%)
©
=
LL
G
O
)
.S:!
7
>
L
o

Vortex dynamics and acoustic sources
in the wake of finned cylinders during
resonance excitation

Cite as: Phys. Fluids 32, 075117 (2020); https://doi.org/10.1063/5.0016076
Submitted: 01 June 2020 . Accepted: 09 July 2020 . Published Online: 24 July 2020

Md Rashidul Islam, "' Mahmoud Shaaban, and "*' Atef Mohany

()

View Online Export Citation CrossMark

oV

an N

ARTICLES YOU MAY BE INTERESTED IN

Vortex shedding characteristics in the wake of circular finned cylinders
Physics of Fluids 32, 045113 (2020); https://doi.org/10.1063/5.0005079

Influence of diametral acoustic mode on cavity flow dynamics: Zonal large eddy simulation
and proper orthogonal decomposition

Physics of Fluids 32, 075103 (2020); https://doi.org/10.1063/5.0012640

Spinning behavior of flow-acoustic resonant fields inside a cavity: Vortex-shedding modes
and diametral acoustic modes

Physics of Fluids 32, 085109 (2020); https://doi.org/10.1063/5.0019112

Physics of Fluids

GALLERY OF COVERS

Phys. Fluids 32, 075117 (2020); https://doi.org/10.1063/5.0016076 32, 07517

© 2020 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1324395&setID=379031&channelID=0&CID=459529&banID=520199776&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=da958ab8fef311db63e1467777e0243ce7e9d341&location=
https://doi.org/10.1063/5.0016076
https://doi.org/10.1063/5.0016076
http://orcid.org/0000-0001-7791-5426
https://aip.scitation.org/author/Islam%2C+Md+Rashidul
http://orcid.org/0000-0002-7257-587X
https://aip.scitation.org/author/Shaaban%2C+Mahmoud
http://orcid.org/0000-0003-1630-0916
https://aip.scitation.org/author/Mohany%2C+Atef
https://doi.org/10.1063/5.0016076
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0016076
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0016076&domain=aip.scitation.org&date_stamp=2020-07-24
https://aip.scitation.org/doi/10.1063/5.0005079
https://doi.org/10.1063/5.0005079
https://aip.scitation.org/doi/10.1063/5.0012640
https://aip.scitation.org/doi/10.1063/5.0012640
https://doi.org/10.1063/5.0012640
https://aip.scitation.org/doi/10.1063/5.0019112
https://aip.scitation.org/doi/10.1063/5.0019112
https://doi.org/10.1063/5.0019112

Physics of Fluids ARTICLE scitation.org/journal/phf

Vortex dynamics and acoustic sources
in the wake of finned cylinders during
resonance excitation

Cite as: Phys. Fluids 32, 075117 (2020); doi: 10.1063/5.0016076 T T @
Submitted: 1 June 2020 « Accepted: 9 July 2020 -
Published Online: 24 July 2020

Md Rashidul Islam, Mahmoud Shaaban, and Atef Mohany”

AFFILIATIONS

Aeroacoustics and Noise Control, Laboratory University of Ontario Institute of Technology, Oshawa, Ontario L1G OC5, Canada

2 Author to whom correspondence should be addressed: atef. mohany@uoit.ca

ABSTRACT

The flow-sound interaction mechanism and its effect on the vortex dynamics in the wake of circular finned cylinders are experimentally
investigated using phase-locked particle image velocimetry at Reynolds numbers between 7 x 10* and 9.5 x 10*. In addition, a hybrid
experimental-numerical technique using the theory of vortex sound is employed to quantify the acoustic sources and sinks in the vicinity
of finned cylinders with different fin-to-root diameter ratios, Df/D, = 1.5, 2.0, and 2.5. The results show that changing the diameter ratio of
the fins induces fundamental changes in the wake structure and the vortex shedding process downstream of the cylinder. Finned cylinders
induce stronger vortex cores with a shorter formation length compared to their equivalent bare cylinders. Moreover, the flow topology over
the spanwise direction shows that acoustic resonance results in uniform cylindrical vortex cores with less three-dimensional distortion, which
demonstrates that the flow field becomes highly two-dimensional during resonance excitation. Quantification of the energy transfer between
the flow and the sound fields reveals an enhancement in the acoustic energy production closer to the cylinder with a significant dependence
on its fin-to-root diameter ratio.
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NOMENCLATURE U convection velocity
o U, reduced flow velocity
c speed of sound in air ’ a . .
) A % uctuating transverse Veloc1ty
D bare cylinder diameter . . .
i r circulation of vortices
Der  effective diameter n .
. acoustic power
Dy fin diameter densi .
. p ensity of air
D, root diameter
. . ¢ phase angle
f frequency of acoustic pressure fluctuations .
. w vorticity
fa acoustic cross-mode frequency
fr vortex shedding frequency
H height of the duct
M Mach number I. INTRODUCTION
Pms  root mean square of the acoustic pressure signal Flow-induced acoustic resonance is a design challenge in many
pP* normalized acoustic pressure engineering applications such as tube bundles in heat exchangers
s fin pitch and boilers,"” turbomachines,”’ piping systems,"“ side branches, ™’
t fin thickness and reactor vessels.'” It occurs when periodic flow instabilities cou-
U velocity field ple with an acoustic mode. This often leads to the generation of
Us inlet flow velocity acute noise problems and/or excessive vibrations that could result
Ug acoustic particle velocity in catastrophic failures."’ While this phenomenon is relatively well
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understood for bare cylinders in cross-flow, it remains unclear for
the case of finned cylinders. Recent investigations'” have shown that
adding fins to a cylinder has a significant effect on the flow devel-
opment around it. However, the effect of fins on the flow-acoustic
coupling is not yet fully understood.

The pioneering work by Blevins and Bressler' identified the
periodic vortex shedding in the wake of a bare cylinder as the source
of resonance excitation. The vortex shedding in the wake induces
velocity and pressure perturbations with spectral characteristics that
are dependent on the flow velocity. Since the surrounding duct that
encloses the cylinder contains acoustic modes with distinct frequen-
cies, the frequency of the vortex shedding can coincide with the
frequency of an acoustic mode of the duct at certain flow velocities. If
the flow has enough energy to overcome the acoustic damping in the
system, acute acoustic resonance can materialize. During resonance,
the acoustic field oscillations grow stronger, and the acoustic parti-
cle velocity may reach a level up to 10% of the mean flow velocity,
which strongly influences the vortex shedding process.'” Moreover,
the vorticity field can supply more energy to the acoustic field, which
sustains resonance excitation over a range of flow velocities. This
feedback cycle, which results in a positive energy transfer between
the flow and the sound fields, is responsible for severe acoustic pres-
sure fluctuations inside the duct, an enhancement in the fluid forces
acting on the cylinder, and a stronger vorticity field."” "> Although
the resonance excitation is relatively well understood for bare cylin-
ders in cross-flow, “'°"' the addition of circular fins can severely
alter the aforementioned mechanism of flow-acoustic coupling. This
is because the resulting changes in the vortex dynamics with the
addition of fins are bound to affect the characteristics of the acous-
tic source(s) in the flow field that are responsible for initiating and
sustaining resonance excitation.

Several recent studies highlighted the significance of adding cir-
cular fins on the flow development downstream of the cylinders.
McClure and Yarusevych™’ investigated the flow development and
the structural loading on the circular finned cylinders with a differ-
ent fin pitch. They reported significant changes in the mean drag,
the vortex formation length, and the fluctuating lift force on the
cylinder with a dependence on the fin pitch. Recently, Arafa and
Mohany”' experimentally and numerically investigated the effect of
circular fins on the wake structure downstream of a single finned
cylinder in cross-flow at a Reynolds number of 2.4 x 10*. Their
results showed that the spacing between the adjacent fins is criti-
cal to the flow development downstream of the cylinder. At lower
fin spacing, they found that the flow is entrained between the fins,
which results in the generation of an accelerated jet-like flow in the
region between the fins, leading to a closer and stronger shear layer
roll-up and hence a shorter vortex formation region. Moreover, the
vortex shedding is found to be more correlated along the span of
the finned cylinders as the fin spacing decreases. However, the vor-
tex dynamics in the wake of the finned cylinders under resonant
conditions and the aeroacoustic energy transfer were not investi-
gated. Islam and Mohany'” experimentally investigated the effect of
the fin-to-root diameter ratio on the near wake flow development
and the vortex shedding characteristics downstream of the circu-
lar finned cylinders using particle image velocimetry (PIV). They
reported a significant reduction in the recirculation zone, in addi-
tion to an amplified primary vortex shedding process in the wake
of the cylinders. Moreover, the amplification of the vortex shedding

ARTICLE scitation.org/journal/phf

process led to enhanced velocity fluctuations due to a more coherent
vorticity shedding in the wake of the finned cylinders for a higher
diameter ratio. Islam and Mohany'” also found that the fins have
a significant effect on the strength and the convection velocity of
the vortices in the wake. The observed changes were attributed to
the higher flow entrainment between the fins. However, the investi-
gation was carried out in the absence of acoustic resonance excita-
tion. These fundamental changes in the vortex dynamics around the
finned cylinders are bound to affect the aeroacoustics characteris-
tics and the energy transfer mechanism during resonance excitation,
which need to be investigated.

The available investigations in the literature on the flow excited
acoustic resonance of the circular finned cylinders are scarce.
Among the few available studies, some contradictory findings have
been reported. Eid and Ziada” experimentally studied the effect of
circular fins on vortex shedding and their role on the acoustic res-
onance excitation for single and two tandem cylinders at Reynolds
numbers up to 10°. For a single cylinder, they reported that the addi-
tion of fins results in a significant reduction in the acoustic pressure
during resonance excitation. Based on the results obtained under
non-resonant conditions, they attributed the weakened vortex shed-
ding strength to the role of fins. Therefore, the vortex shedding
resulted in a weaker excitation of the acoustic resonance compared
with the bare cylinder. In contrast, Arafa and Mohany™’ reported a
significant enhancement of the acoustic pressure fluctuations dur-
ing resonance excitation for the circular finned cylinders compared
to their equivalent bare cylinders. Moreover, they revealed that the
amplitude of the excited acoustic resonance depends on the cylin-
der’s aspect ratio, which was overlooked in the study of Eid and
Ziada.”” The combined effect of the shorter vortex formation length
and higher spanwise correlation of the vortices is bound to insti-
gate a stronger flow-acoustic coupling in the near wake of the finned
cylinders. As mentioned earlier, the study by Islam and Mohany'’
found significant changes in the vortex shedding process down-
stream of the finned cylinders with different fin-to-root diameter
ratios. However, their effect on the excitation mechanism of acous-
tic resonance has not been investigated. During resonance, the flow
field becomes coupled with the acoustic field, which results in a
direct energy transfer between them. To understand the energy
transfer mechanism, it is imperative to identify the regions of acous-
tic energy generation in the wake. Using the aeroacoustic anal-
ogy, derived from Lighthill’s theory of aerodynamic sound, Howe”’
showed that the acoustic energy generation requires the presence
of a non-zero vorticity field. Later, Howe”’ provided a formula that
enables the estimation of the energy transfer rate between the flow
and acoustic fields. Howe’s analogy has successfully been used to
understand the energy transfer mechanism in the wake of bare cylin-
ders'**”" during self-excited and externally excited acoustic reso-
nance. In addition to the resonant acoustic field, the application of
Howe’s analogy requires the knowledge of the flow field during res-
onance. However, the vortex dynamics in the wake of the circular
finned cylinders in the presence of acoustic resonance have never
been investigated to date. The excitation of acoustic resonance can
be avoided by identifying the location(s) of the acoustic source(s) in
the flow field and preventing the energy transfer between the flow
and sound fields.

Additionally, there is a fundamental question related to the
effect of acoustic resonance excitation on the three-dimensional flow

Phys. Fluids 32, 075117 (2020); doi: 10.1063/5.0016076
Published under license by AIP Publishing

32,075117-2


https://scitation.org/journal/phf

Physics of Fluids

topology around both bare and finned cylinders in cross-flow. The
flow in the wake of a bare cylinder is known to be highly three-
dimensional, even at low Reynolds numbers.”® In the absence of
acoustic excitation, instabilities result in vortex dislocations between
spanwise cells of different frequencies when the primary vortices
move out of phase with each other, and the wake pattern is domi-
nated by the streamwise vortex pairs spaced by a distance of about
one cylinder diameter.”” In a fully turbulent flow, the organized
structures in the nominally two-dimensional wake exhibit signif-
icant three-dimensionality even in the near field."” On the other
hand, the presence of strong oscillations, such as those induced dur-
ing self-excited acoustic resonance, has been observed to synchro-
nize vortex shedding in other configuration.’’ Other flow features
that induce regular fluctuations such as synthetic jets placed near the
mean separation point of a bare cylinder have been used to inhibit
the three-dimensionality of the near wake.”” Although acoustic res-
onance is believed to induce strong synchronized fluctuations along
the span of the cylinder, no experimental verification of the wake
two-dimensionality is available in the literature. The confirmation
of a two-dimensional vortex shedding process during self-excited
acoustic resonance will facilitate an efficient way of modeling flow-
acoustic coupling using the two-dimensional flow assumption. As
a result, numerical investigations would require less computational
capabilities to obtain results with reasonable accuracy.

The foregoing discussion reveals that the aeroacoustic coupling
during self-excited resonance is not well understood in the case
of circular finned cylinders in cross-flow. Moreover, the effect of
fin-to-root diameter ratios on the vortex dynamics and the flow-
acoustic coupling mechanism needs to be clarified. These shortcom-
ings present a challenge that hinders the development of reliable
control techniques that can be used to avoid the occurrence of acous-
tic resonance excitation in industrial applications. Therefore, this
study focuses on the phase-locked vortex dynamics and its cou-
pling with the acoustic field under resonant conditions. We consider
the coupling between the flow field and the first acoustic standing
wave mode of the duct as it is more susceptible to excitation at a
lower flow velocity. The characteristics of the self-excited resonance
are identified from the acoustic pressure measurement over a range
of flow velocities. Phase-locked PIV measurements are performed
to resolve the unsteady vortex dynamics in the wake of the cylin-
der with respect to the acoustic pressure cycle. The resulting flow
fields from the experiments are combined with the resonant sound
field obtained from numerical simulations to determine the acoustic
sources and sinks using Howe’s analogy. Moreover, we performed
phase-locked PIV measurements at several places along the span of
the cylinder to elucidate the spanwise development of the vortices in
the wake during acoustic resonance excitation.

Il. METHODOLOGY

Experimental measurements of flow and acoustic variables are
performed in an open-loop suction-type wind tunnel. The airflow
in the tunnel is driven by a centrifugal air blower at the exit of
the tunnel. Airflow enters through a bellmouth section to maintain
a uniform flow before entering the test section of height 254 mm
and width 127 mm. The test section is followed by a diffuser with
a gradual increase in cross-sectional area to minimize the pressure
drop in the tunnel. The diffuser is connected to the blower using
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a flexible connection, and the setup is rigidly mounted on sup-
ports designed to minimize external vibration. Figure 1(a) shows a
schematic of the experimental setup. The cylinder is rigidly mounted
with its axis aligned along the horizontal symmetry plane of the test
section, which corresponds to the acoustic particle velocity antin-
odal plane of the first acoustic cross-mode inside the duct. Three
cylinders with equispaced annular fins in addition to one bare cylin-
der are investigated in the current study. The length of all finned
cylinders is 127 mm, spanning along the width of the test section.
The spacing between the fins is 1.5 mm, which is the same for all
the cylinders. The first effective fin at both ends of the cylinder
is located 3 mm from the side walls. Measurements of the sur-
face pressure on the bare cylinder were carried out over a range
of Reynolds number between Re = 1.3 x 10* and 6.4 x 10* to ver-
ify the uniformity of flow conditions along the span of the cylin-
der. The base pressure coefficient was measured using pressure taps
along the span of the cylinder at 180° from the upstream stagnation
point. The base pressure coefficient was found to be uniform within
4% of its mean value over 94% of the cylinder’s span. The profiles
of the pressure coefficient over the circumference of the cylinder
at its mid-span and near the side walls agree well with the mea-
surements of Norberg,”” The flow velocity inside the tunnel is con-
trolled using a variable frequency drive and calibrated using a Pitot
tube installed upstream of the cylinder location. The Pitot tube is

(@
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J_Timing Mirror

unit —I—
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FIG. 1. (a) Schematic of the experimental setup (not to scale) and (b) cross-
sectional view of the finned cylinder geometry with nomenclature.
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removed after calibration to eliminate any disturbance during flow
and acoustic measurements. Hotwire measurements with no cylin-
der attached indicated a maximum free-stream turbulent intensity
of 0.7%.

Figure 1(b) shows a schematic of the finned cylinder cross-
section and the nomenclature used to define its characteristic geo-
metrical parameters. Three finned cylinders with the same fin pitch
(5), the same fin thickness (¢), and different diameter ratios (Dy/D;)
are investigated. The non-dimensional geometric parameters con-
sidered for the finned cylinders in the current study are within
the range commonly found in industrial applications. The effective
diameter Dy, defined in Eq. (1), is kept constant at Deg = 19.05 mm
for all the finned cylinder cases to form a basis for flow field compar-
ison with the same flow blockage. The form of the effective diameter
in Eq. (1) was proposed by Mair and Jones’ taking into account the
frontal area flow blockage provided by the finned cylinder model.
Measurements were carried out for a bare cylinder with a diame-
ter equal to the effective diameter of the finned cylinders to pro-
vide a base case for the flow field and acoustic resonance excitation.
The dimensions of the geometrical parameters used for the finned
cylinders are summarized in Table I,

Dt = %[(s —t)D; + tDy]. (1)

A. Aeroacoustic measurement

To measure the aeroacoustic response, the acoustic pressure
signal is recorded at different flow velocities between 20 m/s to
100 m/s. The corresponding Reynolds number ranges between
Re = 2.55 x 10* and Re = 1.27 x 10’ based on the effective diameter
and the free-stream flow velocity used in the measurements. Vor-
tex shedding causes periodic pressure fluctuations normal to both
the axis of the cylinder and the flow direction, resembling a dipole
sound source. Therefore, only transverse acoustic modes with acous-
tic pressure antinodes on the walls parallel to the cylinder axis can
be excited. The excitation of the acoustic mode with the lowest fre-
quency is of interest in the current study, as it will occur at the
lowest excitation flow velocity. Figure 2 shows the normalized acous-
tic pressure distribution of the first acoustic cross-mode in the duct
obtained from the finite element analysis, as will be discussed later.
The cylinder is located at the pressure node of the resonant stand-
ing wave. Acoustic pressure measurements are carried out using a
pre-polarized pressure microphone (1/4 in.) flush-mounted at the
top wall of the test section at the location of the maximum acous-
tic pressure. The microphone is attached 1 in. downstream from
the center of the cylinder, experimentally determined as the loca-
tion of maximum acoustic pressure recorded during the excitation

TABLE |. Geometrical parameters of the investigated cylinders; all cylinders have De
=19.05 mm.

D, (mm) D¢/D; s/ Degs t/Degr
Finned cylinder I 15.24 1.50 0.158 0.079
Finned cylinder II 12.70 2.00 0.158 0.079
Finned cylinder III 10.89 2.50 0.158 0.079
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FIG. 2. Normalized pressure distribution of the first acoustic standing wave mode.

of acoustic resonance.”” The pressure signal is recorded for a dura-
tion of 120 s at a sampling frequency of 20 kHz. The frequency
spectrum is calculated using Welch’s modified periodogram method
with a 50% overlap and a frequency resolution of 1 Hz. The
microphone signal is filtered using a fourth-order Butterworth fil-
ter with a frequency bandwidth of £50 Hz around the dominant
frequency peak. The value of the acoustic pressure Py is cal-
culated from the root mean square (rms) of the filtered acoustic
pressure signal. An approximate value of the natural frequency of
the first acoustic cross-mode can be obtained from the following
equation:

c

= ﬁ) (2)

fa
where c is the speed of sound and H is the height of the duct. The
value of f, calculated using Eq. (2) is 675 Hz, which falls within
2% of the measured experimental frequency during resonance exci-
tation. In order to compare the aeroacoustic response of different
cylinders, the acoustic pressure is presented in a normalized form,
P*, scaling the aerodynamic pressure oscillations with the input
kinetic energy and the Mach number according to the theory of
aeroacoustic sound,”*”’

P* — 2Prms
pULM’

©)

where M is the Mach number of the mean flow at the inlet. The flow
velocity is normalized in the form of reduced velocity (U,), defined
as

UOQ

U, = .
" fiDetr

4

B. Phase-locked particle image velocimetry

To investigate the effect of the fin diameter ratio on the
unsteady flow field during resonance, phase-locked PIV measure-
ments are carried out in vertical planes that span the x-y direction,
as shown in Fig. 1(a). The peak acoustic pressure level during reso-
nance excitation occurs at Reynolds numbers between 7 x 10* and
9.5 x 10* for the tested cases. A pulsed Nd:Yag laser with a wave-
length of 532 nm is used to illuminate the flow field. A CCD camera
is used to capture images of the illuminated measurement plane
at a resolution of 2752 x 2200 pixel. The airflow is seeded with
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particles of bis(2-ethylhexyl) sebacate (DEHS) generated using an
aerosol generator at a mean particle diameter of ~1 ym. The PIV
measurements for different cases are carried out at a flow velocity
that corresponds to the maximum Py, recorded during resonance
excitation.

For the finned cylinders, the measurement planes are located at
the center of the spacing between two consecutive fins close to the
midspan of the cylinder. In addition, to characterize the spanwise
flow development in the wake of the cylinders during resonance,
PIV measurements are performed at multiple x-y planes located
along the span of the cylinders. The spanwise measurements are
performed for the bare cylinder and one representative case of the
finned cylinder with D;/D, = 2.0 at the same phase of the acous-
tic pressure cycle. The measurements are performed over a region
of 3D along the span. A traverse mechanism is used to precisely
control the spanwise locations of the measurement planes that are
separated by a distance of Az = 9.5 mm

The signal from the flush-mounted microphone at the acoustic
pressure anti-node of the test section is used to trigger the laser pulse.
The laser timing system shoots the laser and captures image pairs ata
preset delay after the pressure signal trigger. This enables the acqui-
sition of image pairs that correspond to the same phase instants of
the acoustic pressure cycle. As the frequency of the acoustic mode
is higher than the maximum laser shooting frequency, several vor-
tex shedding cycles are skipped between consecutive image pairs.
However, the periodic vortex shedding influenced by strong steady
pressure oscillations under the lock-in condition ensured that image
pairs are captured at the desired phase angle with a minimum uncer-
tainty. To modify the phase of the flow field relative to the acoustic
cycle, the delay between the trigger signal and the image acquisi-
tion is adjusted using a timing circuit. Measurements are taken at
eight uniformly spaced phases of the acoustic pressure cycle. For
each phase, 100 instantaneous pair of images are acquired. The time
between pulses is adjusted to capture the maximum particle dis-
placement within one-quarter of the interrogation window used for
vector calculation. To minimize the effect of any jitter due to mea-
surements in different planes away from the microphone location,
500 instantaneous pair of images are acquired at each plane for the
measurements performed along spanwise locations. Images are pre-
processed to reduce any spurious reflections in the acquired images
followed by intensity normalization. Moreover, the areas affected by
the shadow of the cylinder and near the boundaries of the field of
view are excluded from the analysis. The vector field calculations are
performed using the multipass cross-correlation algorithm with one
pass at an initial window size of 48 x 48 pixels with 50% overlap and
four final passes at an interrogation window size of 24 x 24 pixels
with 50% overlap. The final vector fields have a vector pitch of 0.06D
x 0.06D. The measurement of flow velocity ¥ is accurate within +4%,
and the acoustic pressure Py is measured with an uncertainty of
+0.9%.

C. Quantification of local acoustic energy transfer

The aeroacoustic energy transfer between the flow and the
acoustic field of the standing wave is quantified using Howe’s
integral formulation of the aerodynamic sound” using a hybrid
numerical-experimental model. The general formulation of the
theory of aerodynamic sound [Eq. (5)] estimates the sound radiated
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from fluid flow,
2 62

= M(PWVJ +pij — copdy), ®)
where the density p fluctuates according to the second-order spa-
tial gradient of the turbulent stress tensor in the right-hand term.
The complexity of obtaining closure for the solutions of Eq. (5) is
expected as this formulation is an integral form of the Navier-Stokes
equation, where the source term accounts for the generation of
sound in addition to self-modulation due to acoustic non-linearity,
convection by the flow, refraction due to sound speed variations,
and attenuation caused by thermal and viscous effects. For relatively
simple, incompressible flows at low Mach numbers and neglecting
nonlinear aerodynamic and flow phenomena, Howe'’ showed that
the sound generation by the fluctuating fluid forces caused by a vor-
ticity field can be modeled as a dipole source. For an incompressible
flow field with vorticity w, acoustic particle velocity u,, and flow
velocity U, the acoustic pressure p emitted by a local dipole source
can be calculated according to the following equation:

*p L
i Vp = copoV.(@ x ua). (6)
The instantaneous acoustic power IT is obtained from the
instantaneous flow velocity U, instantaneous flow vorticity @, and
the instantaneous acoustic particle velocity u, according to the
following equation:

Hz—p/(?)-(l_]xﬁa)dv. )

This analytical derivation forms an acoustic analogy of sound
generation by fluid flow, where sound fields are directly related to
integrals of surface and volume source terms. The algorithm used
in this work to compute the spatial distribution of the acoustic
energy transfer rate and deduce the location and strength of acoustic
sources and sinks is shown in Fig. 3. To identify the local acous-
tic source strength, the interaction of the flow velocity, the flow
vorticity, and the acoustic particle velocity is needed. The acous-
tic pressure (Prms) is obtained experimentally from the aeroacoustic
response measurement, as described before. The two-dimensional
fields of velocity U are obtained at eight phases of the acoustic pres-
sure cycle using the phase-locked PIV measurements. Vorticity (@)
around the spanwise axis is measured from the velocity vectors using
the eight-point circulation method.”” The two-dimensional distri-
bution of acoustic particle velocity over the same plane is obtained
using finite element analysis, as will be discussed next.

A three-dimensional eigenvalue modal analysis is performed to
obtain the planar acoustic particle velocity vector distribution at a
plane corresponding to the PIV measurement plane. A finite element
solution is carried out to obtain the acoustic pressure and the vectors
of acoustic particle velocity for the first acoustic transverse mode by
solving the Helmholtz equation given as

Vo+kg=0, (8)

where k = 271f,/c is the wavenumber. During self-excitation of acous-
tic resonance, the time variation in the acoustic pressure p(t) inside
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FIG. 3. Algorithm used to quantify local
acoustic power production.
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the duct can be modeled as a simple harmonic motion according to
the following equation:

p(1) = 9. 9)

The variable ¢ satisfies the Helmholtz equation given in Eq. (8).
Equations (8) and (9) are solved with the appropriate boundary
conditions over a three-dimensional domain representing the exper-
imental test section. The inlet and the outlet are placed 60D,
upstream and downstream from the center of the cylinder, respec-
tively, to implement the zero acoustic pressure at the boundaries.
The discretization of the numerical grid is performed using a lin-
ear acoustic element. The planar acoustic pressure distribution is
calculated from the three-dimensional results at the plane of mea-
surements in a normalized form. Therefore, the acoustic pressure
is scaled using the measured P,y value for each case. The Euler
equation given in Eq. (10) relates the acoustic particle velocity dis-
tribution to the distribution of the acoustic pressure in the domain,

U,
p ot

= Vp. (10)

The acoustic particle velocity field U, is obtained using the
integral of the Euler equation,

Prms : VP(XJ/, Z)
27-p fa

where Py is the measured acoustic pressure and p(x, y, z) is the
normalized pressure distribution obtained from the numerical cal-
culations at a plane with the same spanwise location (z) as the PIV
measurement plane. Under resonant conditions, the acoustic par-
ticle velocity of the resonant mode lags the acoustic pressure by
a phase angle of 90°. Thus, the acoustic particle velocity field is
adjusted to obtain the instantaneous distribution corresponding to
the phase of the acoustic pressure cycle as

Ua(x,y,z) = , (11)

Uia(%,y,2,t) = Uy sin(2fat +90°). (12)

The obtained flow and acoustic quantities are then used in
Eq. (7) to calculate the instantaneous energy production II(x, y, t)
at all phase instants.

lll. AEROACOUSTIC CHARACTERISTICS

In this section, the aeroacoustic response of the finned cylin-
ders in cross-flow is presented to identify the effect of the diameter
ratio (Df/ D;) on the acoustic resonance excitation. For this purpose,
the characteristics associated with the amplitude and the dominant
frequency of the acoustic pressure fluctuations measured for a range
of incoming flow velocities are discussed. In Figs. 4(a) and 4(c), the
spectrogram of the measured acoustic pressure fluctuations in the
case of the bare cylinder before and during the excitation of acoustic
resonance is shown. At a flow velocity of Ueo = 41.6 m/s, lower than
that necessary for the onset of acoustic resonance, the spectrogram
in Fig. 4(a) shows two distinct frequency bands with a high spectral
energy. Among them, the dominant frequency in pressure fluctu-
ations is f = 435 Hz, which corresponds to the non-dimensional
Strouhal number of St = 0.198. This value of the Strouhal number
is typical for the periodic fluctuations of vortex shedding in the wake
of a bare cylinder at this range of Reynolds numbers. A close inspec-
tion of Fig. 4(a) shows that the spectral energy is distributed around a
band of frequencies near the dominant peak, f, = 435 Hz, implying a
temporal variation in the periodicity of vortex shedding. Moreover,
the existence of spectral energy around a frequency band near the
peak of f; = 670 Hz is also evident from Fig. 4(a), which corresponds
to the natural frequency of the first acoustic cross-mode of the duct
housing the cylinder. In comparison, when acoustic resonance is ini-
tiated at Ueo = 67 m/s, the spectrogram exhibits one dominant peak
near f, = 670 Hz in Fig. 4(c), which indicates the occurrence of the
frequency coincidence that is typical during acoustic resonance exci-
tation. Moreover, the spectral energy during resonance in Fig. 4(c)
is mostly concentrated around the dominant peak, f, = 670 Hz,
indicating the presence of an amplified periodic phenomenon. This
enhanced periodicity of the pressure fluctuations results from the
coupling between the aerodynamic and acoustic fields during res-
onance. For the finned cylinder with Dy/D, = 2.0, the spectrogram
of the measured acoustic pressure signal is shown in Figs. 4(b) and
4(d) to get insight into the spectral characteristics before and dur-
ing resonance excitation. The spectrogram before resonance exhibits
two peaks similar to that of the bare cylinder. However, the spectral
energy shows variation over a narrower region around the peak of
the vortex shedding frequency, f, = 446 Hz, implying an increased
periodicity of the fluctuations compared to that of the bare cylinder.
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FIG. 4. Spectrogram of the acoustic pressure fluctuations recorded before the onset of resonance and during resonance. [(a) and (c)] Bare cylinder and [(b) and (d)] finned

cylinder, D¢/D; = 2.0.

Moreover, the spectral energy of the coincided frequency during res-
onance in Fig. 4(d) exhibits enhanced periodicity of fluctuations, as
a result of the coupling with the resonant acoustic field. The spec-
trogram reveals that a fundamental change occurs in the spectral
characteristics of the acoustic pressure fluctuations under acoustic
resonance excitation.

To understand the salient characteristics associated with the
excitation of acoustic resonance, the spectra of the acoustic pressure
fluctuations for a range of flow velocities are inspected in Fig. 5(a).
The waterfall spectra of the acoustic pressure fluctuations in the case
of the bare cylinder are shown. At lower flow velocities, the spec-
tra of the pressure fluctuations have two discernible peaks, although
not readily apparent in Fig. 5(a) due to the relatively low ampli-
tude. The two peaks correspond to the frequency of the vortex shed-
ding and the natural frequency of the acoustic mode, as observed
earlier. When the vortex shedding frequency becomes close to the
natural frequency of the acoustic mode, a resonant acoustic stand-
ing wave forms inside the duct. As a result, the vortex shedding
frequency (f,) and the acoustic mode frequency (fs) get synchro-
nized, which is known as the frequency “lock-in.”" Following the
excitation of the acoustic resonance, a feedback mechanism is initi-
ated and results in energy exchange between the unsteady flow field
and the resonant sound field. This feedback mechanism causes a
sudden increase in the amplitude of fluctuating pressure inside the
duct in the order of the dynamic head of the flow, as evident from
Fig. 5(a). This state of acoustic resonance is self-sustained over a
range of flow velocities between ~63 m/s to ~75 m/s. During this
period, the vortex shedding frequency becomes locked-in to the first
acoustic cross-mode frequency f, = 670 Hz. The acoustic pressure
falls to its previous level after the lock-in period. The dominant
frequency and root mean square (rms) amplitude of the acoustic
pressure fluctuations from each spectrum are extracted and plotted

in Fig. 5(b), which delineates their progression with the increas-
ing flow velocity. The Py value is obtained from the root mean
square of the acoustic pressure signal bandpass filtered around the
dominant frequency, as mentioned earlier. The line fit through the
dominant frequency in the pressure spectra results in a Strouhal
number value of St ~ 0.20, which corresponds to the periodic vor-
tex shedding in the wake of a bare cylinder at this Reynolds number
range.

Figure 6 presents the spectral map of the acoustic pressure sig-
nal for the finned cylinders along with the bare cylinder. The spectral
maps show the variation in the Power Spectral Density (PSD) of the
measured acoustic pressure signal over the range of flow velocities.
The excitation of acoustic resonance near the frequency of the first
acoustic mode occurs for all the finned cylinder cases, as evident
from Figs. 6(b) and 6(c). The cases of finned cylinders show similar
characteristics to each other but exhibit a significant difference with
the case of the bare cylinder. In particular, the high-intensity fluctu-
ations persist over a reduced range of flow velocities for the finned
cylinders, compared to that of the bare cylinder, i.e., a narrower lock-
in region. To delineate the differences in the aeroacoustic response,
the progression of the normalized dominant frequency (f,/f2) and
the normalized acoustic pressure (P*) with the reduced flow veloc-
ity U, is shown in Fig. 7. The normalized frequency for the finned
cylinders in Fig. 7(a) exhibits similar trends to the bare cylinder.
Likewise, the dominant frequency of acoustic pressure fluctuations
for the finned cylinders increases linearly with the increase in the
reduced flow velocity until the resonance is excited, and the “lock-in”
condition is initiated. The linear fit through the dominant frequen-
cies for the finned cylinders resulted in a Strouhal number value of
St ~0.20, which is associated with the periodic vortex shedding in the
wake.'” Moreover, the frequency response in Fig. 7(a) also exhibits
the occurrence of an earlier exit of the frequency from the “lock-in”
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FIG. 5. The aeroacoustic response of a single bare cylinder: (a) waterfall plot of the
acoustic pressure spectrum at different flow velocities and (b) the effect of the flow
velocity on the dominant frequency and the root mean square acoustic pressure.

state in the case of the finned cylinders, resulting in a much shorter
“lock-in” period, compared to that of the bare cylinder. Figure 7(b)
shows that the acoustic resonance for all the finned cylinder cases
was self-excited at a lower reduced flow velocity compared to that of
the bare cylinder. Although the flow-acoustic coupling is sustained
over a shorter range of flow velocities for the finned cylinder cases,
Fig. 7(b) shows that the peak amplitude of P* reaches a higher value
than for the bare cylinder. Among the finned cylinders, the reduced
velocity at the onset of the acoustic resonance and the peak nor-
malized pressure during resonance shows a distinct variation. The
onset of the excitation of the acoustic resonance gradually decreases
from U, = 4.73 to U, = 4.62 as the diameter ratio increases from
D¢/D; = 1.5 to 2.5. The increase in the diameter ratio of the finned
cylinder from D¢/Dy=1.5t02.0 results in an increase in the normal-
ized acoustic pressure generated during the resonance to a value of
P* = 2.51. However, a further increase in the diameter ratio from
D¢/D; = 2 to 2.5 causes a decrease in the normalized pressure to
P* =2.05 at its peak value during resonance excitation.

ARTICLE scitation.org/journal/phf

In summary, the observations reveal that the characteristics of
the acoustic resonance excitation for the finned cylinders signifi-
cantly differ from those of the bare cylinder with the same effective
diameter. The difference implies a fundamental change in the char-
acteristics of the excitation source, which, in the present case, is the
periodic vortex shedding. In the absence of acoustic resonance, pre-
vious studies'>*' have found that the addition of fins around the bare
cylinder has a profound impact on the wake vortex shedding charac-
teristics. Arafa and Mohany’' reported that the spanwise coherence
of the vortex shedding along the span of the finned cylinder of a
comparable fin pitch increases significantly than that of the bare
cylinder under non-resonant conditions. Moreover, the strength
of the vortices increases significantly due to the addition of fins."”
Under resonance excitation, those effects, originating from the addi-
tion of fins, are expected to be accentuated. The enhanced spanwise
coherence and stronger vortices are likely to cause the generation
of a higher sound pressure level during resonance, as observed in
the aeroacoustic response. On the other hand, the increase in fin
diameter in the present case makes the onset flow velocity of the
resonance excitation much lower than the bare cylinder, despite
the usage of the same effective diameter (D). The excitation at a
lower flow velocity implies that the flow development in between
the fins significantly affects the wake vortex shedding and therefore
the resonance excitation. Indeed, the entrainment of flow between
the fins results in an accelerated jet-like flow due to the presence
of the lateral boundary layer on the surface of the fins.”' More-
over, Islam and Mohany'” reported an amplification of the coherent
velocity fluctuations due to the vortex shedding process in the wake
of the finned cylinders with increasing diameter ratios. The com-
bined effect of the accelerated flow and enhanced coherent velocity
fluctuation would result in higher perturbation in the near wake
of the finned cylinder, where stronger flow-acoustic coupling takes
place. The accelerated flow means that the local flow velocity at cer-
tain locations around the cylinder can be significantly higher than
the upstream velocity, as opposed to the case of a bare cylinder.
The result is an increased susceptibility to acoustic resonance, which
causes the excitation at a lower upstream flow velocity, as observed
in the aeroacoustic response. Despite the excitation at lower flow
velocities, the acoustic resonance for the finned cylinders is sus-
tained over a much shorter period of flow velocities than that of the
bare cylinder due to the enhanced flow separation from the surface
and edges of the fins as the diameter ratios increase, which would
result in the generation of stronger secondary vortices near the sur-
face of the fins. The interaction between the secondary vortices and
the resonant sound field interrupts the coupling of the primary vor-
tices at a higher pace as the flow velocity deviates from the condition
of frequency coincidence. Another reason for the observed aeroa-
coustic response of the finned cylinders is the absorption of sound
at the edges of the fins due to the enhanced flow separation from
the fin surfaces. Howe’’ discussed that the presence of sharp edges
at which mean flow separation occurs can cause a significant dis-
sipation of the sound energy, which is expended at the production
of vortices at the solid boundaries. To sustain acoustic resonance,
the net generation of the aeroacoustic energy needs to be positive
over the acoustic cycle. The enhanced sound energy absorption at
the fin edges would cause a premature interruption of the sustenance
of resonance. As evident from this discussion, the characteristics
of flow-acoustic coupling around the finned cylinders appear to be
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FIG. 7. The effect of the reduced flow velocity U, on (a) the frequency ratio (f/fa) In Fig. 8, the phase-resolved vorticity fields downstream of the

and (b) the normalized acoustic pressure (P*): (black circles) bare cylinder, (blue

squares) D¢/D;, = 2.5, (red triangles) Ds/D; = 2.0, and (green crosses) Dy/D, = 1.5. bare cylinder at the midspan plane (z = 0) are plotted. The vortic-

ity field shows a typical vortex shedding process downstream of the
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FIG. 8. Phase-resolved velocity vectors

and vorticity field over a complete acous-

tic pressure cycle in the wake of a bare

cylinder during excitation of acoustic res-

onance.

bare cylinder. At ¢ = 0°, the incipient vortex core at the top shear
layer forms due to the roll-up of vortices in the shear layer. This
process continues over the phases ¢ = 45° and ¢ = 90°. Meanwhile,
the bottom shear layer moves toward the opposite direction due to
the entrainment by the top shear layer. Careful consideration of the
direction of the acoustic particle velocity us, which is shown at an
arbitrary scale, shows that as the core of the vortex forms on one
side of the cylinder, the acoustic particle velocity tends to flow to the
other side, enhancing the separation process. As the acoustic field
and the flow field are in the lock-in state, the phase between the fluc-
tuating lift force and the acoustic velocity plays a crucial role in the
energy transfer between the two fields, sustaining the resonant field.

The vortex core is found to shed at the phase ¢ = 135°, and after
that, it convects downstream by the mean flow. The same process
repeats for the other half of the cycle. As the vortices travel down-
stream, their vorticity content diffuses gradually, confirming that the
effect of the flow-acoustic coupling is pronounced near the cylinder
surface.

Figure 9 shows the phase-resolved vorticity field in the wake of
the finned cylinder with D¢/Dy=2.0. As this case locks-in to the same
acoustic mode frequency as that in Fig. 8, the eight phases shown for
both cases have the same temporal step. However, the addition of
fins around the bare cylinder causes significant changes in the wake
vortex structure. Vortices shed downstream of the finned cylinder
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exhibits enhanced vorticity content and are more uniform with less
distortion of their cylindrical structure. The vortex formation region
moves upstream so that the number of vortex cores within the same
downstream distance is higher for the finned cylinder. As the pro-
duction of acoustic energy is more efficient closer to the cylinder
surface, the shorter formation of stronger vortices is likely to result
in an enhancement of the flow-acoustic coupling in the near wake.
The behavior of the vortices in the wake of each cylinder plays a
significant role in the excitation of acoustic resonance and the aeroa-
coustic energy transfer. To compare the strength and the decay rate
of the vortices for the investigated cylinders, the circulation of the
bounded vortex region is quantified. To identify individual vortices,

each connected circulating region is distinguished from the rest of
the flow fields using the Q-criterion.”’ Vortices are identified as the
region where the normalized second positive invariant, Q, of the
velocity gradient tensor VU is higher than 0.005. This threshold
was selected as an optimal value below which the change in circu-
lation is negligible. To improve the consistency of the identification
criterion, the Gaussian Mixture Model (GMM) is used to fit a con-
tinuous bounded ellipse based on the mean and covariance of the
sub-population, which, in the present case, is the vorticity region
identified using Q > 0.005. The approach provides a robust crite-
rion for selecting the region consistently, for the computation of the
circulation.”’ The identified vorticity regions such as those in Fig. 10
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FIG. 10. Comparison of the phase-resolved vorticity field downstream of the
cylinders at a phase angle of ¢ = 180° during excitation of acoustic resonance.

are consistent in size and are not distorted by small scale structures.
The circulation T' inside each bounded region S of vorticity @ was
calculated as

=" wjAAy, (13)
if

where w;; and AA;; are the discrete vortices and the corresponding
areas within the bounded region, respectively. The regions of vortic-
ity are identified starting one diameter downstream of the cylinder
to omit the separating shear layer. In Fig. 10, the identified vortices
are shown for the phase ¢ = 180°. Figure 10 also shows that adding
fins of different diameter ratios results in vorticity regions with dif-
ferent topologies than the bare cylinder. Increasing diameter ratios
(Dy/Dy) results in the formation of vortex cores closer to the cylin-
der. Previous investigations'>*' reported a reduction in the vortex
formation length downstream of the finned cylinders in the absence
of acoustic resonance excitation, as a result of the flow acceleration
between the fins and faster shear layer roll-up. Under the influence
of the cross-flow oscillation imposed by the acoustic field, the region
of the vortex formation is expected to move closer toward the cylin-
der surface. Moreover, the distribution of vortices in the vortex core
becomes more compact downstream of the finned cylinders with
higher Dy/D: as opposed to the elongated structures shown for the
bare cylinder in Fig. 10. The compact distribution of the vortices has
a significant effect on the induced velocity fluctuations, as will be
discussed later.

The evolution of the strength of the vortices based on the cir-
culation is plotted in Fig. 11. This figure includes circulation values
calculated from the vortex cores detected at all phases, which pro-
vides data for a continuous stream of vortices. Circulation values
are normalized using the effective diameter Ds and the free-stream
velocity Ueo. The continuous flux of vortices advected from the sur-
face toward the shear layer causes a rapid increase in the circulation
during the formation of the vortices until it saturates. After that,
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FIG. 11. The effect of the fin-to-root diameter ratio on the vortex strength along the
streamwise direction downstream of the cylinders. (i) Development of the vortex
strength downstream of each case during acoustic resonance excitation and (ii)
comparison of the investigated cases.

the strength of the vortex core drops significantly, indicating that
the vortex is being shed from the shear layer, leaving the vortex
formation region. After the detachment of the vortex, the strength
decreases gradually as the vortex core moves downstream due to the
viscous diffusion and vorticity annihilation. The strength of the vor-
tices follows a similar trend in the wake of the finned cylinders. The
strength of the vortex cores gradually increases with the increase in
the fin diameter ratio. The comparison of the strength of the vortices
is shown in Fig. 11(ii) after the detachment of the vortices. The peak
magnitude in the formation region for all the finned cylinder cases
is higher than that for the bare cylinder, although the free-stream
flow velocity is lower. This indicates that the fins have a significant
influence on how the vortices are separated and shed, which suggests
that the surface geometry of the fins, in addition to the influence
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of the acoustic field, plays a role in the development of the vor-
tex cores. In the absence of the acoustic resonance excitation, the
strength of the vortices in the wake of the finned cylinders is also
found to be significantly higher than that of the bare cylinder.'” This
finding bolsters the argument that the flow between the fins largely
dictates the strength of the vortices in the near wake with an ampli-
fication of the effect occurring in the presence of the reciprocating
acoustic particle velocity. The strength of the wake vortices for the
finned cylinders remains significantly higher over the whole down-
stream extent. Moreover, the decay rate for circulation downstream
of the finned cylinders is lower than that for the bare cylinder. The
increased strength of the vortices over the large downstream region
is likely to result from the enhanced coherence of the vortex shed-
ding. Moreover, the acoustic particle velocity also exhibits a higher
magnitude over the large downstream region, as shown later. The
resulting increase in the amplitude of the reciprocating acoustic field
would provide feedback to create more organized vortex shedding
and, as a result, stronger vortex cores. Because of the characteristics
of the trapped acoustic mode, the acoustic particle velocity is higher
close to the cylinder surface and is gradually weakened further away
from the cylinder. Therefore, the formation of a stronger vortex close
to the cylinder is crucial to the effectiveness of the energy transfer
mechanism from the flow field to the acoustic field.

It is of interest to look into the trajectories of the shed vor-
tices and their convection velocity (u.) to understand the compre-
hensive vortex dynamics in the wake. The trajectories of the vor-
tices located at the positive transverse position from all the phases
are plotted in Fig. 12(a). The trajectories are obtained from the
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FIG. 12. (a) Streamwise evolution of the trajectories of the vortex centers. (b)
Convection velocity in the wake of the cylinders during acoustic resonance
excitation.
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coordinates of the vortex centroid, as shown in Fig. 10. The cen-
troid of the vortices exhibits a similar position near the formation
region for all the cylinders. After the vortices shed and convected
downstream, the trajectories show a distinct variation. The vortices
in the wake of the bare cylinder tend to move away from the wake
centerline as they travel downstream. The vortices in the wake of
the finned cylinder with D¢/Dy = 1.5 exhibit a similar trend. In con-
trast, vortices tend to remain closer to the wake centerline as the
diameter ratio of the finned cylinder increases. As will be discussed
later, the magnitude of the acoustic particle velocity during reso-
nance remains higher downstream of the finned cylinder with larger
diameter ratios compared to that of the bare cylinder. Therefore, the
tendency of the vortices to remain close to the wake centerline is
likely to result from the entrainment by the acoustic particle veloc-
ity, which is largest at the antinode near the wake centerline. The
convection velocity of the vortices, which is obtained as the stream-
wise velocity at the vortex centroid, downstream of the cylinders is
shown in Fig. 12(b). Although the excitation of the peak acoustic res-
onance occurs at different free-stream flow velocities (see Fig. 7), the
convection velocity converges to a similar value of u:/Ueco ~ 0.82 at
the downstream end for all the cylinders. The convection velocity is
expected to result in a similar magnitude since all the cases become
locked-in to the same frequency of the acoustic mode. This is in con-
trast to the findings of the reduced convection velocity in the wake
of the finned cylinders without the acoustic resonance condition.'”
The increase in convection velocity signifies the effect of the feed-
back imposed by the acoustic field under the resonance excitation.
Another interesting observation is the significant increase in the
convection velocity near the vortex formation region downstream
of the higher diameter ratio finned cylinders. The reason for this can
be understood by considering the unsteady Coriolis force, p(@ x 1z ).
The strength of the vortices, as well as the acoustic particle velocity,
is found to increase significantly in the vicinity of the higher diame-
ter ratio finned cylinders. As a result, the magnitude of the unsteady
Coriolis force is expected to increase. The unsteady Coriolis force
is perpendicular to both the acoustic field and the vorticity vector
and acts as an unbalanced force in the streamwise direction, which
would produce an acceleration in the same direction. 2 Therefore,
the significant increase in the convection velocity in the vicinity of
the finned cylinder with a higher diameter ratio is attributed to the
enhanced fluctuating Coriolis force.

In Fig. 13, the phase-locked transverse velocity fluctuation v/
corresponding to the flow instant with the maximum acoustic par-
ticle velocity is shown. The velocity fluctuation is computed by
subtracting the time-averaged transverse velocity from the phase-
resolved transverse velocity at ¢ = 0°. For all finned cylinder cases,
the first peak of v/ is higher than that for the bare cylinder, and the
lobe structures of the fluctuating velocity move closer to the cylin-
der. The next few transverse velocity fluctuations in the wake of
the finned cylinder with Dy/D; = 1.5 have a slightly higher magni-
tude than the bare cylinder. As the diameter ratio D¢/D; increases,
the intensity of the fluctuating velocity field increases, reaching up
to 88% of the free-stream velocity in the near wake, indicating the
presence of strong resonance excitation downstream of the large
D¢/Dy, despite the lower Reynolds numbers. At this point, we can
recall that vortices in the wake of the higher diameter ratio finned
cylinders show a more compact distribution after it is advected, as
shown in Fig. 10. The unsteady velocity field during resonance is
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a combination of the fluctuating velocity field induced by the vor-
ticity and the unsteady potential flow, which describes the recipro-
cating sound field. Nelson, Halliwell, and Doak™” used theoretical
modeling to describe flow-acoustic interaction and found that the
distribution of the vorticity and the radius of the vortex core signifi-
cantly influence the level of velocity fluctuations. The induced veloc-
ity of the vortices is found to increase as the vorticity distribution
becomes more tightly packed. Thus, the vortex core radius precedes
over the strength that determines the induced velocity fluctuations
by the vortices. The increase in unsteady velocity fluctuation with
more compact vortices, as found in the present study, tends to agree
with this observation. Therefore, a significant increase in the ampli-
tude of the unsteady cross-flow velocity away from the cylinder is
attributed to be mainly caused by the velocity induced by vortices.
The increased fluctuation in the cross component of the flow veloc-
ity can exacerbate the excitation of acoustic resonance by providing
more energy to initiate the feedback mechanism.

B. Vortex dynamics along the span of the cylinders

Figure 14 shows the effect of the acoustic resonance excita-
tion on the spanwise structures of the vortices for the cases of a
bare cylinder and a finned cylinder with a diameter ratio of Dy/D;
= 2.0. The spanwise structure is compiled from measurements of
the vorticity in the x—y planes with a spacing of 0.5D in the span-
wise direction at the same exact instant of the coupled flow/acoustic
cycle. The 3D plot shows the isosurfaces of the normalized vor-
ticity at values between wD/Uo = —0.75 and 0.75. Without the
excitation of acoustic resonance, instabilities result in vortex dis-
locations between spanwise cells of different frequencies when the
primary vortices move out of phase with each other and the wake
pattern is dominated by the streamwise vortex pairs spaced by a dis-
tance of about one cylinder diameter.”’ Therefore, measurements

were carried out to cover a distance of three-cylinder diameters
in the spanwise direction during the excitation of acoustic reso-
nance. The 3D isosurfaces in Fig. 14 show notably straight, consis-
tent vortex cores along the spanwise direction for both cases. The
features of the vorticity field discussed in Figs. 8-10 also reflected
the uniformity of the vortex core along the span. This can be fur-
ther seen from the contours shown at different spanwise locations
in Fig. 14. For each case, only slight differences can be observed
between the vorticity field. Similar observations of vortex synchro-
nization have been indicated for other configurations. For exam-
ple, Yokoyama, Kitamiya, and Iida’' showed that imposing acoustic
resonance on a cascade of flat plates leads to synchronized vor-
tex shedding and a shorter vortex formation length. It is evident
from Fig. 14 that self-excited acoustic resonance can have a simi-
lar effect on the structures of the wake downstream of cylinders. It
can also be seen that the structures are more organized and con-
sistent in the case of the finned cylinder, which is associated with
a stronger resonance excitation and the effect of the flow between
the fins. The synchronization of vortex shedding over the spanwise
direction at a high Reynolds number is a fundamental change to
the wake flow and an important consequence of the strong acous-
tic resonance. The increased correlation of the vortex cores along
the cylinder’s span during the resonance excitation suggests the
existence of wake flow, which is dominantly two-dimensional. Sev-
eral studies'”"” in the literature have utilized the two-dimensional
numerical simulation to study the effect of the acoustic resonance
excitation in the wake of the bare cylinder, which seems reasonable
as evident from the present results. Moreover, the current results
emphasize the fact that it is possible to use the assumption of the
two-dimensional flow field in numerical simulations, which can be
coupled with a two-dimensional acoustic field to study the acous-
tic resonance excitation in complex flow geometries with reasonable
accuracy.
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V. AEROACOUSTIC ENERGY TRANSFER

In this section, the aeroacoustic energy transfer in the wake
of the cylinders due to the feedback mechanism between the flow
field and the resonant sound field is discussed. Figure 15 shows
the components used to calculate the acoustic energy production
IT using the algorithm shown in Fig. 3 for the bare cylinder and
the finned cylinder with D¢/D, = 2.0, corresponding to the phase,
¢ = 0°, of the acoustic pressure cycle. The acoustic particle velocity
field ua(x, y), the vorticity w(x, y), and the velocity U(x,y) of the
flow field are used to calculate the acoustic energy production using
Eq. (7). At this phase, the acoustic particle velocity field ua(x, y) is
at its maximum amplitude, traveling toward the positive transverse

direction. The magnitude of the acoustic particle velocity is higher
close to the cylinder surface for both cases, as evident from
Figs. 15(a) and 15(b). Therefore, the strong aeroacoustic coupling
is expected to occur in this region. The acoustic particle velocity also
exhibits a higher value away from the surface of the finned cylinder
compared to the bare cylinder. The vorticity field corresponding to
the same phase is shown in Figs. 15(c) and 15(d) for the bare cylin-
der and the finned cylinder, respectively. The instantaneous acoustic
power at this phase is calculated using the expression in Eq. (7), and
the distribution is shown in Figs. 15(e) and 15(f). Acoustic power
denotes the rate at which the flow does work on the acoustic field.
Therefore, the positive value shows the region where the acous-
tic energy is generated, and the negative value denotes the region
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FIG. 15. Instantaneous acoustic power in
the wake of the bare cylinder and finned
cylinder with Ds/D; = 2.0 at phase ¢ = 0°.
[(a) and (b)] Acoustic particle velocity, [(c)
and (d)] instantaneous vorticity, and [(e)
and (f)] instantaneous acoustic power.

1 —-3.0

where the acoustic energy is absorbed by the unsteady flow. As evi-
dent from Figs. 15(e) and 15(f), vortex cores circulating clock-wise
interact with the acoustic field to generate sound energy, whereas
the vortex cores circulating counter-clockwise cause sound absorp-
tion. Moreover, due to lock-in, the two fields are at the same phase
in the opposite side of the cycle, when the acoustic particle velocity
and the flow field are mirrored, leading to a continuous cycle of the
acoustic energy production. Acoustic sources and sinks with higher
intensity are located near the shear layer region, and the intensity
decreases as the vortices travel downstream. The vortices do not
generate or absorb acoustic energy at the instants of the acoustic
pressure cycle corresponding to the phases, ¢ = 90° and 270°, as the
acoustic particle velocity magnitude is zero.

It is instructive to compare the net aeroacoustic energy transfer
over one acoustic pressure cycle among the cylinders. The net energy
over the acoustic pressure cycle can be obtained by integrating
the instantaneous acoustic power distribution of the eight phases.
Figures 16(a), 16(c), 16(e), and 16(g) show the distribution of the
aeroacoustic sources and sinks derived from the net aeroacoustic
energy in the wake of the cylinders. A strong acoustic source is
located in the vicinity of the bare cylinder and extends over the vor-
tex formation region, as evident from Fig. 16(a). Acoustic sources
and sinks are then arranged in an alternating pattern similar to the
numerical observations of Mohany and Ziada'” in the case of a sin-
gle bare cylinder. The net distribution of the acoustic sources and
sinks in the wake of the finned cylinders in Figs. 16(c), 16(e), and

16(g) exhibits distinct characteristics. For the finned cylinder cases,
the source and sink distributions move closer toward the cylinder
location as the diameter ratio increases, which is consistent with
the shorter vortex formation region. Therefore, cylinders with a
higher diameter ratio (Dy/D;) induce a higher number of sources
and sinks within the same distance into the wake. Moreover, the
acoustic energy production within the sources and sinks increases
significantly as the diameter ratio increases, implying stronger flow-
acoustic coupling. The increase in the aeroacoustic energy genera-
tion is consistent with the increase in the acoustic resonance level
found in the case of the finned cylinders.

To quantify the net acoustic energy transfer from the flow field
to the acoustic field, the accumulated energy production at each
downstream location is integrated vertically within £2 Deg. The dis-
tribution of the integrated acoustic energy downstream of the cylin-
ders along the streamwise direction is shown in Figs. 16(b), 16(d),
16(f), and 16(h). In the case of the bare cylinder, the net acoustic
energy transfer is positive near the cylinder due to the location of
a strong acoustic source. The net energy transfer shows alternat-
ing positive and negative values due to the location of the sources
and sinks in the wake. Compared to the case of the bare cylinder,
the acoustic energy production is only slightly enhanced when a
finned cylinder with Dy/D, = 1.5 is used. Increasing the diameter
ratio to Dy/D, = 2.0 causes a significant increase in the peaks and
troughs of the acoustic energy production, which corresponds to
the stronger distribution of acoustic sources and sinks. This higher
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FIG. 16. Comparison of the aeroacoustic energy transfer in the wake of the cylinders. [(a) and (b)] Bare cylinder, [(c) and (d)] Ds/D; = 1.5, [(e) and (f)] Ds/D, = 2.0, and [(g)

and (h)] Dy/D; = 2.5.

energy exchange between the flow and the acoustic fields in the wake
of the finned cylinder with D;/D, = 2.0 explains the stronger reso-
nance excitation observed for cylinders with a higher diameter ratio.
This increase is a result of the combined effects of fins on the flow
development and the acoustic fields when the diameter ratio of the
fins is increased. First, even though acoustic resonance excitation
occurs at lower flow velocities, the higher diameter ratio is associ-
ated with the shedding of stronger, more organized vortex cores, and
thus, the energy production is enhanced. Second, the presence of fins
was found to enhance the amplitude of the acoustic particle velocity
as seen in Figs. 15(a) and 15(b) so that the acoustic field can produce
more energy at locations further downstream. The combined effect
of those two factors resulted in a significant increase in the produc-
tion rate of acoustic power (IT), although the incoming flow velocity
was lower at the peak of the acoustic resonance excitation.

These observations point to a very crucial role played by the
changes introduced to the wake flow, the acoustic field, and the
three-dimensionality of the shed vortices. The current understand-
ing of the self-excitation mechanisms of acoustic resonance is based
on observations collected from bare cylinder cases. Finned cylin-
ders, which are common in engineering applications, were found
to produce a stronger acoustic resonance at lower flow velocities,
which asserts the importance of taking the effect of the fin param-
eters and the changes introduced to the excitation mechanism of
acoustic resonance into account.

VI. CONCLUSION

In this work, a hybrid experimental-numerical method was
used to investigate the excitation of acoustic resonance in the wake
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of finned cylinders in cross-flow. Finned cylinders with the same
effective diameter, fin pitch, and thickness, but with different fin-
to-root diameter ratios were rigidly fixed in cross-flow at the loca-
tion of the acoustic pressure node (i.e., acoustic particle velocity
anti-node of the first acoustic cross-mode). In all cases, acoustic
resonance was self-excited at a flow velocity that corresponds to
the coincidence of the vortex shedding frequency and the acoustic
cross-mode of the duct. Despite having the same effective diame-
ter, the excitation of acoustic resonance yields distinct characteris-
tics for the finned cylinders. The presence of fins causes significant
changes in the wake vortex shedding characteristics compared to
the case of a bare cylinder, affecting the acoustic resonance excita-
tion. In particular, the flow entrainment between the fins increases
the strength of the periodic vortex shedding in the wake of finned
cylinders, an effect that becomes more pronounced with increas-
ing diameter ratios. As a result, finned cylinders are able to excite
acoustic resonance at flow velocities lower than those for the case
of bare cylinders. On the other hand, finned cylinders undergo a
narrower lock-in region and a higher normalized acoustic pres-
sure during resonance excitation compared to the case of the bare
cylinder. Therefore, observations of the characteristics of acoustic
resonance excitation studied using bare cylinders with the same
effective diameter as the finned cylinders could be misleading. Fur-
thermore, the distribution of acoustic sources and sinks in the wake
is obtained using phase-locked experimental data of the flow field
in addition to the resonant acoustic field from numerical simula-
tions, indicating that aeroacoustic coupling in the wake of the finned
cylinders is stronger than that for the bare cylinder. The observed
change in the aeroacoustic energy transfer is consistent with the
intrinsic flow dynamics that arise as a result of the addition of
fins. Finally, flow measurements were carried out at different loca-
tions along the span of bare and finned cylinders during resonance.
The results show that the vortices exhibit a uniform distribution
in the spanwise direction in the presence of self-excited acoustic
resonance, which indicates that using a two-dimensional model to
study the mechanism of acoustic resonance excitation can allow sig-
nificant progress toward effective methods to control its hazardous
consequences.
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