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ABSTRACT

Self-excitation of acoustic resonance in axisymmetric cavities can lead to a complex flow-acoustic coupling, which may result in severe noise
generation. In this work, a large eddy simulation is performed to model the different flow-sound coupling mechanisms during the self-
excitation of various excitable acoustic modes in an axisymmetric shallow cavity configuration with an aspect ratio of L/d = 1 over the lock-in
region. The compressible Navier-Stokes equations are solved at a resolution sufficient to capture the flow and the acoustic dynamics. The
excitation of three acoustic modes of different aerodynamic characteristics over the range of the tested flow velocities was observed. These
modes are a stationary diametral mode, a spinning diametral mode, and a longitudinal mode. The initiation and separation of vortices over
the cavity mouth accompanying the self-excitation of each mode involve different dynamics. If two antisymmetric series of vortical crescents
separate successively at the leading edge, a stationary acoustic mode is excited. The formation of a continuously rotating helical vortex, con-
necting the leading edge and the trailing edge, leads to the excitation of the diametral spinning mode. The excitation of the longitudinal mode
is associated with symmetric rings of vortices. Complex patterns of flow velocities and Reynolds stresses in the circumferential direction are
observed for the diametral modes but not for the longitudinal mode. In all cases, the excitation of acoustic resonance requires a synchro-
nization of the vortex separation and impingement processes, which is necessary for efficient feedback to sustain the flow-sound coupling
mechanism.
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NOMENCLATURE up tangential velocity component
o y distance from the pipe wall in the radial direction
D cavity diameter .
. 0 azimuthal angle
d cavity depth
A ¢ temporal phase angle
D,  pipe diameter - .
. w vorticity
Ja acoustic mode frequency
f shear layer mode frequency
L cavity length
cavly ens . 1. INTRODUCTION
P instantaneous acoustic pressure
pP* normalized acoustic pressure The excitation of acoustic resonance by an internal flow is a
Pyns  root mean square acoustic pressure design concern in many engineering applications. Under certain
St,  Strouhal number conditions, periodic flow instabilities can couple with the natural
Us free stream velocity acoustic modes of the flow-conveying duct, leading to incidents of
ugr  radial velocity component acoustic resonance excitation. The resulting strong acoustic oscil-
U,  reduced flow velocity lations have been reported in heat exchangers and boilers, cylin-
Uy stream wise velocity component ders,”° pipes,’ ? side branches,'”'" combustion chambers,' >’ gate
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14 . 15,16 . .
valves,'" and turbomachines.'”'® The excited acoustic resonance

starts abruptly and is often associated with acute noise and intense
vibration and can lead to fatigue and damage of equipment.'” Recent
experimental evidence showed that flow periodicities are capable
of exciting the diametral acoustic modes in coaxial configurations,
such as annular combustors,'”'* propulsion engines,”” and piping
sys'[ems.l”‘l1 In these cases, the interaction of the flow and acous-
tic fields occurs in the streamwise and transverse directions, leading
to an intricate pattern of flow and acoustic phenomena. Although
the mechanism that leads to excitation of acoustic resonance is
relatively well understood for the case of rectangular cavities, the
effect of the circular symmetry of the coaxial configuration on the
flow-acoustic coupling is not yet fully understood. Under normal
conditions, the flow separation over cavities results in negligible
production of acoustic power due to the periodic flapping of the
shear layer over the mouth of the cavity.”” Under certain condi-
tions, however, extreme acoustic oscillations can be excited due to
a fluid-resonant mechanism.”’ Rossiter”* reported that vortices sep-
arating at the leading edge of cavities are convicted downstream to
impinge on the trailing edge, releasing pressure oscillations with a
frequency that depends on the flow velocity and the cavity length.
If the frequency of the pressure oscillations coincides with the fre-
quency of an acoustic mode of the duct, the flow and the acoustic
field can become coupled, organizing and strengthening the separa-
tion and impingement, leading to the excitation of severe acoustic
resonance.”* This feedback results in the coupling of the acous-
tic mode with the periodic separation and impingement of vor-
tices, leading to a lock-in of their frequencies and a significant
increase in the acoustic pressure. Most of the available literature
report investigations of the acoustic response of rectangular cavi-
ties, leading to the excitation of either transverse”"** or longitudinal
modes,”””" using experimental’’ and numerical’” techniques. On
the other hand, the excitation of the acoustic diametral modes of
axisymmetric cavities has only been under investigation recently.
Analytic evidence of the existence of excitable diametral modes in
infinite cylindrical waveguides was first provided by Evans, Levitin,
and Vassiliev.”” The susceptibility of acoustic modes to excitation
by flow instability depends on the geometry of flow boundaries, as
well as the orientation of the acoustic mode with respect to the flow
perturbation.

An axisymmetric cavity is formed by the symmetric rotation of
a two-dimensional cavity configuration around the streamwise sym-
metry axis. In the absence of the mean flow, Hein, Koch, and Nan-
nen’” numerically showed that the axisymmetric geometry could
create perfectly acoustic trapped modes that have antisymmetric
pressure oscillations and no preferred azimuthal orientation. In such
a case, the excited acoustic modes have a frequency that is lower than
the cutoff frequency of the duct. Keller and Escudier’ experimen-
tally investigated the excitation of the diametral modes of an annular
cavity connected to a pipe through a thin annular opening. Although
the observed acoustic mode was stationary, its azimuthal orientation
changed as each experimental configuration was assembled, suggest-
ing that it takes a preferred position due to deviations from a per-
fect axisymmetric configuration. Awny and Ziada™ experimentally
investigated the flow-excited resonances of the acoustic diametral
modes of a cylindrical pipe housing an axisymmetric shallow cav-
ity, observing intense acoustic pressure levels reaching up to 170 dB
associated with lock-in over a wide range of flow velocities. In
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a series of experimental investigations, Aly and Ziada”"" "’ pro-
vided a description of the aeroacoustic characteristics of axisym-
metric shallow cavities, providing extensive details of the effect of
the cavity geometry on the acoustic resonance level and acoustic
pressure patterns. Results indicated that diametral acoustic modes,
with their acoustic pressure nodes at the axis and pressure antin-
odes at the circumference of the cavity floor, can be excited by
the flow in the duct. Because these modes have no preferred loca-
tion for the pressure antinode along the outer circumference, they
can spin around the duct streamwise symmetry axis. As a result,
the excited modes are stationary at low flow velocities, but they
switch to spinning mode pattern at higher velocities. Notably, small
geometrical deviations from axisymmetry and localized damping
effects introduce an orientation preference that results in partially
spinning behavior. The acoustic characteristics of the first excited
acoustic mode are significantly influenced by the mean flow veloc-
ity. Their results also showed that the acoustic pressure at reso-
nance increases as the cavity becomes shorter or deeper relative to
the main pipe diameter. Moreover, the cavity length to depth ratio
controls the amplitudes of the various excited diametral and longi-
tudinal modes. However, this set of investigations did not include
any aspects of the flow field or the influence of diametral or lon-
gitudinal mode excitation on the structure of the separated shear
layer on the cavity mouth and did not provide details of the flow
dynamics that take place as modes of different azimuthal behav-
iors are excited. Oshkai and Barannyk™ experimentally measured
the acoustic pressure at different azimuthal locations on the wall
of an axisymmetric cavity, confirming that the geometries of the
leading and trailing edges of the cavity have an effect on the acous-
tic pressure amplitude. They also indicated that spinning modes
are excited after a threshold of Mach number is exceeded, whereas
stationary or partially spinning modes can be observed at lower
flow velocities. Thirumoorthy, Chakravarthy, and Brahmanandam H
experimentally investigated the excitation of the acoustic diametral
modes using a pressure transducer, showing that the streamwise
shape of the cavity has a significant effect on the resonance pressure
amplitude.

Compared with the significant efforts carried out to identify
the acoustic characteristics of the diametral mode excitation in
axisymmetric cavities, very limited reports of the dynamics of the
flow field during resonance excitation are available in the literature.
Oshkai and Barannyk'’ used particle image velocimetry to visual-
ize the instantaneous vorticity field of the first shear layer mode
during excitation of the diametral acoustic modes. Ziada, Bolduc,
and Lafon™ investigated the excitation of diametral modes within
a rectangular cavity attached to a circular pipe. Due to the prefer-
ential azimuthal orientation of the square cavity, complex station-
ary and spinning mode patterns were observed. The interaction of
two orthogonal modes was shown to generate spinning behavior
that is associated with a helical vortex structure between the cav-
ity leading and trailing edges. More recently, Wang and Liu"* car-
ried out a three-dimensional (3D) zonal large eddy simulation (LES)
of the flow dynamics of an axisymmetric cavity under conditions
that give rise to the maximum resonance intensity. The numerical
model was able to capture the acoustic frequencies and the spinning
helical structure of the first three diametral acoustic modes. Results
showed that the flow field, when coupled with the spinning modes at
their maximum intensity, possesses a complex 3D vortex structure.
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Wang and Liu™ suggested that two separate vortex shedding modes
are responsible for the spinning motion. However, Wang and
Liu*** only studied pure spinning modes at a single cavity con-
figuration and did not present aspects of the flow dynamics during
excitation of longitudinal or diametral modes of different azimuthal
behaviors. On the other hand, Shaaban and Ziada"® carried out par-
ticle image velocimetry measurements on a rectangular cavity in a
pipe during excitation of the pipe longitudinal modes, showing that
the strong acoustic oscillations synchronize and strengthen vortex
shedding at the leading edge, creating a sound source over the cavity
mouth. Results showed a pronounced effect of the strong acous-
tic oscillations on the flow dynamics. Yet, Shaaban and Ziada™® did
not consider a circular cavity configuration and did not observe
the excitation of diametral modes. As a result, the nature of the
coupling associated with the excitation of modes that have differ-
ent azimuthal behaviors in an axisymmetric cavity has not been
clarified.

From the foregoing discussion, it becomes clear that the effect
of flow-acoustic coupling on the flow dynamics of axisymmetric
cavities is not yet well understood. The different azimuthal behaviors
of the excited diametral and longitudinal acoustic modes at differ-
ent flow velocities are bound to have a significant effect on the flow
dynamics at the cavity mouth, which had not been previously iden-
tified. Moreover, the modal characteristics of the acoustic pressure
and the flow fluctuations over the cavity need to be investigated.
In addition, investigating the behavior of the coupled acoustic-flow
fields over the lock-in region can help identify the critical changes in
the flow separation, impingement over an acoustic cycle, its role in
initiating specific acoustic modes, and determining their azimuthal
behaviors. Understanding the details of this mechanism is partic-
ularly critical to enable finding ways to mitigate resonance excita-
tion and control its potentially destructive oscillations. Therefore,
this work presents a numerical study of the flow dynamics and the
azimuthal behaviors of the flow-excited acoustic modes of axisym-
metric cavities using large eddy simulations. The coupled flow-
acoustic field is directly simulated for a range of flow velocities that
result in the self-excitation of stationary, spinning, and longitudinal
acoustic modes by the flow over an axisymmetric cavity of a length
to depth ratio of 1.0. The aeroacoustic response of the axisymmetric
cavity, including the phase characteristics of the acoustic pressure
at the cavity walls, is numerically identified. Results of the acous-
tic pressure and flow characteristics’ development at different flow
velocities are used to elucidate the effect of the azimuthal behavior
of the excited mode on the flow dynamics to help identify efficient
control strategies.

Il. METHODOLOGY

In this study, the coupling between the air flow and acoustic
fields over an axisymmetric cavity is studied by means of three-
dimensional Large Eddy Simulations (LESs). A schematic of the
computational domain and the used mesh are shown in Fig. 1. The
domain of interest consists of a cylindrical cavity of an outer diam-
eter D = 200 mm, a length L = 25 mm, and a depth d = 25 mm,
forming a cavity with an aspect ratio of L/d = 1. The cavity is axisym-
metrically attached to a pipe with a diameter D, = 150 mm. The
pipe extends 3 diameters (3D) in the upstream and downstream
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FIG. 1. Flow domain, mesh details, and pressure monitors’ location.

directions in order to enable flow development and prevent any sig-
nificant effect of the inlet and exit boundary conditions on the cavity
region and reduce the effect of acoustic radiation from the test sec-
tion ends.”” These dimensions were based upon the experimental
investigation of Aly and Ziada™ to provide a base for validation of
the results.

A fully coupled transient solver for compressible turbulent
flows was deployed on the open source OpenFOAM computa-
tional fluid dynamics library to solve the transient three-dimensional
Navier-Stokes equations in order to obtain the flow dynamics and
the aeroacoustic response. The PIMPLE algorithm, which is a com-
bination of the PISO and the SIMPLE algorithms, was used to
resolve the pressure-velocity coupling by solving the governing
equations of continuity, momentum, and energy balance for Newto-
nian fluids.”® The thermophyiscal properties of air including molec-
ular viscosity, Prandtl number, and specific heat at constant vol-
ume are used at their values at 20 °C. The density and internal
energy are modeled according to the ideal gas equation of state. The
Smagorinsky model was used to model the turbulence in the sub-
grid scale by solving the subgrid-scale kinetic energy kg, equation,
as it provides accurate predictions in axisymmetric flows, as shown
by Lee and Cant.”” The large eddy stress tensor is associated with the
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subgrid-scale stress tensor through the subgrid-scale viscosity, rep-
resented as follows:

2 —
7 % Shegdij = 2vegs(D )i 1)

where 7 is the subgrid-scale stress tensor, v is the subgrid-scale
viscosity, and ks is the subgrid-scale kinetic energy. The aster-
isk denotes the deviatoric components of the large-scale strain rate
tensor.
The subgrid-scale kinetic energy is calculated as
1

1 _
k:gs = ETkk = E(ukuk - ukuk)' (2)

The subgrid-scale viscosity is related to the kinetic energy as

Vsgs = Cr ksgsA; (3)

where Cj is a model constant, with a value of 0.094. The subgrid-
scale kinetic energy production, dissipation, and diffusion are
accounted by solving a transport equation, as theoretically derived
by Yoshizawa and Horiuti.”’ The grid size A that defines the sub-
grid length scale is calculated using a van Driest damping function in
the near-wall region. The spectral characteristics of the flow velocity
show a good agreement with the predicted turbulence energy cas-
cade over the frequency range of interest. The second-order implicit
backward Euler scheme was used for temporal discretization. A
Gauss linear-upwind scheme is used for the spatial discretization of
the convective terms in the momentum equation, and a Gauss lin-
ear gradient differentiation scheme is used for the diffusive terms.
All the implemented schemes had second-order accuracy to enable
self-initiation and fine resolution of the transient and periodic flow
structures.”’

The simulation is performed at nine inlet flow velocities from
Ue =50 m/s to 75 m/s, corresponding to a Reynolds number range
between 8.2 x 10* and 1.2 x 10° based on the cavity length L. Over
this range, previous experiments by Aly and Ziada™ suggested a
change in the azimuthal behavior of the excited acoustic mode. As
will be discussed in details hereafter, the flow velocity determines
whether the excited mode is stationary or spinning, which enables
the investigation of the differences to the mechanism of excitation.

The flow domain, shown in Fig. 1, is meshed into a hexahe-
dron structured grid with 8 x 10° elements in the inlet and outlet
pipes, and 1.5 x 10° nodes in the cavity section. The element size is
set to insure a convective Courant number of less than 0.8 and an
acoustic Courant number of less than 4.0 all over the flow domain.
The inlet boundary condition is set as a velocity inlet with uniform
velocity Uso. An outflow boundary is specified at the outlet. The
pressure on the inlet and outlet boundaries is modeled using a non-
reflecting wave-transmissive condition. A wall function is used to
model the flow in the near-wall region according to the logarithmic
law of the wall with a stepwise implementation.’” The value of y*
at the leading and trailing edges ranges from 28 to 37, allowing for
accurate application of the wall function.”” Pressure monitor points
are located on the wall of the cavity to capture the amplitude and
phase characteristics of the excited resonance in a form comparable
to available experimental studies. The azimuthal angle 6 is counter-
clockwise with the location of the pressure monitor p; as a reference
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FIG. 2. Effect of (a) the number of mesh nodes and (b) the time step on the pre-
dicted acoustic pressure amplitude and dominant frequency at an inlet flow velocity
0of Uso =64 m/s.

A sensitivity analysis was carried out to ensure that the results
have no dependency on the time step or the mesh node count. The
datain Fig. 2 show the acoustic pressure and dominant frequency on
the cavity wall at an inlet flow velocity of Us, = 64 m/s for different
meshes and time steps. The tested meshes were created by splitting
elements in the dense cavity zone. The time step and the number
of elements did not show any significant effect on the frequency
of the oscillations, as the instability can be predicted using a lower
temporal and spatial resolution than necessary to resolve the flow-
acoustic coupling.”” Using a time step higher than 6 x 107° s results
in a decrease in the predicted acoustic pressure amplitude. At a time
step of 8 x 107 s, the instability is still captured as a dominant fre-
quency, but the amplitude drops down near background noise levels,
signaling that the acoustic Courant number is larger than necessary
to resolve the flow-acoustic coupling and predict self-excitation of
resonarnce.

Figure 3 shows the normalized predicted acoustic pressure,
defined using the reference density po of air at 20 °C as follows:

following a right hand rule with the coordinate system, as shown in P = 2Prms )
Fig. 1. poUL "
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FIG. 3. Computational model prediction of the normalized aeroacoustic pressure
over the lock-in range compared with the observations of Aly and Ziada.*® Repro-
duced with permission from K. Aly and S. Ziada, “Flow-excited resonance of
trapped modes of ducted shallow cavities,” J. Fluids Struct. 26(1), 92-120 (2010).
Copyright 2010 Elsevier.

Figure 3 shows a good agreement between the predicted aeroacous-
tic response and that observed experimentally by Aly and Ziada™ for
a cavity with the same dimensions. The peak normalized pressure is
captured at the same upstream flow velocity of Ueo = 64 m/s. A fur-
ther increase in flow velocity results in a decrease in the normalized
acoustic pressure. In addition, Fig. 4 shows the flow velocity profile
temporally averaged at a flow velocity of 31 m/s at the upstream edge
of the cavity, compared with the hotwire results of Aly and Ziada™ at
the same location, flow velocity, and cavity dimensions. The velocity
profile confirms that the flow is fully developed prior to separation.
A clear agreement between the current model predictions and the
experimental results asserts the accuracy of the simulation in captur-
ing details of the flow separation. The boundary profile and momen-
tum thickness at the leading edge, which are vital parameters that
determine the flow dynamics over the cavity mouth, are accurately
predicted.

80
70 £ LES (current study) E
.
60+, Experimental (Aly & 13
— 0 Ziada 2010) 4
é 40 !
= 30 :
20 :
18 e r ““r‘l"l"}:lllll
0.00 025 050 075 100 125

u/U,

mean

FIG. 4. Comparison of the average radial boundary layer profile at the cav-
ity leading edge over a cycle of vortex shedding in comparison with exper-
imental hotwire measurements of Aly and Ziada.*® Reproduced with permis-
sion from K. Aly and S. Ziada, “Flow-excited resonance of trapped modes of
ducted shallow cavities,” J. Fluids Struct. 26(1), 92—-120 (2010). Copyright 2010
Elsevier.
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I1l. AEROACOUSTIC RESPONSE OF AN AXISYMMETRIC
CAVITY

In this section, the results of the large eddy simulation of the
coupled flow-sound fields over a range of flow velocities are dis-
cussed to illustrate the flow dynamics that lead to different acoustic
pressure and azimuthal characteristics of the excited acoustic modes.
Figure 5 shows the normalized acoustic pressure P* as defined in
Eq. (4) for a range of reduced velocities Uy,
_ UOO

fal”

where f; is the acoustic mode frequency and L is the characteris-
tic length, set as the cavity length between the leading and trailing
edges. The computational model is able to predict a typical lock-in
behavior, similar to that observed in experimental studies of axisym-
metric cavities.” An increase in the reduced velocity from U, = 0.8
t0 0.93 triggered a clear increase in the normalized pressure P* from
1.3 to 2.2. A further increase beyond U, = 0.93 resulted in a drop of
P* to its previous levels. A further increase in the reduced velocity
up to Uy = 1.28 results in a gradual increase in the value of P* to 1.8.
Such behavior indicates that an excitation source is present and is
related to the second shear layer mode, which occurs at a Strouhal
number St, close to 1.0, defined as follows:

L
sto= FL 2 -,
Uo M+

Ur

©)

n—o

(6)

where f, is the nth shear layer mode frequency and x and « are
empirical constants that correspond to the average convection speed
of the vortices in the shear layer and a phase delay, respectively. For
turbulent flows, the value of 1/« is typically 1.75 and « is typically
equal to 0.25.”" Figure 5 shows that the increase in flow velocity
leads to the excitation of acoustic modes of three different azimuthal
mode behaviors. The three modes are distinguishable by the pat-
tern of the acoustic pressure in the cavity cross section as well as
whether the pattern spins around the cavity axis, as will be discussed
in the following sections. Notably, the three excited modes are all
variant across the cavity cross section only so that the acoustic pres-
sure distribution is uniform over the length of the cavity. Modes of
higher orders in the streamwise direction are expected to have much
higher frequencies than modes excited in this study due to the low
cavity length to diameter ratio L/d. At the lowest range of reduced

3.00 — A Stationery diamteral mode
[ O Spinning diametral mode
% P
250 & Longitudinal mode
@)
*  2.00 +
O X x
1.50 + o X
- A O O
1.00 oy
0.50 0.75 1.00 1.25 1.50

FIG. 5. The effect of the reduced velocity on the normalized pressure and the
azimuthal behavior of the excited mode for an axisymmetric cavity of a length to
depth ratio of L/d = 1.
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velocities, up to U, = 0.75, a stationary diametral mode is observed.
Between reduced velocities of U; = 0.75 and 1.00, the excited mode
spins. Increasing the reduced flow velocity U; beyond 1.00 results
in the excitation of a longitudinal acoustic mode. The following dis-
cussion illustrates the characteristics of each of the three different
modes and elucidates the coupled flow-acoustic dynamics that lead
to the excitation of each azimuthal behavior.

IV. AZIMUTHAL BEHAVIOUR OF EXCITED
ACOUSTIC MODES

The pressure characteristics of the three different excited acous-
tic modes can be illustrated by inspecting the pressure contours

(@

¢ =90°

(b)

¢ =90°

©

0 =0° ¢ =90°
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at the middle cross section of the cavity over a complete acoustic
cycle during lock-in, as shown in Fig. 6 (multimedia view). At Ueo
=50 m/s, a stationary diametral mode is observed. The acoustic fre-
quency of this mode is f; = 2728 Hz. The acoustic pressure at four
equally spaced instants on the acoustic cycle is shown in Fig. 6(a)
(multimedia view), depicted by the temporal phase angle ¢, referred
to the start of the acoustic cycle ¢ = 0. This mode is characterized
by stationary oscillations of the acoustic pressure that are antisym-
metric over two opposite sides of the cross section of the cavity. Two
nodal acoustic pressure planes extend in the streamwise x direction.
The first nodal plane intersects with the cross section at a straight
line that has an azimuthal angle of 6 » 90°. The second nodal plane
intersects with the cross section at a circle that coincides with the

¢ = 180° ¢ =270°

p/0.50U2
3.0e+00

Io

-3.0e+00

¢ = 180° ¢ =270°

p/0.5pU2
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FIG. 6. The instantaneous pressure normalized by the maximum dynamic pressure in the middle cross section of the cavity at four equally spaced instants of the acoustic
cycle at three different flow velocities. (a) Stationary acoustic diametral mode, U =50 m/s, (b) spinning acoustic diametral mode, U = 64 m/s, and (c) longitudinal mode,
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FIG. 7. The progress of acoustic pressure over the outer wall of the cavity at different flow velocities. (a) Stationary acoustic diametral mode, Uo = 50 m/s, (b) partially
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circumference of the pipe wall. On the two sides of the straight nodal
plane, the pressure has a second-order diametral distribution with
two stationary antinodes that are antisymmetric with each other on
the two sides of the circular nodal plane. The two halves of the cross
section are antisymmetric with each other. The whole distribution
is stationary in the azimuthal direction 0 such that the nodal planes
keep their positions over the cycle.

As the flow velocity increases to U = 64 m/s, a spinning mode
is observed. In this case, Fig. 6(b) (multimedia view) shows spatially
similar pressure distribution over the cross section. The frequency
of this mode is f; = 2699 Hz. Over the span of the acoustic cycle,
however, a completely different variation of the acoustic pressure
distribution takes place. While the cylindrical nodal plane is sta-
ble, the straight nodal plane rotates around the streamwise axis of
the cross section. The two halves of the cross section stay opposite
and antisymmetric with each other, keeping nearly stable values of
acoustic pressure over time while rotating one complete circle over
the lock-in frequency acoustic cycle. Two antinodes with the highest
and lowest values of acoustic pressure rotate along the cavity outer
wall, antisymmetric with two other antinodes that have generally
lower acoustic pressure values. This spinning behavior occurs in a
streamwise direction. The direction of spinning is theoretically arbi-
trary, and therefore, the result obtained in the simulation is subject
to the computational conditions.

As the flow velocity increases to Uso = 75 m/s, a longitudinal
mode is excited. This mode has nodal and antinodal planes in the
streamwise x direction and also has a second-order distribution in
the cross section of the cavity. No straight nodal planes split the cross
section. Over the complete acoustic cycle, the pressure contours in
Fig. 6(c) (multimedia view) show that the acoustic pressure over the
outer wall of the cavity has a fixed phase, with the same instanta-
neous value over the whole circumference. The pressure changes
from a maximum to a minimum over the outer wall in the same time.
On the other side of the cylindrical nodal plane, closer to the center
line of the pipe, the pressure is antisymmetric with the pressure on
the outer wall, with generally lower acoustic pressure.

To further investigate the progress of acoustic resonance exci-
tation for the different modes as the flow velocity changes over the
range of lock-in, Fig. 7 shows the temporal and spatial develop-
ment of the acoustic pressure on the wall of the cavity at different
upstream flow velocities. The first column shows the development
of the acoustic pressure signal detected at the monitor location p;
for five different flow velocities until the acoustic pressure stabilizes
into statistically stable oscillations of a steady amplitude. Notably,
the simulated time required for the case to reach a steady oscilla-
tion amplitude decreases significantly as the flow velocity increases,
such as 0.8 s is required at Uoo = 50 m/s and only 0.1 s is required at
U =75 m/s. Careful inspection suggests that this value depends on
the square of the upstream flow velocity UZ,, indicating a depen-
dency on the flow kinetic energy, in agreement with experimen-
tal evidence for other acoustic resonance excitation mechanisms.”
This can reasonably be expected, as flows can excite and sustain a
stronger acoustic resonance in proportion with the available kinetic
energy.

In the middle column of Fig. 7, we take a closer look at the
development of the acoustic pressure on the wall of the cavity over a
small number of acoustic cycles at different upstream flow velocities
for steady-state oscillations. In the five figures, the colors of the lines
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are consistent with the location of the four pressure monitors shown
in Fig. 1. At Uss = 50 m/s, a stationary mode is excited. The acoustic
pressure on the outer wall shows a pattern of differences in phase and
amplitude such that peaks and troughs coincide with each other. All
microphones pass through the value of p = 0 at the same instant. As
the flow velocity increases to Uso = 55 m/s, the mode starts to have
a spinning component, the acoustic pressure amplitudes at the four
monitors become closer to each other, and start to have their peaks at
different instants of the cycle. A further increase in acoustic pressure
values is observed at Uoo = 64 m/s, where the peak acoustic pres-
sure is observed. A further increase in flow velocity to Ueo = 66 m/s
results in a drop in the amplitudes of acoustic pressure, a variation
in the amplitudes, and a change in the phase differences between the
peaks as the mode starts to exit its pure spinning behavior. At Ueo
=75 m/s, the excited mode is longitudinal, and the acoustic pressure
amplitudes at the four monitors, and in fact along the whole cir-
cumference, have the same value and the same phase over the whole
acoustic cycle.

The right column of Fig. 7 shows the phase of the acoustic pres-
sure signal at eight equally spaced locations over the circumference
of the cavity middle cross section at different upstream flow veloc-
ities. All phase angles ¢ are referred to the pressure signal at the
location of the monitor p; for comparison. At Uss = 50 m/s, the
stationary behavior is evident by the pattern of clear phases in the
figure. Four of the monitors sustain a phase of ¢ = 0°, while the other
four have a consistent phase of ¢ = 180°. The two groups are sepa-
rated by the nodal line azimuthal angle, close to 6 = 45°, where the
phase jumps abruptly. It is important to note that under ideal condi-
tions, the orientation of the nodal line is expected to be arbitrary, and
the value it assumes in the simulation is a result of numerical residu-
als. As the flow velocity increases to Uso = 55 m/s, an incremental
linear increase in the acoustic pressure phase over the cavity cir-
cumference indicates that the acoustic mode is spinning. The phase
angle increases over the diametral coordinate 6, as the peaks spin
around the symmetry axis. Some deviation is evident as the behavior
is not purely spinning. At the peak of the excitation of the spinning
diametral mode, a nearly linear phase pattern is observed at Ueo
= 64 m/s. As all phases are referred to the phase of the monitor p;
with a physical azimuthal location of 8 = 0, the phase angles ¢ and
0 coincide with each other at all locations. With a further increase
in the upstream flow velocity to Us = 66 m/s, a partially spinning
mode is observed, with deviations of the phase angles ¢ from the
azimuthal location 6 opposite to the deviations before the peak of
resonance. At Uoo = 75 m/s, no diametral mode is excited, and the
pattern of the phase angle shows a steady phase of ¢ = 0, indicating
that all locations are in phase with each other. As expected, the longi-
tudinal mode is not capable of showing any spinning characteristics
due to its cylindrical symmetry.

V. DYNAMICS OF THE FLOW-ACOUSTIC COUPLING

For the coupled flow-acoustic field during resonance excita-
tion, strong oscillations exert a strong influence on the flow field.
The periodic oscillations in the flow field, in turn, provide the ade-
quate feedback to sustain the energy transfer from the flow to the
acoustic field. As a result, the flow fields are expected to follow differ-
ent patterns according to the pressure and acoustic particle velocity
distributions of the excited acoustic modes. Due to the cylindrical
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symmetry of the cavity configuration, it is convenient to investigate
the distribution of flow velocity over its cross section using the cylin-
drical coordinates x in the streamwise direction, R in the radial direc-
tion outward from the center, and 0 counterclockwise and normal to
the other two directions everywhere.

Figures 8 and 9 show the instantaneous distribution of the
radial and tangential components of the flow velocity, respectively,
over the cavity cross section at the middle of the distance between
the leading and trailing edges. Four different instants over the acous-
tic cycle are shown for each upstream flow velocity, equivalent to
the cases discussed in Fig. 6 (multimedia view). Figure 8 shows
that the radial component of the flow velocity ur reaches up to
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FIG. 8. The radial velocity component ug normalized by the upstream velocity in the middle cross section of the cavity at four equally spaced instants of the acoustic cycle

at three different flow velocities. (a) Stationary acoustic diametral mode, Uoo
=75m/s.
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=50 m/s, (b) spinning acoustic diametral mode, U
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£0.25 of the upstream velocity for the three cases. This component
oscillates over the acoustic cycle, resembling a significant oscillat-
ing momentum injection into and out of the cavity. The manner in
which this injection occurs clearly influences how the acoustic mode
materializes.

At U = 50 m/s, at which a stationary diametral mode is
excited, a corresponding stationary behavior is seen in Fig. 8(a) for
the radial flow velocity component. The radial velocity reaches a
maximum on one side of the antinodal plane and a minimum on
the other side. The two sides then vary toward ur = 0 and then
reverse their previous values. A full cycle is then completed as all
radial velocities reach the value of ug = 0 for the second time.
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The antisymmetric oscillating nature of the radial velocity means
that momentum is injected in an oscillating manner so that at any
instant, the flow moves toward one of two cavity sides. The two sides
correspond to the two fixed outer antinodes seen in Fig. 6(a) (multi-
media view). This oscillation drives the acoustic pressure to increase
and decrease while the antinode is stationary. The tangential velocity
component ug is shown in Fig. 9(a) for Uss = 50 m/s. The center of
the cavity cross section is a symmetry point for an oscillating pattern
of the tangential flow velocity component. Locations with a coun-
terclockwise flow direction fall to a tangential velocity of ug = 0 and
then reverse their directions and vice versa. The maximum and min-
imum values of uy occur on a line that coincides with the nodal

(@)
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pressure plane and indicate a momentum injection from one half
of the cross section to the other. Most notably, this line is stationary
during the excitation of the acoustic resonance at Ueo = 50 m/s.
The radial and tangential velocity components during the pure
spinning diametral mode excitation at Uss = 64 m/s, shown in
Figs. 8(b) and 9(b), indicate a significantly different behavior. An
antisymmetric pattern of the normalized radial velocity ur/Uco is
visible at all instants. An important feature of this pattern is its rota-
tion around the axis of the cavity. The location of the maximum and
minimum values of the radial velocity component coincides with the
leading and trailing edges, and therefore, this component indicates
flow momentum injection into or out of the cavity from the main
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FIG. 9. The tangential velocity component ug normalized by the upstream velocity in the middle cross section of the cavity at four equally spaced instants of the acoustic
cycle at three different flow velocities. (a) Stationary acoustic diametral mode, Uo =50 m/s, (b) spinning acoustic diametral mode, Uo. = 64 m/s, and (c) longitudinal mode,

Uso =75 mls.
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pipe. Moreover, Fig. 9(b) indicates an antisymmetric pattern of ug
within the cavity region, where the flow rotates toward one side of
the cavity and away from the other side, resulting in an increase and
a decrease of acoustic pressure in these locations, respectively. The
two locations stay opposite to each other while rotating along the
cavity wall in one complete cycle. At the same time, in the inner
circle r < Dp/2, the tangential velocity has opposite directions on
the two sides of the circle. The two sides are separated by a line
where 40 = 0, which rotates at the same frequency as that of the
acoustic spinning mode. The patterns of ur and ug observed dur-
ing the excitation of the pure spinning diametral mode indicate that
the flow momentum injection is continuous throughout the cycle,
but its direction changes continuously so that it fuels an increase
in the pressure at different locations of the cavity for each instant.
Such a continuous change in the direction provides the necessary
phasing for the pressure to peak in a rotating pattern so that the max-
imum pressure amplitude exists at some points at any instance of the
cycle.

On the other hand, the patterns of the normalized radial and
tangential velocity components shown in Figs. 8(c) and 9(c) for
the longitudinal mode excitation are completely different. To drive
a simultaneous increase in the acoustic pressure with the pattern
shown in Fig. 6(c) (multimedia view), an oscillating flow cycle is
required in the streamwise direction. The sudden change of area due
to the presence of the cavity drives the oscillating flow periodically
inward or outward as the pressure increases or decreases, respec-
tively. The pattern of ur shows the initiation of this flow injection
outward, then a dominant outward flow, which then ceases into an
initiation of an inward flow at the cavity mouth circle, and then a
dominantly inward flow. This cycle would give rise to a cycle of
antisymmetric pressure increases and decreases at the wall and at
the cavity center, which is clearly observed in Fig. 6(c) (multime-
dia view). Interestingly, Fig. 9(c) shows that no significant tangential
momentum is present at any instant of the cycle. This results in no
antisymmetric components across the cavity R-8 cross section. The
acoustic pressure over the whole cross section is in-phase over the
cycle, and therefore, no flow inertia is needed to drive the oscillating
behavior in the tangential direction. Therefore, it can be concluded
that the pattern of radial flow velocity component uz is responsi-
ble for maintaining the cylindrical acoustic pressure nodal plane,
which coincides with the cavity mouth. It can also be observed that
variations in uy are responsible for sustaining a linear acoustic pres-
sure nodal plane that splits the cross section into two parts for the
diametral modes, which is not observed for the longitudinal mode.

The defining feature of the flow dynamics associated with each
of the three different excited acoustic modes are the dynamics of vor-
tex separation and impingement. The resulting perturbations due
to these dynamics and the feedback thereof are the main source
of energy that drives the acoustic oscillations. During lock-in, the
synchronization of these perturbations with the acoustic pressure
oscillations initiates and then sustains the resonant conditions. It is,
therefore, critical to understand how this process can adapt to the
different patterns of acoustic and flow fields, such as those discussed
above, to achieve resonance excitation.

Figure 10 shows iso-surfaces of the instantaneous Q crite-
rion during the excitation of acoustic resonance at three differ-
ent flow velocities that drive three different azimuthal patterns of
the acoustic pressure. To the left of Fig. 10, the iso-surfaces are
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superimposed on contours of instantaneous vorticity to identify the
cores of the vortices on one streamwise plane for clarity. Definitive
differences between the nature of the separating vortices, evident
in Fig. 10, can be identified by examining the vortical structures as
they separate at the leading edge, travel across the cavity mouth,
and impinge on the trailing edge, as sketched in the right side of
Fig. 10. At Uso = 50 m/s, during the excitation of a stationary acous-
tic mode with two antisymmetric spatial sides, a clear dislocation
of vortices can be seen across the straight nodal pressure line. This
nodal line is stationary and experiences no oscillations of acoustic
pressure, which is explained for this case by the lack of separation
and impingement over its length. Another notable feature for this
mode is that the cavity is split by this streamwise nodal plane into
two sides, seen in this figure to be the upper and lower halves. As
mentioned before, this is an arbitrary location, despite being station-
ary in time. In each of the two halves, crescents of vortices, perfectly
aligned in successive R-0 planes, separate alternately and lead to
an antisymmetric impingement. This pattern results in alternating
pressure oscillations that in turn drive the pressure to rise and fall
antisymmetrically.

The vortical pattern during the excitation of the spinning
diametral mode at Ues = 64 m/s has a different nature. In con-
trast to vortical crescents, a continuous helix of vortices connects
the upstream and the downstream edges. Two complete revolutions
of the helix are observed, signaling the second shear layer mode.
Over time, the helix spins at a fixed pace so that the separation and
impingement points rotate. At the peak of acoustic resonance, near
U, =0.93, the frequency of vortex separation and impingement coin-
cides with the acoustic mode frequency so that the acoustic pressure
of this mode passes through a full cycle at the same time the helix
makes a complete revolution and as the vortex passes between the
leading and trailing edges. As a result, the separation and impinge-
ment points are connected by the shortest path possible over the
cavity mouth, enhancing the feedback mechanism.

In contrast, the longitudinal mode excitation requires separa-
tion and impingement to occur uniformly and simultaneously along
the whole leading and trailing edges, respectively. The vortical struc-
tures required to achieve this objective are vortical rings, continuous
and aligned in successive R-8 planes. These rings also provide the
same timing condition so that the path from the leading edge to
the trailing edge is straight and as short as possible, explaining the
increase in acoustic pressure as the longitudinal mode gets excited,
as seen in Fig. 5.

To get a more detailed insight into the interaction of the acous-
tic and flow fields during acoustic resonance excitation, the polar
plotsin Fig. 11 (multimedia view) show the distribution of the acous-

tic pressure and shear layer vorticity @ = /wj + w? over the cavity
mouth. Values are shown near the separation point, at a distance of
0.1L from the leading edge, during excitation of acoustic resonance
at Uso = 50 m/s. Four instants over the cycle are shown, correspond-
ing to the same instants shown in Figs. 6-9. For this stationary mode,
the profile of acoustic pressure clearly shows an oscillating behavior.
The acoustic pressure keeps a circular profile, with its center oscil-
lating back and forth in a straight line. At the same time, the profile
of vorticity resembles a slightly distorted circle where deviation from
the circular pattern occurs in one direction, parallel to the oscillat-
ing axis of the acoustic pressure. A phase angle is observed so that
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FIG. 10. The dynamics of the vortex separation and impingement for the axisymmetric cavity at three different flow velocities. Instantaneous iso-surfaces of the Q criterion at
Q = 10° s=2 colored according to the flow velocity are imposed on two-dimensional contours of vorticity. (a) Ueo = 50 m/s, (b) Ueo = 64 m/s, and (c) Ueo = 75 m/s.
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Stationary diametral mode, U, = 50 m/s
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FIG. 11. The distribution of the acoustic pressure and the vorticity w in the y-z plane over the cavity mouth at a distance of 0.1 L from the leading edge during excitation of
acoustic resonance at Uoo, = 50 m/s. Multimedia view: https://doi.org/10.1063/5.0026552.4

when the acoustic pressure is close to zero at all locations, at ¢ = 90,
the vorticity has a peak value. As the pressure reaches opposite max-
imum and minimum values at ¢ = 180°, the vorticity falls again to
zero at the same location. The fixed azimuthal location of the antin-
odes of acoustic pressure, coinciding with vorticity minima, clearly
indicates that the oscillating nature of the two patterns is related to
the stationary azimuthal behavior of this diametral mode.

In contrast, Fig. 12 (multimedia view) shows polar plots of
acoustic pressure and vorticity during the excitation of the spin-
ning diametral mode at U = 64 m/s under the same conditions

of Fig. 11 (multimedia view). The spinning behavior of the two
modes can clearly be identified by analyzing the development of p
and w at the four instants of the cycle. A circular pattern of the
acoustic pressure keeps its shape, but spins around the center of the
coordinate center with a constant eccentricity. Likewise, the vortic-
ity profile takes the shape of a circle that resembles the separation
of vortices at the leading edge. Note that the profile shown, at a
distance of 0.1 L, is expected to be different at each cross section
over the cavity length due to the rotation of the helix in Fig. 10(b).
However, the overall profile shape should not change. As a result,

Spinning diametral mode, U = 64 m/s
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FIG. 12. The distribution of the acoustic pressure and vorticity w over the cavity mouth at a distance of 0.1L from the leading edge during excitation of acoustic resonance at

Uso =64 m/s. Multimedia view: https://doi.org/10.1063/5.0026552.5
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Longitudional mode, U, =75 m/s
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FIG. 13. The distribution of the acoustic pressure and vorticity over the cavity mouth at a distance of 0.1L from the leading edge during excitation of acoustic resonance at
Uso =75 m/s. Multimedia view: https://doi.org/10.1063/5.0026552.6
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FIG. 14. Normal Reynolds stresses calculated using velocities in the cylindrical coordinates uy, ug, and uy during excitation of acoustic resonance at three different azimuthal
mode behaviors. (a) Stationary acoustic diametral mode, U = 50 m/s, (b) spinning acoustic diametral mode, U = 64 m/s, and (c) longitudinal mode, Uss = 75 m/s.
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FIG. 15. Reynolds shear stresses calculated using velocities in the cylindrical coordinates uy, Ug, and ug during excitation of acoustic resonance at three different azimuthal
mode behaviors. (a) Stationary acoustic diametral mode, Uo. =50 m/s, (b) spinning acoustic diametral mode, U =64 m/s, and (c) longitudinal mode, Uoo = 75 m/s.

the circular profile spins so that its maximum value, correspond-
ing to a passing vortex, rotates and stays opposite to the location
with w = 0, which corresponds to a gap between two successive
vortices.

Figure 13 (multimedia view) presents a starkly different behav-
ior of the acoustic pressure and vorticity during the excitation of
the longitudinal mode at U = 75 m/s. The pattern of the acous-
tic pressure pulsates outward and collapses inward in one complete
cycle, driven by the flow momentum pouring into and then out
of the cavity as discussed earlier. The vorticity profile is also cir-
cular at all instants as the vortex shedding process is synchronous
along the whole leading edge. The vortices passing in the form of
successive rings result in the pulsating behavior of the vorticity pro-
file, which has a phase with the acoustic pressure pattern. The exact

phase angle would vary according to the location of the cross section.
This pattern leads to symmetric pulsations of pressure that can drive
acoustic resonance in the longitudinal direction.

From the previous discussion, it is evident that the excitation
of acoustic resonance is initiated and sustained by the fluctuating
flow components in the shear layer. To identify the distribution of
these fluctuations, which resembles potential acoustic sources, the
turbulent Reynolds stresses are discussed. The distribution of the
normal Reynolds stresses ulul, M, and m is shown in Fig. 14
during the excitation of the three different acoustic resonant modes.
The stresses are shown for the cross section of the cavity at 0.5L
from the leading and trailing edges. At Uoo = 50 m/s, fluctuations
seen in Fig. 14(a) for the x and R normal stresses are dominant
over two opposite halves of the cavity mouth. The crescent-shaped
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distribution points to potential excitation of the acoustic mode that
results in the formation of the cylindrical nodal plane between the
two halves of the cavity. Fluctuations in the 6 normal stress are
stronger in the region closer to the axis of the cavity, which indicates
that they are related to the oscillating flow that builds up antisym-
metric pressure across the straight nodal pressure plane. A different
pattern is shown in Fig. 14(b), where the excitation of the spinning
acoustic mode results in stronger fluctuations. Unlike the pattern
split in half by the nodal line, the rotating nodal line results in fluc-
tuations at all locations over the course of the acoustic cycle, and
therefore, the x and R normal stresses are axisymmetric around the
cavity center point. The longitudinal mode excitation corresponds
to a different pattern of fluctuations shown in Fig. 14(c). Strongest
fluctuations occur in the x normal stresses, as they drive a longitu-
dinal mode with strong pressure variations in the streamwise direc-
tion. Oscillations are concentrated around the cavity mouth. This
pattern is associated with a fairly equal distribution of fluctuations
in the R direction, as a momentum flux passes uniformly into and
out of the cavity. No significant fluctuations occur in the tangen-
tial direction as suggested by the absence of any normal 6 stress
everywhere.

Shear Reynolds stresses are shown in Fig. 15 and suggest critical
differences in the interaction of the flow velocity fluctuations leading
to the different azimuthal behaviors in the three cases, asserting the
discussion above. While the nodal plane is visible in the patterns of
Uz Uy, Uxty, and upuy during the excitation of the stationary mode,

it can be seen that the ujuj, stress is significantly stronger around
the cavity mouth than the other two shear stresses suggesting that
fluctuations in the tangential 0 direction are insignificant, affirm-
ing the lack of rotation. On the other hand, the cavity mouth nodal
plane has significantly higher components of ujuy at Ueo, where
a rotating mode is excited. Favourable interaction of the stream-
wise and tangential fluctuations is critical to initiate and sustain the
spinning flow dynamics that corresponds to the helix vortex struc-
ture. Finally, the longitudinal mode has significant shear stresses
only due to the interaction of the x and R directions. Such fluctu-
ations would only be able to excite longitudinal waves and can initi-
ate neither a spinning dynamic nor an antisymmetric pressure pat-
tern, due to the lack of any significant shear stress with a tangential
0 component.

VI. CONCLUSION

In this work, a large eddy simulation is used to solve the com-
pressible Navier—Stokes equations in order to investigate the dynam-
ics of the coupled flow-sound field during excitation of acoustic res-
onance by the flow over an axisymmetric cavity with an aspect ratio
of L/d = 1. A one-equation subgrid-scale kinetic energy LES turbu-
lence model was used to simulate the acoustic resonance excitation
mechanism over a range of flow velocities that lead to the excitation
of three different acoustic modes with different acoustic pressure
patterns and flow dynamics. The model predicts well the excitation
of acoustic resonance and development of the acoustic pressure and
shows a good agreement with available experimental observations. It
was found that, at low flow velocities, a stationary diametral acoustic
mode is excited, with stationary nodal planes. During the excitation
of this mode, the acoustic pressure reciprocates locally on both sides
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of the nodal planes. A further increase in the flow velocity resulted
in the excitation of a spinning diametral acoustic mode. In this case,
a spinning nodal plane rotates around the streamwise axis of the
pipe. A further increase in the flow velocity resulted in the excita-
tion of a longitudinal acoustic mode, characterized by the existence
of a cylindrical nodal plane concentric with the cavity leading and
trailing edges. In order to understand the nature of the aeroacoustic
coupling during the excitation of the different acoustic modes, the
flow dynamics for each case is investigated. During the excitation
of the stationary diametral mode, the flow field in the middle cross
section of the cavity illustrates that the radial and tangential veloc-
ities were following a reciprocating behavior around the acoustic
pressure nodal and antinodal lines. Iso-surfaces of the instantaneous
Q criterion demonstrated the existence of two antisymmetric series
of vortical crescents that are disconnected at those pressure nodal
lines. The alternating separation of these vortex tubes drives the
pressure to rise and fall in an antisymmetric pattern. The flow field
during the excitation of spinning diametral mode excitation shows
that the radial and tangential velocities followed a spinning pattern
along the cross section of the cavity while keeping their antisymmet-
ric distribution during the acoustic cycle. Moreover, the spinning
mode excitation was accompanied by a continuous helix of vortices
that connects the upstream and the downstream edges, forming the
shortest path possible over the cavity mouth, which enhanced the
feedback mechanism. On the other side, in case of excitation of lon-
gitudinal mode, the radial velocity showed a pulsating behavior that
complemented the acoustic pressure cycle. In this case, the flow field
had no significant velocity or Reynolds stresses in the circumferen-
tial direction. The separation of the vortex took place in a uniform
manner along the separation edge, leading to the formation of com-
plete rings of vortex tubes that impinge on the downstream edge
leading to an increase in the values of the acoustic pressure.
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