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ABSTRACT

The flow-sound interaction mechanism of a single cylinder in cross-flow is investigated
experimentally. The cylinder is located at different vertical locations inside a rectangular duct in order
to investigate the effect of the cylinder location on the excitation mechanism of acoustic resonance.
During the tests, the acoustic cross-modes of the duct housing the cylinder are self-excited. It is found
that the cylinder location affects the process of the flow-excited acoustic resonance and the levels of
the generated acoustic pressure. The resonance of a specific acoustic cross-mode is excited when the
cylinder is located at its acoustic pressure node, which is the acoustic particle velocity anti-node.
However, when the cylinder is shifted away from the pressure node of a certain acoustic cross-mode, a
combination of cross-modes is excited and their intensity seems to be proportional to the ratio of the
acoustic particle velocities of these modes at the cylinder’s location. Moreover, as the cylinder moves
closer to the top wall (or the bottom wall) of the rectangular duct, the Strouhal number value decreases
due to the interference between the wake of the cylinder and the duct wall. Therefore, the onset of
acoustic resonance for this case occurs at a higher value of reduced flow velocity.

RESUME

Le mécanisme d'interaction d'un seul cylindre soumis a un écoulement transverse est étudié
expérimentalement. Le cylindre est placé a des endroits différents dans un conduit rectangulaire afin
de découvrir les effets de I'emplacement du cylindre sur le mécanisme d'excitation de résonance
acoustique. Pendant les tests, les modes transversaux du conduit sont auto-excités. Les résultats
montrent que le phénomene de résonance acoustique excitée par I'écoulement ainsi que le niveau de
pression acoustique sont affectés par l'emplacement du cylindre. La résonance d'un certain mode
acoustique transversal est excitée quand le cylindre se situe au nceud de pression acoustique, ce qui est
également l'anti-noeud de vitesse de particule acoustique. Néanmoins, lorsque le cylindre est décalé
loin du nceud de pression d'un certain mode acoustique transversal, une combinaison de mode
transversaux est excitée et leur intensité semble étre proportionnelle au rapport entre la vitesse de
particule acoustique de ces modes a I'emplacement du cylindre. De plus, le nombre de Strouhal
diminue si le cylindre approche la paroi du conduit paroi du haut ou du bas a cause de l'interférence
entre le sillage du cylindre et la paroi du conduit. Par conséquent, le début de la résonance acoustique
pour ce cas a lieu a une valeur plus élevée de la vitesse réduite de 1'écoulement.

1. INTRODUCTION

The aeroacoustic sound or ‘Aeolian tones’ was first
observed by Strouhal in 1878. The phenomenon was
attributed to the friction between the air stream and any
moving body and thus referred to by a ‘friction tone’
[1]. Subsequently, this phenomenon became of interest
for many researchers, (e.g. Rayleigh [2], Bernard [3],
and Relf [4]) who concluded that the sound is actually a
result of the periodic vortex shedding behind any bluff
body [5]. For a bluff body contained inside a duct,
when the vortex shedding frequency coincides with one
of the acoustic natural frequencies of the duct, a
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feedback cycle may occur where the vortex shedding
acts as a sound source and excites an acoustic standing
wave which, in turn, enhances the shedding process and
thereby creates a strong acoustic resonance. This
process is known as the flow-excited acoustic
resonance and it often leads to the generation of acute
noise problems and/or excessive vibrations [6]. Since
the acoustic resonance phenomenon is not yet fully
understood, it can be dangerously unpredictable and
may cause catastrophic failures in many applications
such as power generation and transport. Acoustic
resonance in tube bundles of heat exchangers has
received a considerable amount of attention over the
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past few decades because of its relevance to many
industrial applications (e.g. Blevins and Bressler [7],
Ziada et al. [8], Ziada and Oengoren [9, 10], Oengoren
and Ziada [11], Eisinger et al. [12], Eisinger and
Sullivan [13], and Feenstra et al. [14]). Nevertheless,
the excitation mechanisms of acoustic resonance are
still not fully understood. The primary reason for this is
that most of the previous studies were directed toward
finding solutions to specific existing problems rather
than understanding the underlying physics of these
excitation mechanisms, as discussed in detail by
Weaver [15]. Several techniques have been suggested
to supress the acoustic resonance in tube bundles. One
of these techniques is to change the frequency of the
excited acoustic mode of the system by placing baffles
in the tube bundle. Basically, this technique shifts the
acoustic resonance frequency above the vortex
shedding frequency and therefore the acoustic
resonance would not occur at a specific range of flow
velocities. However, this technique is not effective to
supress the higher acoustic modes [16]. Zdravkovich
and Nuttall [17] investigated the suppression of the
acoustic resonance in staggered tube arrays by
eliminating different cylinders from specific locations
inside the tube bundle. They have found that the
removal of any of the cylinders that are located in the
first row would eliminate the acoustic resonance.
However, for the second row, only removal of the
cylinders that are located at the acoustic pressure node
of a certain cross-mode would be effective to suppress
the acoustic resonance. Furthermore, for the third row,
the removal of any cylinder did not suppress the
acoustic resonance even when the cylinders located at
the acoustic pressure node were removed. These results
are quite surprising and thus, the relationship between
the cylinder location inside a tube bundle and the
acoustic resonance mechanism needs to be further
investigated. Therefore, the main objective of this work
is to investigate the flow-sound interaction mechanism
of single cylinder located at different locations inside a
rectangular duct and subjected to cross-flow. The
outcome of this work shall clarify how the tubes located
away from the location of the maximum acoustic
particle velocity contribute to the excitation mechanism
of acoustic resonance.

2. ACOUSTIC CROSS-MODES IN A DUCT

The acoustic cross-modes of a duct are the modes that
excite acoustic standing wave inside the duct that
oscillate in a direction perpendicular to both the
cylinder axis and the main flow velocity. These
acoustic cross-modes oscillate with a simple harmonic
motion in time [18]. The frequencies of these cross-
modes are given by:

fa,n :nz_c}/l s n= 1, 2, 3, (1)
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where f, is the natural frequency of a certain acoustic
mode, n is an index that indicates the order of this
mode, c is the speed of sound, and 4 is the duct height.
Figure (1) shows the distribution of both the acoustic
pressure and the acoustic particle velocity along the
duct height for the first three cross-modes. The acoustic
pressure for the build-up standing wave follows a
sinusoidal distribution along the duct height. The
acoustic particle velocity will also take a similar
sinusoidal distribution with 90° phase shift. The
acoustic pressure field inside the duct for the first
acoustic cross-mode is simulated and shown in Figure
(2). The resonant fields in the duct housing the cylinder
are obtained using finite-element analysis (FEA) in
ABAQUS. The acoustic pressure of the resonant mode
can be expressed as:

p=0 e )

where ¢ is a variable that satisfies the following
Helmholtz equation:

Vo+kip=0 3)

where k is the wave number (k=27 f, /c) and c is the

speed of sound. At the inlet and the outlet section of the
duct, the boundary condition for the lowest acoustic
modes is approximately zero acoustic pressure. More
details about the simulation technique can be found in
Mohany and Ziada [19]. It is observed from Figure (2)
that the cylinder is located at the acoustic pressure node
for the first cross-mode. The relation between the
cylinder location and the pressure node of each cross-
mode will dictate the excitation mechanism, which is
discussed in detail in the results section.

3. VORTEX SHEDDING FREQUENCY

The value of the vortex shedding frequency behind a
circular cylinder depends on the flow velocity and
cylinder’s diameter. The vortex shedding frequency is
given by:

_s5tu 4
f= D 4)

where f, is the vortex shedding frequency, St is the
Strouhal Number, U is the flow velocity, D is the
diameter of the cylinder. For a single cylinder, the
Strouhal number has a constant value around 0.2 over a
wide range of Reynolds numbers [20]. This indicates
that the relationship between the flow velocity and the
vortex shedding frequency will be linear. The flow-
excited acoustic resonance will occur upon the
coincidence of the vortex shedding frequency with one
of the acoustic cross-modes frequencies of the duct,
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provided that the excitation energy of the flow is high
enough to overcome the acoustic damping of the
system.

Third cross-mode

First cross-mode Second cross-mode
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Figure 1: Normalized acoustic pressure and acoustic
particle velocity distribution along the duct height (H).

...
A S

Figure 2: Acoustic pressure field inside the duct housing
the cylinder for the first cross-mode. The cylinder is
located in the middle of the duct height.

4. EXPERIMENTAL SETUP

An experimental set-up was designed specifically for
this work, which is conducive to self-generation of
acoustic resonance for the first three acoustic cross-
modes of the duct housing the cylinder. The
experimental setup consists of an open loop wind tunnel
connected to a centrifugal air blower that is driven by
an electrical motor with a variable frequency drive to
control the air velocity inside the duct, as shown
schematically in Figure (3). The test section height is
254 mm and the width is 127 mm. The test section is
connected to a single-sided diffuser with an inclusion
angle of 14° and both of them are manufactured out of
plywood with 19 mm thickness. The diffuser is
connected to the blower via a flexible connection in
order to reduce any vibration transmission to the test
section. The maximum flow velocity achievable in this

test section is 160 m/s. The tested cylinder is rigidly
mounted between the walls of the test section at various
heights and subjected to cross-flow air stream. The
aeroacoustic response is measured for each position by
a pressure-field microphone. Figure (4) shows the
microphone position with respect to the cylinder’s
location. The microphone is located at the position of
the maximum acoustic pressure, which was determined
in a separate experiment as shown in Figure (5).

Microphone

AAMIIHIHIHIIIIIEEEESB___ _ NN

Figure 4: Schematic side view of the test section showing
the coordinates system, the cylinder is positioned at Y/H=
0 and X/H= 0, the microphone is flush-mounted on the top
wall at X/H=-0.1.
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Figure 5: Peaks of the acoustic pressure of the first cross-
mode versus the microphone positions for a single
cylinder, D= 19 mm and U= 70.3 m/s. The cylinder is
located at Y/H= 0 and X/H=0. Negative values represent
the downstream direction.
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Figure 3: Schematic drawing of the experimental setup, all dimensions are in millimeters.
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In that experiment, the microphone was flush-mounted
at the top wall of the test section and moved to several
stream-wise locations, with respect to the cylinder, in
order to determine the location of the maximum
acoustic pressure when a specific acoustic resonance
mode is excited. The microphone signal is recorded
with a data acquisition card (National Instruments,
model number: PCI-6035E) and a LabView program is
used for spectral analysis. Each spectrum is obtained by
averaging 100 samples and the data is collected at a
sampling rate of 10 kHz.

S. RESULTS

The aeroacoustic response of the cylinder is obtained by
performing spectral analysis for the measured acoustic
pressure. Figure (6) shows a waterfall plot of the
acoustic pressure spectra for a cylinder positioned in the
middle of the duct height, Y/H= 0, while Figure (7)
shows the aeroacoustic response for the same case.
Figure (7) is extracted from the waterfall plot of the
acoustic pressure spectra where each point represents
the amplitude and frequency of the vortex shedding
component taken from the pressure spectrum at each
flow velocity. Since the values of the vortex shedding
frequency depend on the cylinder’s diameter as shown
in Eqn. (4), the frequency coincidence will occur over
different velocity range depending on the cylinder’s
diameter. Thus, the reduced velocity, U,, will be used to
represent the flow velocity. The reduced velocity is
given by:

_u
U’_faD (5)
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Figure 6: Waterfall plot of the pressure spectra for a
cylinder positioned at Y/H=0, D= 15.7 mm.

Figure (7) shows that the frequency of the vortex
shedding progresses with the flow velocity following a
linear relationship with an average Strouhal number of
0.196. When the value of the vortex shedding frequency
coincides with the frequency of the first acoustic cross-

36 - Vol. 42 No. 1 (2014)

mode, acute acoustic pressure is generated. Moreover,
the frequency is retrained at the value of the first
acoustic cross-mode over a certain range of velocities,
which is referred to by the lock-in region. As the flow
velocity increases, the vortex-shedding frequency exits
the lock-in region and follows the same linear
relationship until reaching the frequency of the third
acoustic cross-mode, where another lock-in region is
obtained and severe noise is generated. The second
acoustic cross-mode is not excited in this case as the
cylinder is located at its acoustic pressure anti-node,
which is an acoustic particle velocity node, as shown in
Figure (1). Figure (8) shows a waterfall plot of the
acoustic pressure spectra for a cylinder positioned at
63.5 mm away from the duct’s centerline, i.e.
Y/H=0.25, while Figure (9) shows the aeroacoustic
response for the same case.

3000

St=10.196
2500

2000 | f,:=1812 Hz

1500 r

Frequency, [Hz]

1000

500 r

0 5 10 15 20
Reduced velocity, Ur

1000

800

600 F

400 r

Acoustic Pressure, [Pa]

200 r

0 1
0 5 10 15 20
Reduced velocity, Ur

Figure 7: Aeroacoustic response of a single cylinder in
cross-flow positioned at Y/H=0, D= 15.7 mm.
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Figure 8: Waterfall plot of the pressure spectra for a
cylinder positioned at Y/H=0.25, D= 15.7 mm.
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Figure 9: Aeroacoustic response of single cylinder in
cross-flow positioned at Y/H=0.25, D= 15.7 mm.
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It is clear from Figure (9) that the second acoustic
cross-mode excitation is dominant as the cylinder is
located at its acoustic pressure node. However, the first
and the third cross-modes are also excited in this case
as the cylinder is not located at any of their acoustic
pressure anti-nodes. The generated acoustic pressure
depends on the dynamic head of the flow and thus, on
the flow velocity. As mentioned before, the velocity of
frequency coincidence depends on the cylinder
diameter. This indicates that different levels of acoustic
pressures will be obtained when using different cylinder
diameters. Thus, the logarithmic sound pressure level
(SPL) will be used to represent the acoustic pressure in
order to compare the results. The sound pressure level
(in dB) is calculated by:

SPL=20 log [P—] (6)
ref

Where P,,, is the root mean square value of the
acoustic pressure and P, is a reference pressure value
that equals to 20 pPa.

Figure (10) shows a comparison of the sound
pressure levels for a single cylinder with a diameter of
12.7 mm, at several vertical locations inside the duct.
Figure (11) shows the same comparison for another
cylinder with a diameter of 15.7 mm, at the same
vertical locations. It is observed that when the cylinder
is located in the middle of the duct height, i.e. Y/H=0,
the excitation of the first and the third acoustic cross-
modes is the highest among the other locations. This is
due to the fact that this location is the acoustic particle
velocity anti-node for both the first and the third
acoustic cross-modes; refer to Figure (1). Moreover, it
is clear from Figure (10) that as the cylinder moves
away from the duct centerline, the excitation levels of
the first and the third acoustic cross-modes around
reduced velocity values of 5 and 15, respectively,
decreases. It is also observed that as the cylinder
approaches Y/H = 0.25, which is the acoustic particle
velocity anti-node of the second mode, the level of
excitation of the second cross-mode increases. Yet, this
level decreases as the cylinder moves beyond the
acoustic pressure node, i.e. at Y/H = 0.375. Similar
results are observed for another single cylinder with a
diameter of 15.7 mm, as shown in Figure (11), which
indicates that this behaviour is independent of the
cylinder diameter.

It is clear from Figures (10) and (11) that the level
of the excited acoustic pressure for each acoustic cross-
mode varies depending on the cylinder’s location. Since
the acoustic resonance mechanism seems to be
triggered by the acoustic particle velocity at the
cylinder’s location, it is interesting to determine if the
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levels of the excited acoustic pressure at different
cylinder locations are proportional to the normalized
acoustic particle velocity distribution for each cross-
mode. Figure (12) shows the ratio of the acoustic
particle velocity at the cylinder’s location to the
maximum acoustic particle velocity for each cross-
mode. This ratio is equal to the ratio of the acoustic
pressure excited at a specific cylinder’s location to the
maximum acoustic pressure obtained when the cylinder
is located at the acoustic pressure node of a certain
cross-mode.
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Figure 10: Comparison of the sound pressure levels at
different vertical cylinder’s locations, D= 12.7 mm.
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Figure 11: Comparison of the sound pressure levels at
different vertical cylinder’s locations, D= 15.7 mm.
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Figure 12: Distribution of the ratio of acoustic particle
velocity to the maximum value of acoustic particle velocity
along the duct height for (a) first, (b) second, (c) third
cross-modes. The theoretical normalized distribution of
the acoustic particle velocity is shown in each case.
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It is observed from Figure (12) that the distribution
seems to follow the theoretical sinusoidal distribution
of the acoustic particle velocity. This indicates that the
excitation mechanism depends, to some extent, on the
acoustic particle velocity distribution rather than the
acoustic pressure distribution. It is also worth to
mention that the frequency values of each excited
acoustic cross-mode were not constant for all the tested
cases. Tables (1) and (2) show the acoustic resonance
frequencies for the first three cross-modes for a cylinder
diameter of 12.7 and 15.7 mm, respectively. The
variation in the resonance frequencies can be explained
by the fact that the existence of the cylinder changes the
path of the oscillating fluid particles, and hence the
frequency will differ for different cylinder diameters.
However, this effect is more pronounced for the third
acoustic cross-mode, which could be the result of an
added acoustic damping. Caughey and O’Kelly [21]
observed similar trend for a linear dynamic system and
reported that the highest natural frequency decreases
because of the added damping effect.

Table 1: Frequency values of each excited acoustic cross-
mode, D=12.7 mm.

First Second Third
Y/H cross-mode | cross-mode cross-mode

(Hz) (Hz) (Hz)
0 678 (not excited) 1884
0.125 682 1327 1921
0.1667 679 1323 (not excited)
0.25 681 1326 1886
0.375 681 1324 1914

Table 2: Frequency values of each excited acoustic cross-
mode, D=15.7 mm.

First Second Third
Y/H cross-mode cross-mode cross-mode

(Hz) (Hz) (Hz)
0 676 (not excited) 1812
0.125 676 1319 1855
0.1667 676 1321 (not excited)
0.25 677 1319 1826
0.375 679 1327 1846

Finally, the Strouhal number values were investigated
for different cylinder’s locations. Rao et al. [22]
investigated the characteristic of the wake of a cylinder
close to solid boundary. They have shown that the
average Strouhal number value varies with the gap
distance. This Strouhal number variation affects the
relationship between the frequency and flow velocity
and thus may change the onset of acoustic resonance.
Figure (13) shows the variation of Strouhal number
with the cylinder’s locations. As the cylinder moves
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closer to the wall, the average Strouhal number
decreases due to the interference between the wake of
the cylinder and the duct’s wall. Therefore, the onset of
acoustic resonance for such cases occurs at higher flow
velocities, as can be seen in Figures (10) and (11).
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Figure 13: Average Strouhal number versus the cylinder’s
location.

6. CONCLUSIONS

The effect of cylinder location on the excitation
mechanism of the flow-excited acoustic resonance is
presented in this work. It has been found that the
cylinder’s location affects the level of acoustic
excitation for each cross-mode. It is observed that when
the cylinder is placed at the acoustic pressure node of a
certain cross-mode, which is the acoustic particle
velocity anti-node, the excitation of this particular
cross-mode is dominant. It is also observed that as the
cylinder moves away from the acoustic particle velocity
anti-node of a certain cross-mode, the levels of the
generated acoustic pressure decrease. This variation in
the excitation levels seems to follow the theoretical
sinusoidal distribution of the acoustic particle velocity
which indicates that the excitation mechanism depends
on the acoustic particle velocity distribution rather than
the acoustic pressure distribution. The Strouhal number
is calculated for different cylinder locations and is
shown to decrease as the cylinder moves away from the
duct’s centerline. This, in turn, shifts the onset of
acoustic resonance to occur at higher flow velocities for
these cases.
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The software is clearly arranged to enable you to build models and make simple calculations easily. At the same time you
benefit from the sophisticated input possibilities as your analysis becomes more complex. Focus your time on the project
and not on the software. All input and analysis features are easy and intuitive to handle.

Efficient Workflow

Change your view from 2D to 3D within a second. Multiply the modeling speed by using various shortcuts and automation
techniques. Many time-saving acceleration procedures enable fast calculations of your projects.

Modern Analysis
CadnaR uses scientific and highly efficient calculation methods. Techniques like scenario analysis, grid arithmetic or the dis-
play of results within a 3D-grid enhance your analysis and support you during the whole planning and assessment process.
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» Further informations at www.Datakustik.com
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