flow velocity.

U∞ (m/s) Re αcr,1 (◦) αcr,2 (◦)
20 8 000 5 70
30 12 000 5 70
50 19 000 5 70

5. CONCLUSION

First, this study confirmed a strong correlation between the
dipole orientation variations, aerodynamic force fluctuations,
and the stagnation point position on the cylinder. Therefore, it is
very sensitive to small changes in the incidence of the flow.

Furthermore, the pattern of θ variations is observed to
be similar for any Reynolds numbers and any aspect ratios.
Especially, θ is following the angle of attack until a certain
critical angle and then tilts away from the flow direction until the
separation point reaches the next corner of the cylinder section
(referred to as B here).

Finally, the 2D, low-Re model shows qualitative variations
of the dipole angle, which are in very good agreement with the
measured trends in the 3D, sub-critical cases. This suggests that
the dipole orientation can be explained by 2D dynamics, and is
insensitive to the spanwise coherence decay of the source field
[19].

In terms of prospects, it would be interesting to get
numerical and experimental data with comparable Reynolds
numbers, to be able to quantitatively compare our results with
each other. Those experiments could also be performed with
cylinders of different sharpness and materials.
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