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ABSTRACT

A unique concept of utilizing localized surface compliance is proposed to suppress deep cavity aeroacoustics at a low Mach number. The
core idea is to provide local absorption of the energy of aeroacoustic processes supporting cavity flow self-sustained feedback loop responsible
for tonal noise generation. The concept is studied with a flow past cavity of length-to-depth ratio of 0.4 at freestream Mach number 0.09 and
Reynolds number based on cavity length 4 x 10* using high-fidelity, two-dimensional direct aeroacoustic simulation. Having confirmed the
replication of key aeroacoustic processes in the numerical solution through careful validation, localized surface compliance in the form of an
elastic panel is strategically introduced to modify every process for cavity noise suppression. The panel natural frequency is set equal to the
feedback loop characteristic frequency to facilitate its flow-induced structural resonance for energy absorption. Suppression of cavity noise
pressure and power levels by 3.8 and 4.8 dB, respectively, is successfully achieved, together with an unforeseen cavity drag reduction by
almost 19%. Comprehensive wavenumber—frequency analyses of the coupled aeroacoustics and flow-induced panel vibration are conducted
to uncover the physical mechanism of noise suppression. The results show that the same type of aeroacoustic feedback loop occurs, but its
efficacy is significantly reduced due to the exhaustion of aeroacoustic process energy to the flow-induced vibrating panel. The proposed con-
cept is confirmed to be feasible in terms of giving remarkable cavity noise and drag suppression, yet it retains the basic problem geometry
intact, which are considered important in many practical applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148276

I. INTRODUCTION

Flow over a rectangular cavity has received a great deal of
research interest for decades due to its prevalent occurrence in various
real-world engineering applications. Different types of cavity configu-
rations are found in many transportation systems ranging from air-
craft landing gear and weapons bays (Cattafesta I11 ef al., 2008) to flow
over sunroofs and windows in automobiles (Kook ef al., 1997). The
high flow dynamic loads present in these applications may lead to
structural fatigue of the cavity. The highly oscillatory flow field of aero-
acoustically resonant cavity flows might adversely affect the safe depar-
ture and accurate delivery of armament stored in the weapons bay.
This cavity aeroacoustic resonance problem has become more acute
with a growing emphasis on store separation of smart weapons that
are lighter and more compact (Cattafesta 111 ef al., 2008). Cavity con-
figurations are also often found in other engineering applications, such
as turbomachines (Ziada, Oengoren, and Vogel, 2002), the steam flow
system in nuclear reactors (Galbally et al, 2015), and gas transport

systems with side branches (Bruggeman et al, 1991; Ziada, 2010).
Under certain operating conditions, the unsteady flow over the cavity
may excite a self-sustained oscillation that would couple with a cavity
acoustic mode to generate intense flow-induced noise. The demand
for accurately modeling the disparate scales of acoustic and vortical
disturbances driving the oscillations, and their resultant acoustic gen-
eration, is a challenging task because there might be multiple compet-
ing resonant modes of cavity flow oscillation that must be taken into
consideration. All these factors have established flow-induced cavity
oscillations as a canonical control problem in fluid mechanics as well
as aeroacoustics that require special attention.

Plentovich ef al. (1993) performed a comprehensive experimental
study of cavity flow operating at low to high subsonic freestream
Mach numbers (0.2 <M < 0.95) and a wide range of Reynolds num-
bers (0.2-18 x 10°) based on the cavity length. They classified the
characteristics of cavity flow into open, closed, and transitional types
and revealed the limits of cavity dimensions expressed in terms of the
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Physics of Fluids

length-to-depth ratio, L/D, which segregate different types of flow
responses anticipated. In the case of open cavity flow (L/D =< 8), the
shear layer bridges the cavity opening, and its impingement at the cav-
ity trailing edge produces the tonal noise response. In the case of the
closed cavity flow regime (L/D = 13), the incoming flow separates at
the cavity leading edge but does not possess enough energy to surpass
the cavity opening. So, it reattaches onto the cavity floor before the
ejection takes place toward the cavity trailing edge. In this process, no
discernible acoustic signature can be produced. When transitional cav-
ity flow occurs, the cavity dimensions lay within 8 < L/D < 13, and
the flow possesses partly both the attributions (open and closed) across
this range. One common feature of the flow responses of open cavity
flow is the emission of high amplitude tonal noise at discrete frequen-
cies over large broadband levels. The characteristics of noise radiation
may be categorized into shallow (L/D > 1) and deep cavity configura-
tions (L/D < 1). This categorization was first proposed by Covert
(1970) and further emphasized by Heller and Bliss (1975), as they
noted the pattern of aeroacoustic coupling phenomenon in the latter
differs significantly from the former. However, due to the likewise
shear layer characteristic motion over the cavity opening and its inter-
action with the acoustic mode of the cavity volume (transverse or lon-
gitudinal mode depending on the dimensions of cavity), Rockwell and
Naudascher (1978) later established the peculiar flow responses of
shallow and deep open cavities as a canonical type of fluid-resonant
oscillation for the observed acoustic reinforcement of the shear layer
instabilities at the cavity leading edge that closes the feedback loop for
self-sustained resonant flow oscillations.

Rossiter (1964) proposed a mechanism for self-sustaining shallow
cavity flow oscillations and devised a simple formula for predicting the
dominant oscillation frequencies. In his empirical formulation, he
explained the feedback phenomenon that leads to the tonal noise
emission in the presence of grazing flow over a shallow cavity. The sus-
taining process for the feedback loop involves the Kelvin-Helmholtz
instabilities of the shear layer, which are amplified as they move down-
stream. Upon impingement of the shear layer on the cavity trailing
edge, acoustic waves are formed, which travel toward the cavity lead-
ing edge to prop up further instabilities in the shear layer. The preva-
lence of this phenomenon has also been reported and validated by
several experimental and numerical studies (Arya and De, 2021; Liu
and Gaitonde, 2021; and Han ef al., 2022). In the case of a deep cavity,
the outcomes of many studies (East, 1966; Ziada and Bithlmann, 1992;
and Ho and Kim, 2021) suggest that the shear layer oscillation at the
cavity opening excites the depthwise cavity acoustic modes. The coex-
istence of flow dynamic and acoustic modes promotes mutual interac-
tion, ultimately leading to noise radiation from the deep cavity.
However, apart from the differences in the mode of operation from
the shallow cavity, the Rossiter formula, with some modifications, can
still predict the frequencies of the deep cavity flow field (Heller and
Bliss, 1975). At certain flow frequencies close to the cavity natural
modes, the deep cavity resonates with the maximum acoustic output
(East, 1966; Ho and Kim, 2021).

Bruggeman et al. (1989) suggested a feedback mechanism for
fluid-resonant oscillation based on vortex sound theory, involving five
processes: resonant acoustic forcing on the growth of the shear layer
from the cavity leading edge; the emergence of coherent vortices
through instabilities in the separated shear layer; the transfer of energy
from the local flow to the acoustic field as a result of the interaction
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between convective vorticity and the acoustic resonance; and the net
energy transfer to the cavity acoustic field, which may destabilize the
shear layer and reinforce vortex coalescence at certain amplitudes and
phases of the feedback at the cavity leading edge. This feedback mech-
anism offers a reasonable explanation for the lock-on effect observed
in many deep cavity experiments (Yang ef al, 2009; Yokoyama,
Odawara, and Iida, 2016; and Ho and Kim, 2021).

Over the years, various passive and active methods for modifying
the flow pattern at the cavity leading or trailing edges have been
attempted to suppress the Rossiter modes for eventual cavity noise
reduction (Lee, 2010; Liu and Gomez, 2019; Li et al, 2020;
Abdelmwgoud and Mohany, 2021; and Mourao Bento et al., 2022).
Sun et al. (2019) used a series of flow jets at the cavity leading edge to
inject different rates of momentum flux to suppress the cavity flow
oscillations. They observed an amplification in the pressure fluctuation
over the cavity aft wall at the lower rate of injected momentum flux,
while the reduction was noticed with a significant momentum flux
input at the expense of a significant increase in the input energy
demand. Yokoyama ef al. (2020) attempted to improve the actuation
energy consumption of the cavity noise reduction by replacing the
flow jets with continuously and intermittently driven plasma actuators
at the leading edge. However, their results show that high noise reduc-
tion can be achieved with less but still formidable input power, and its
effectiveness plateaus with further increases in power input. It is worth
mentioning that all these noise suppression methods are flow-invasive
in nature. Their applications inevitably impose severe perturbations
on the growing cavity shear layer which fundamentally impair the
peculiar flow characteristics of the original cavity flow. This may lead
to unwanted cavity aerodynamic consequences, such as stronger tur-
bulence production, higher flow-induced drag, and higher actuation
energy consumption. Excessive noise can be excited in frequency
ranges that do not exist in the original flow. However, these issues are
not addressed in the respective literature.

The present study proposes and explores a unique passive deep
cavity noise suppression concept that utilizes localized surface compli-
ance exhibited in the form of an elastic panel (EP). The rationale
behind the concept is to leverage the phenomenon of flow-induced
resonant panel vibration to effectively absorb the flow energy and
modify the aeroacoustic feedback processes driving fluid-resonant
oscillations in a deep cavity. There are two advantages to the proposed
concept. First, the panel resonant vibratory displacement is deliber-
ately set smaller than the typical cavity dimension, so the distortion of
streamlines locally around the elastic panel is minimal. Second, in
structural resonance, the elastic panel acts to absorb flow oscillation
energy using a reactive mechanism rather than a dissipative one, so
the cavity drag may not be affected. As such, the proposed approach is
expected to suppress cavity noise without causing too much damage
to the original cavity flow characteristics. In this study, direct aeroa-
coustics simulation (DAS) using conservation element and solution
element (CE/SE), supported by extensive wavenumber—frequency
analysis for panel design, is employed to explore the spatiotemporal
aeroacoustic-structural interaction between the cavity flow field and
the vibrating elastic panel. The panel is designed to resonate with the
dominant cavity Rossiter frequency for an effective flow oscillation
energy absorption. It is strategically placed at different cavity locations
to weaken different aeroacoustic feedback and coupling processes
responsible for fluid resonant cavity oscillations. In this study, we
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present a comprehensive aeroacoustic-structural interaction analysis
to ascertain the effectiveness of our proposed noise suppression con-
cept and thoroughly examine its modification of cavity flow character-
istics. We also provide an analysis of the flow dynamical consequences
incurred by the proposed control method. An understanding of such
consequences is important in the assessment of the practicability of
the proposed method in real-world engineering applications but is sel-
dom covered in many existing literature for the same scope.

This paper is organized as follows. Section II describes the formu-
lation of the problem and the numerical methodology adopted in the
present study. Section I1I presents a detailed analysis of the numerical
results of fully rigid deep cavity flow to identify the aeroacoustic feed-
back and coupling for resonant cavity flow oscillation and its noise
radiation. The outcomes of the analysis are taken to form the rationale
of structural and configuration designs of the elastic panel as outlined
in Sec. V. The effects of elastic panels on the development of deep
cavity aeroacoustics and the study of underlying mechanisms for cav-
ity noise suppression are detailed in Sec. V. Finally, in Sec. VI, we
explore the roles of the aeroacoustic-structural responses of different
elastic panel configurations in cavity noise suppression.

Il. PROBLEM FORMULATION AND NUMERICAL
METHODS

The present problem of interest involves complex interactions
between unsteady flow, panel structural vibration, and acoustics.
Hence, a numerical approach capable of resolving all these physical
phenomena covering both aerodynamic and acoustic scales is
required. Therefore, we adopt the DAS approach for its capability of
resolving the inherent coupling between the unsteady aerodynamic
and acoustic solutions with sufficient accuracy. The governing equa-
tions for aeroacoustical flow and structural solvers and their imple-
mentation strategy are briefly discussed in Secs. IT A-1I C.

It is a well-known fact that the development of flow past open
cavity is three-dimensional in nature. However, the influence of the
flow three-dimensionality to the overall sustained fluid-resonant oscil-
lation depends on the flow Mach number and the cavity configuration.
Yokoyama ef al. (2016, 2017) carried out extensive measurements of
the developing flow, at the same low Mach number as in the present
study, past a three-dimensional deep cavity of the same sectional
length-to-depth ratio as in the present study and a spanwise length
equal to 7.5 times cavity length. Their measurements of spanwise fluc-
tuating velocities at different streamwise locations along the cavity
shear layer exhibit high degree of spatial coherency covering more
than 80% of the center part of cavity spanwise length. Same level of
spatial coherency was also observed in the cavity noise radiation. On
the other hand, in an extensive three-dimensional calculation of a
flow, at a Mach number twice the one in the present study, past
another deep cavity of similar sectional length-to-depth ratio but a
shorter spanwise length equal to cavity length (Ho and Kim, 2021),
the results show similar high degree of spatial coherency in velocity
fluctuations along the cavity spanwise direction and its noise radiation.
Sun ef al. (2017) carried out extensive calculations of shallow cavities
at various subsonic Mach numbers higher than that in the present
study. Their results show that the shear evolution pattern (which they
referred to as Rossiter mode) is strongly coherent along the spanwise
direction and find it as dominant mode across different cavity configu-
rations. In view of all these observations, it is decided to carry out two-
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dimensional calculations for the present study for the sake of saving
computational resources.

A. Aeroacoustical flow solver

The compressible Navier-Stokes (N-S) equations and the equa-
tion of state are solved together in the study of the present cavity aero-
acoustic problem. The DAS approach is built on the conservation
element and solution element (CE/SE) scheme as implemented by
Lam ef al. (2014a). The numerical framework of the CE/SE scheme
intrinsically ensures stringent physical law of conservation in Eq. (1),
and its emphasis on integrated treatment of flux derivatives in spatial
and temporal domains warrants that the time marching of the solution
is essentially free of computational dissipation. Since its inception, the
CE/SE scheme has been successfully utilized to model various aeroa-
coustics challenges, e.g., Lam, Leung, and Tang (2014b) examined the
intricacies of the execution of the CE/SE scheme and demonstrated
that it is a good candidate for capturing the complex aeroacoustic feed-
back mechanism in the duct flow. Furthermore, Arif et al. (2020) have
successfully used the CE/SE approach to accurately depict the charac-
teristic features of the flow past an airfoil and explored the flow pro-
cesses responsible for its tonal noise generation. For the sake of
generality, all primitive flow and panel variables are described in their
non-dimensional form unless otherwise mentioned. The two-
dimensional normalized N-S equations in strong conservation format
can be written as

oU O(F—F,) 0(G-G,)

—+ +

ot Ox oy
where U = [p pu pvpE], F = [ pupu® + p puv (pE + p)u], F,
= [0 T Ty Tt + T5yv — 4 [(1/Re), G= [ pv puv pv* + p (pE +p)v ],
G, = [0 7y 7)) Tyyti+ 1,V —q, | (1/Re), the flow normal and shear
stresses Ty, = (2/3)u(20u/0x — 0v/0y), 1y = u(20u/dy — Ov/0x),
Ty = (2/3)1(20v/dy — Ou/Ox), the heat flux components g, = 1/
(y — 1)PrM?)(9T/0x), qy = [/ (y — 1)PrM?|(OT/0y), the Mach
number M = i1 /¢y, the Reynolds number Re = ﬁoﬁoio /IL, based on
the reference length Ly, the Prandtl number Pr = Cpltg/ ko = 0.71, the
total energy E=p/p(y —1)+ (u®> ++?)/2, and pressure p = pT/
7 M?. The non-dimensionalization of the spatial coordinates x and
y, time ¢, density p, pressure p, and velocities # and v are given
by x==%x/Lo, y=73/Lo, t=tito/Lo, p=p/Po> P :ﬁ/(ﬁoﬁ(z))’ u
=i1/tiy and v = ¥ /i1y, respectively. Here, the variables with hat (")
refer to their dimensional quantities, whereas the subscript “0” indi-

=0, o

cates freestream conditions. The reference dimension L, is taken as
the cavity length in the present study (Fig. 1).

B. Structural solver and aeroacoustic-structural
coupling

The nonlinear dynamic response of the elastic panel, indicated as
EP, is modeled by solving the one-dimensional plate equation to the
simplest approximation (Dowell, 1974). The governing equation for
panel displacement, normalized with the same reference variables as in
Sec. II A, can be written as

4 2 2

w o*w O*w ow
= (Tep + Nx) 55 + prphep 5 + Co-

Do Ox o T

+ KEPW = pe)n
(2)
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FIG. 1. Schematic sketch of the physical problem (not to scale). Zoomed views of selected regions A, B, C and D within grid G2 are given on the right.

where Dgp = DEp/(ﬁoﬁSiZ) is the bending stiffness, N, = (Egphgp/
2Lgp) fOL (9w /Ox)*dx is the tangentially directed internal stress in
response to the tensile loading, Tgp = f"Ep / (ﬁoﬁéio) is the resultant
tensile stress per unit length in the x-direction, Egp = Epp / ([)012(2)) is
the elastic modulus, panel length Lgp = Lep / Lo, panel density
Pep = Ppp/Po> panel structural damping coefficient Cgp = Cpp/
(potto), and the stiffness of the panel foundation Kgp = K EPiO/
(Poitg). The net pressure acting across the panel is given by
Pex = Do/ (Poitt)- Equation (2) is solved by the standard finite differ-
ence method. The nonlinear coupling between aeroacoustic fluctua-
tion and panel structural dynamics is resolved with a monolithic
scheme developed by Fan ef al. (2018), which treats the fluid—panel
system as a single entity in resolving the aeroacoustic-structural
responses concurrently to maintain the two-way interaction between
the unsteady flow and the panel structural dynamics. The monolithic
coupling scheme is fully validated with a series of benchmark prob-
lems of aeroacoustic-structural interaction at low Mach numbers
(Fan, Leung, and Lam, 2015; Fan et al, 2018; and Arif, Leung, and
Naseer, 2023). These works show that the coupling scheme not only
possesses a superior ability to accurately resolve aeroacoustic structural
coupling of increasing complexity but also gives faster convergence
than the conventional partitioned approach popular in flow-induced
vibration problems.

C. Physical problem and numerical setup

For the present study, a deep cavity is considered for its popular-
ity in various fluid mechanical systems and susceptibility to flow-
induced noise generation over a wide range of system operational
conditions (Rockwell and Naudascher, 1978; Ziada et al., 2002). That
has attracted many experimental studies in cavity noise generation
since then. The recent experiments carried out by Yokoyama et al.
(2016, 2017, 2020), with a cavity of length-to-depth ratio L/D=0.4 in

open flow with freestream velocities ranging from 15m/s to 45 m/s,
have vindicated the aforesaid problem. As shown in Fig. 2, an excep-
tionally high noise response was observed within a limited range of
inflow velocity (25 < 1y < 35m/s) in contrast to the lower sound pres-
sure level (SPL) at 15 and 45 m/s. As such, we take the parameters of
these experiments as a reference for the present numerical study. A
deep cavity with L/D = 0.4 exposed to u, = 30 m/s is considered for its
highest acoustic radiation in the experiments.

The schematic sketch of the physical problem is illustrated in
Fig. 1, where the cavity leading edge is placed at the origin. A uniform
flow of M=0.09 and Re=4 x 10* based on the cavity length is
allowed to enter the computational domain from the left. Combined
sliding and no-slip boundary conditions are prescribed on the solid
wall upstream of the cavity. A laminar boundary layer is allowed to

—&— Peak SPL, —®— Dominant frequency

100 1

2000

1
90 1 1

F1500 f

(Hz)

SPL 801
(dB)

701
1000

60 1

50 500

15 20 25 30 35 40
U, (mss)

FIG. 2. Experimental acoustic response of deep cavity flow from Yokoyama ef al.
(2016, 2017, 2020).
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TABLE I. Mesh parameters (minimum mesh size/maximum mesh size).

Physical domain Buffer zone

Mesh no. of elements x< —4 —4<x<5 x>5 —25<y<0.5 y>0.5 Along x, y
G1 (coarse) 1.48 x 10° 0.012/0.12 0.006/0.012 0.012/0.15 0.006/0.006 0.006/0.12 0.006/1.5

G2 (medium) 2.74 x 10° 0.008/0.08 0.004/0.008 0.008/0.1 0.004/0.004 0.004/0.08 0.004/1.02
G3 (fine) 4.97 x 10° 0.004/0.04 0.002/0.004 0.004/0.75 0.002/0.002 0.002/0.04 0.002/0.75

emerge from the changeover location at x = —4.1 and grow naturally
to give momentum thickness 0/L = 0.0071 at the cavity leading edge.
A buffer zone stretching from physical to computational domain
boundaries is applied around the physical domain to suppress any
contamination due to erroneous numerical acoustic reflection. Non-
reflective boundary condition proposed by Lam, Leung, and Tang
(2014b) is specified at the outflow (x=>52) and transverse (y=>51)
domain boundaries. The cavity and its upstream and downstream
walls (—4.1 <x<52) are made rigid with no-slip boundary condi-
tions, while the domain length, running from the inlet to the point of
boundary layer formation (—17.5 < x < —4.1), adopts the sliding wall
boundary condition.

A structured grid is generated using quadrilateral mesh elements.
In the application of the CE/SE scheme, a mesh element diagonally
splits into four triangular elements, which makes the actual number of
mesh elements four times the original size. The mesh size around the
critical locations of the cavity, including leading and trailing edges (A
in Fig. 1) and the cavity inside (B), are refined with special consider-
ations for sufficiently resolving the boundary layer evolution and

subsequent acoustic propagation. A grid convergence study has been
carried out using three different computational grids, namely G1, G2,
and G3, to evaluate the influence of mesh resolution in capturing the
accurate flow dynamics and acoustics. Table I provides information
on the mesh sizes for each grid. Grid G2 is generated by the refinement
of G1, whereas the subsequent refinement of G2 generates Grid G3,
and the level of refinement of each preceding mesh is equal to ~0.5,
specifically at the critical locations around the cavity. Hence, the total
number of mesh elements delivered by G1, G2, and G3 is 148, 2.74,
and 4.97 x 10°, respectively.

Figure 3 illustrates the time history and spectra of the pressure
fluctuation p'(x, y, t) = p(x, y, t)—p(x, y), where p(x, y) is the
time-averaged pressure, captured at cavity bottom (x, y) = (0.5, —2.5),
at cavity opening (0.5, 0), and a location far away from the cavity
(6.75, 21.5), for G1, G2, and G3. The selection of these locations is
made in such a way that allows analyzing the overall mesh resolution
effects encompassing the highly unsteady regions in the shear layer
and cavity bottom as well as the far field location where the acoustic
radiation is anticipated. Evidently, p is fairly periodic irrespective of

FIG. 3. Effect of grid resolution on the temporal evolution (top row) and spectra (bottom row) of pressure fluctuation p’ measured at (a) cavity bottom, (b) cavity opening, and
(c) far away from the cavity. Blue dotted line, G1; black dashed line, G2; red line with cross, G3.
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FIG. 4. Comparison of acoustic spectra at (x, y) = (6.75, 21.5) obtained from the
experiment of Yokoyama ef al. (2016, 2017, 2020) and the calculation with G2.
Black dashed line, present study; red circle, experiments.

the mesh resolution and the location of capture except for the differ-
ence in its magnitude |p’|. The numerical solutions of G2 and G3 stay
close to each other with only a 12.1% difference, and the results appear
greatly converged for these two grid configurations. However, the G1
exhibits a significant difference in |p’| by 14.6% with reference to the
G3. On the other hand, the acoustic pressure spectra are dominated by
only one frequency f; =0.925 in all three grid configurations, which
stipulates that the main flow and acoustic features are captured even
with the coarser mesh, although the magnitude of p’ is compromised.
Therefore, grid G2, with a total number of mesh elements of 2.74
x 10% is chosen in the present study for its best compromise between
the accuracy and the saving of available computational resources, as
the further mesh refinement beyond G2 gives no discernible impact
on the quality of the results.

In the present study, every calculation is sufficiently advanced
until a time-stationary solution is reached. Afterward, the time-
marching of the solution is continued for a time episode equivalent to
the 80 flow convective cycles for eventual flow dynamic and acoustic
analyses. All the calculations are carried out in a parallel computing
facility with 494 CPU cores for approximately 48 000 CPU hours for
each case. To analyze the aeroacoustic characteristics, 2000 virtual
probes are placed along the cavity walls at a separation of ~0.01 from
each other. Furthermore, a total of 5400 circumferential virtual probes
are placed around the cavity at radii r =2, 10 and 20 for the analysis of
the cavity acoustic radiation.

To validate the numerical scheme, a comparison of sound pres-
sure level SPL = 20 x log, (' /pre) in dB is carried out between the
numerical values and the available experimental data. The reference
pressure ﬁmf is the ISO recommended value (=20 uPa) for the sound
level (Bies, Hansen, and Howard, 2017). In addition, the extensive
measurements of cavity flow fields in Yokoyama et al. (2016, 2017,
2020) show that the evolution of the large-scale structures in the shear
layer covering the cavity opening is highly coherent along cavity span-
wise dimension so quasi-two-dimensionality can be assumed for cavity
flow and acoustic radiation. Similar features are also observed in a
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recent comprehensive three dimensional numerical study by Ho and
Kim (2021). Therefore, it is decided to assume two dimensionality of
the flow problem so that the present study can proceed at a reasonable
computational cost. In order to achieve a more accordant comparison
between experimental noise measurement and the present numerical
results, we adopt the formulation proposed by Kato and Ikegawa
(1991) and also implemented by Kusano, Yamada, and Furukawa
(2020) for the estimation of SPL accounting for all noise generation
along the entire cavity spanwise length Lg,,, which is given as
SPL = SPLpys + 1010g,((Lgan/7R), where the subscript DAS means
the present numerical result, R is the receiver distance from the cavity,
and L, is taken from the experiments of Yokoyama and his cow-
orkers. Figure 4 shows three frequencies emerge in numerical cavity
noise spectrum at a far location (x, y) = (6.75, 21.5) with dominant
f1=0.925, its second harmonic f,=1.85, and third harmonic
f3=2.775. They give a constant deviation difference from experimen-
tal noise responses by 1.6% in vis-a-vis comparison (Table 1I). The dif-
ferences in SPL at these frequencies are +0.6, +4.8, and +3.5dB,
respectively, from experimental values.

It is worth noting that when a flow past a cavity, a shear layer
emanates from the cavity leading edge, convects across the cavity
opening and impinges on the cavity trailing edge. The impingement
produces an acoustic wave that travels back to the cavity leading edge
and modifies the cavity shear layer formation (Rockwell and
Naudascher, 1978). Such kind of feedback mechanism leads to the
occurrence of a spectacular self-sustained flow oscillation across the
cavity opening, known as Rossiter mode (Rossiter, 1964), which acts
as the primary noise generation process for open cavity flow. Heller
and Bliss (1975) modified the Rossiter prediction model and proposed
the Strouhal number of the mth Rossiter mode based on cavity length
L can be estimated as

m— o

" 1/K+ Moo//1+ (rr/2)(y — )MZ 3)

where 77 is the thermal recovery factor set to unity for a low Mach
number flow, the quantities « and o are, respectively, the ratio of aver-
age convection speed of disturbances in the shear layer to freestream
velocity and the phase delay of acoustic wave generation at the cavity
trailing edge from shear layer impingement there. With the prediction
given by Eq. (3), it is informative to compare the dominant frequencies
from the numerical results to ascertain if they are created by the

TABLE II. Comparison of acoustic characteristics captured at (x, y) = (6.75, 21.5).
The value in brackets shows the relative changes of the numerical results from
respective experimental values.

Yokoyama  Rossiter frequency
et al. (2016, (Heller and

Current study 2017, 2020) Bliss, 1975)
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Rossiter modes of the present deep cavity. The two quantities, k and
o, are usually determined and their justifications are heuristic. They
are often taken as 0.57 and 0.25 for open cavity flows (Gharib and
Roshko, 1987; Rowley, Colonius, and Basu, 2002; and Sun et al.,
2017) irrespective of the operating Mach number, which makes the
frequency prediction with Eq. (3) only valid at high subsonic flow
conditions (M > 0.5). Thus, the aforementioned values of k and «
may not be applicable to the present study flow condition
(M =0.09). Therefore, we choose to obtain an estimate of K ~ 0.508
from the fast Fourier transform (FFT) analysis of DAS solution as
detailed in the discussion in Sec. I1I together with Fig. 8(b). We take
the recommendation of o = 0 from the studies of subsonic flow past
deep cavity (Forestier, Jacquin, and Geffroy, 2003; Larchevéque
et al., 2003; and El Hassan, Keirsbulck, and Labraga, 2008). With
these values of x and « set, we find the dominant frequency f; agrees
fairly well with the St, =0.972 obtained from Eq. (3). One must
realize that the SPL at f; is much stronger than those of f, and f; by
more than 22 dB. Therefore, it can be said that only the second
Rossiter mode (m=2) is successfully excited and captured in the
present numerical study. Similar observations are obtained from
the reference experiments (Fig. 4). In summary, all the aforemen-
tioned good agreements between experimental data in the literature
and present numerical results validate and verify the capability of
DAS calculation in properly preserving the characteristics of the
flow dynamic and acoustic responses of the chosen deep cavity in
the study.

11l. RIGID CAVITY AEROACOUSTICS

Although Sec. 1T shows a favorable agreement of the sound pres-
sure spectra derived from the present time-stationary solution with the
measured results, it is important to ensure that the present numerical
study is able to correctly capture the key physical processes responsible
for the aeroacoustics of the rigid cavity on which the subsequent pro-
posed ideas of suppression are based.

The temporal variations of flow pressure fluctuation p’ captured
across the cavity are illustrated in Fig. 5. Periodic flow fluctuations
along the shear layer region and inside the cavity are evident. For ease
of illustration, the snapshots of flow dynamics are set to begin at the
moment of weakest pressure inside the cavity [Fig. 5(b)]. Each succes-
sive subplot is uniformly chosen at 7/4 difference within one period of
fluctuation, T =1/f;, and captured at (x, y) = (0.5, —2.5) at the domi-
nant Rossiter frequency as appeared in Fig. 4. Figure 5(a) shows a
series of concentrated periodic pressure fluctuations convecting across
the cavity opening which is attributed to the peculiar flow dynamics
along cavity opening.

Figure 6 shows a fluctuating shear layer emanating from the cav-
ity leading edge and forms a series of large-scale vortical flow struc-
tures while convecting downstream as a result of Kelvin-Helmholtz
instabilities. When a large-scale vortical structure impinges on the cav-
ity trailing edge, the strong flow-structure interaction leads to the for-
mation of separating flow from the downstream flat wall of the cavity.
Simultaneously, the intensified strain rate in the vicinity of the trailing
edge produces a secondary large-scale vortical structure that is
stretched and swept down into the cavity (i.e, at t=T/2). As the sec-
ondary vortical structure detaches from the downstream corner, the
strain rate there is relieved, and the high vorticity region shrinks as the
flow develops with the downwash along the cavity aft wall. Further
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development of the shear layer stems from the repeated formation and
impingement of newly formed large-scale vortical structures on the
cavity downstream corner. It is important to note that the impinge-
ment of vortical structure onto the cavity trailing edge constitutes a
peculiar type of vortex—corner interaction that produces an intense
flow pressure fluctuation of dipolar character (Tang and Rockwell,
1983).

The pressure inside the cavity fluctuates in a clear alternating
pattern in time with a spatial extent almost filling up the entire cavity
[Fig. 5(b)]. The strength of the pressure fluctuation is almost two
orders of magnitude weaker than that along the shear layer region.
Such disparity in magnitude is typical in low Mach number aeroa-
coustics (Dowling and Ffowcs Williams, 1983) and the pressure fluc-
tuation inside the cavity is likely acoustic. It is interesting to note that
a strong rarefaction (pressure lower than p) is released at the
moment of formation of the downwash secondary vortex and the
separating flow at the cavity trailing edge. A strong compression
(pressure greater than p) is released after these two flow processes are
complete. The observations are consistent with the numerical study
of a deep cavity of similar size (Ho and Kim, 2021). The pressure
fluctuations are believed to constitute the acoustic resonance within
the cavity which is responsible for driving acoustic waves away from
the cavity (Fig. 7). An acoustic wavefront is created at the cavity
opening once the cavity pressure fluctuation has attained its mini-
mum or maximum magnitude [i.e,, at t=T/4 or 3T/4 in Fig. 5(b)].
The wavelength of acoustic waves tends to be ~11.03, much longer
than the dimensions of the cavity. Such disparity in length scale is
characteristic in all low Mach number aeroacoustic problems
(Dowling and Ffowes Williams, 1983). The manifestation of charac-
teristic length and magnitude disparity in the numerical solutions
provides further evidence to the correctness and accuracy of the pre-
sent numerical approach.

One has to be cognizant that the DAS solutions generally contain
acoustic and flow dynamic fluctuations, but their differentiation is not
obvious. This fact creates difficulty in determining the dominant phys-
ics, whether acoustic or flow dynamic, in the solutions. It is especially
true in the region of cavity opening, where the acoustics are generated
by the underlying unsteady flow fluctuations. To circumvent this diffi-
culty, the combined technique for differentiation and extraction of
acoustic and flow dynamic contributions in time-stationary DAS fluc-
tuation solutions developed by Lam, Leung, and Tang (2013) is
applied. In essence, it involves using the two-dimensional wavenum-
ber-frequency spectrum (k - f, where k is wavenumber) for extracting
the phase speeds of various fluctuation contributions followed by
delineating the associated phase relationships based on the principle of
the two-microphone method (Leung ef al, 2007). Figure 8(a) shows
the k - f spectrum of pressure fluctuation along a vertical line
(—2.5<y<0) from the cavity bottom center (x, y) = (0.5, —2.5). At
every location on the line, the fast Fourier transform (FFT) analysis
with Hamming window and zero data overlapping is applied to a tem-
poral solution of 10° samples of temporal solution. The figure shows a
symmetric pattern with respect to the line k = 0 with two peak contri-
butions at frequency f=0.925 and wavenumbers k/27w= *0.0838.
The phase speeds deduced from the slopes of two straight lines span-
ning from the peaks of the spectrum to the origin are equal to =11.03
~ *1/M for M=0.09, but there is no signal detected along the
straight lines corresponding to flow convective propagation.
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(a) x10-1
r' I
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t=0 t=1T/4 t=172 t=3T/4 t=T
0 1 0 X 1 FIG. 5. Instantaneous pressure fluctuation
p' around the cavity and the fluctuation
scale disparity distinguishes (a) shear
layer vortex strength and (b) emergence
of the cavity mode.
t=T2 t=3T/4 t=T

FIG. 6. Instantaneous vorticity of shear layer development near the cavity opening
region.

Furthermore, Fig. 8(b) shows only one signal corresponding to the
convective phase speed ~0.508 along the downstream. These observa-
tions give two important deductions. First, the upward and downward
propagating pressure fluctuations inside the cavity are purely acoustic
in nature. Second, the flow fluctuation across the cavity opening is
purely driven by the developing shear layer, and there is no acoustic
feedback wave from the shear layer impingement propagating
upstream as observed in previous studies with shallow cavities
(Rossiter, 1964; Heller and Bliss, 1975; and Rowley et al., 2002).
However, these two types of fluctuations might interact to give aeroa-
coustic coupling in the flow.

The variations of the phase relationship of pressure fluctuations
along the vertical line (—2.5 < y <5) through the cavity bottom center
are explored with reference to the pressure fluctuation at location (x, y)
=(6.75, 21.5) far away from the cavity. The results are illustrated in
Fig. 8(c). Phase unwrapping is applied to ensure the smoothness of the
data. Three regimes of phase relationship can be discerned. The first
regime concerns the constant phase difference ¢ observed from the
cavity bottom to y ~ —1, which suggests the two acoustic waves along
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FIG. 7. Instantaneous pressure fluctuations around the cavity.

the depthwise direction are responsible for the cavity mode resonance.
The second regime concerns the spatial variation of ¢ in region y > 0.
There is a sharp reduction in ¢, and its variation settles to a fairly linear
one beyond y ~ 0.5. The linearity signifies an outgoing pressure fluctu-
ation from the cavity opening, and its approximate gradient ¢ of varia-
tion can be used to deduce the fluctuation phase speed with the
approach of Schumacher, Doolan, and Kelso (2014) and Lam and
Leung (2018). A phase difference of 71/2 indicates a traversal over one-
quarter of fluctuation wavelength 4/4 ~ 2.867, giving a phase speed of
~11.02 at the dominant Rossiter frequency f; observed with the propa-
gating fluctuation. Therefore, only pure acoustic wave propagates out-
side the cavity, which is consistent with Fig. 7. The third regime lies
within the region of —1 < y < 0.5, which shows a very different varia-
tion of ¢. It reflects that the corresponding pressure fluctuations are no
longer purely acoustic in nature but highly affected by the convecting
shear layer across the cavity opening, giving rise to substantial nonlin-
ear aeroacoustic interaction. Thus, this regime is aeroacoustic in nature.
Figure 8(d) shows the phase difference ¢ of pressure fluctuation, with
respect to the same location (x, y) = (6.75, 21.5), along the cavity open-
ing (i.e, y=0). A fairly linear variation is evident within 0.1 <x < 0.85,
and its gradient gives a phase speed of ~0.508, which is comparable to
the convective speed of the shear layer at the cavity opening. This

(a) (b)

0.257

-0.25-

0 025 05 075 1 125

A A

025 05 075 1 125

shows that the pressure fluctuation in this range of x is solely domi-
nated by the evolving shear layer. The nonlinear variations of ¢ in the
vicinity of two cavity edges reveal strong aeroacoustic interaction. All
the variations of ¢ just discussed are similar to a recent study of the
aeroacoustics of a cavity flushed mounted in a thick airfoil at a similar
Mach number (Lam and Leung, 2018). It is interesting to see that all
the findings from the present analysis of the DAS flow fluctuations out-
line a physical picture of acoustic and aeroacoustic interactions of cavity
flow that is consistent with the study of Ho and Kim (2021) even
though the methods of analysis are different. In what follows, the pres-
sure fluctuations p’ in acoustic (i.e., the first and second regimes) and
aeroacoustic regimes (ie., the third regime) are indicated as p/, and p/,
respectively.

The pressure fluctuations p/ and p’, along cavity opening and cav-
ity base, respectively, are extracted for FFT analysis, and their magni-
tudes at the dominant frequency f; are illustrated in Fig. 9(a). The
uniform magnitude |p/ | along the cavity bottom confirms the acoustic
waves responsible for cavity mode are essentially planar and one-
dimensional along the depthwise direction. The magnitude [p}| across
the cavity opening generally increases along the downstream direction
due to the growth of shear layer vortices. Its pronounced rate of
increase within x>0.8 may be attributed to high unsteadiness
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FIG. 8. Identification of dominant physical processes of cavity flow: (a) wavenumber—frequency spectra of depthwise cavity pressure fluctuation; violet and white dashed lines
give convective and acoustic phase speeds, respectively; (b) wavenumber—frequency spectrum across the cavity opening at y =0; (c) the phase difference between the
acoustic signal at location (x, y) = (6.75, 21.5) and the line running vertically through the cavity at x=0.5; (d) the phase difference between the acoustic signal at location

(x, ) =(6.75, 21.5) and pressure signals across the cavity opening.
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FIG. 9. Shear layer—cavity mode interaction: (a) streamwise variation of FFT pressure fluctuation across the cavity opening (\p%,f -—) and cavity bottom wall
(|p’a|, — — —) at dominant frequency f;; (b) coherence between pi(f) along y =0 and p,({) at the cavity bottom center (x, y) = (0.5, —2.5); (c) streamwise phase difference

variation ¢ between acoustic pressure fluctuations }p;| and shear layer pressure fluctuations |p’s| across the cavity opening.

resulting from the impingement of large-scale vortices on the down-
stream cavity edge (Fig. 6). Figure 9(b) presents the coherence

P2(h) = ‘Psa(fl)|2/Ps(f1)P”(f1) between p! along y =0 and p/, at the
cavity bottom center, where Pi(f;) and P,(f;) are the power spectral
densities of p’ signals for the shear layer and the acoustic mode, respec-
tively, and P, (f1) is the cross power spectral density between the sig-
nals. The coherence reveals that the pressure fluctuations are highly
correlated at the dominant frequency, which implies strong coupling
between the shear layer evolution and cavity mode resonance. A
clearer picture of such aeroacoustic coupling is obtained from a study
of the phase difference ¢;= ¢, — ¢, between p and p/, fluctuations at
varying streamwise location x across the cavity length where the
phases ¢ and ¢, are determined from FFT with respect to the same
reference value [Fig. 9(c)]. The almost zero difference between ¢ and
¢, within x < 0.65 indicates high constructive coherence between p!
and p/, which reflects the high receptivity of developing shear layer
and cavity interior acoustics. Such receptivity is significantly lost
within 0.65<x<1, which reflects the dominance of the vortex
impingement in the flow development. The entire unsteady coupling
between the developing shear layer and cavity mode observed from the
present numerical solutions is found to agree highly favorably with the
findings of Ho and Kim (2021) despite a slightly different M and Re.

IV. DESIGN OF ELASTIC PANEL

The primary aim of the present study is to explore the feasibility
of suppressing the tonal noise generated by a deep cavity using a flow-
induced vibrating elastic panel. Two major design parameters of the
elastic panel, namely, its mounting location and structural properties,
uphold the key to achieving the said purpose. For the panel to work
effectively and sustain its vibration through the flow-induced loadings,
the identification of potential locations for an optimal performance
requires a careful examination of the evolution of flow oscillations
involved in the baseline rigid deep cavity, hereafter indicated as RC
case. Therefore, the potential locations mounting the elastic panel are
identified by deciphering the sequence and nature of the events taking
place in the RC case.

In Sec. 111, we extracted key relationships from the pressure fluc-
tuations created by various underlying physical processes contributing

to the aeroacoustic feedback for cavity noise radiation. The evidence
presented helps to delineate the interactions of these processes and to
seek their possible modification through our conceived ideas of elastic
panel installation for the ultimate cavity noise reduction. The domi-
nant processes identified are briefly summarized in Figs. 10(a) and
10(b). An upstream boundary layer separates from the cavity leading
edge of the deep cavity and gives rise to a shear layer (process [a])
which is amplified upon convecting across the cavity opening as a
result of Kelvin-Helmholtz instability. As discussed in Sec. ITI, the ini-
tial growth of the shear layer might be modified by the acoustic wave
reflected from the cavity bottom through a certain aeroacoustic cou-
pling (process [b]). The shear layer eventually impinges on the cavity
trailing edge and splits into unsteady vorticity that downwashes along
the cavity aft wall as well as undergoes further flow separation and
reattachment on the horizontal wall downstream, producing strong
pressure fluctuations due to intense flow—structure interaction there
(process [e]). The aeroacoustic interaction of these pressure fluctua-
tions will radiate an acoustic wave toward the cavity bottom (process
[d]), which combines its reflected wave there to form a standing wave
at the selected cavity mode (process [c]). As shown in Sec. ITI, there is
no direct acoustic feedback through the shear layer excited by shear
layer impingement; the processes [b] and [d] are believed to be the
major contributors to the aeroacoustic coupling between the shear
layer and cavity mode as similar to the views upheld by (Ho and Kim,
2021).

A. Panel location

The locations supporting various characteristic flow processes [a]
to [e] are considered for elastic panel mounting [Figs. 10(a) and
10(b)]. Each panel is envisaged to act as an absorber of the energy of
aeroacoustic/acoustic fluctuation of the flow process(es) concerned in
such a way that the interaction with the target process will give lower
cavity noise radiation. The intended actions produced by the panels
are described as follows: panel EP1 is to modify the upstream bound-
ary layer growth (process [a]) via flow-induced vibration; panel EP2 is
to weaken the aeroacoustic coupling between shear layer growth
and incident acoustic excitation (process [b]) via the aeroacoustic—
structural interaction; panel EP3 is to weaken the formation of the
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TABLE lll. The rationale for the selection of panel locations.

shear layer—cavity mode interaction; (c)
selected locations of panels.

Leading edge (LE) Cavity bottom (CB) Trailing edge (TE)
Target flow process [a] [b] [c] [d] le]
Boundary Acoustically excited Cavity standing Cavity mode excitation Unsteady flow
layer growth shear layer growth wave formation by shear layer after shear layer
impingement impingement
Proposed panel location EP1 EP2 EP3 EP4 EP5
—-1<x<0 x=0 0<x<1 x=1 1<x<2
-1<y<0 y=-—25 -1<y<0 y=0 y=0
Imparted panel Flow-induced =~ Aeroacoustic—structural ~ Acoustic-structural ~ Aeroacoustic-structural Flow-induced
control mode vibration interaction interaction interaction vibration

standing wave inside the cavity (process [c]) via the acoustic-structural
interaction; panel EP4 is to suppress the aeroacoustic production due
to impinging shear layer (process [d]) on the panel via the aeroacous-
tic—structural interaction; and the panel EP5 is to weaken the pressure
fluctuation in the vicinity of cavity trailing edge (process [e]) via flow-
induced vibration. A summary of the rationale taken and the respec-
tive panel locations are given in Table IIL

It must be emphasized that the mounting of all panels is targeted
to modify the intricate physical processes responsible for the aeroa-
coustic coupling between the shear layer and cavity mode. It never
aims to physically encroach the original cavity flow characteristics, so
the chamfering of the cavity edges or other shape transformations as
practiced previously (Saddington, Thangamani, and Knowles, 2016;
Liu and Gomez, 2019; Sato et al., 2019; and Yokoyama et al., 2020) is
not required. In fact, the proposed novel idea respects and preserves
the prevalent flow processes by keeping the basic cavity shape intact
and, at the same time, presents the possibility of noise reduction with
strategic modification of aeroacoustic coupling through flow-induced
panel vibration.

B. Panel structural properties

Table IV lists the selected parameters for all panels in the present
study. The dominant flow frequency of the RC case is taken to be the
primary parameter for consideration in the selection of panel struc-
tural properties. To accomplish the intended flow-induced panel reso-
nance for the control purpose, the natural modal resonant frequency
of every elastic panel is made the same as the dominant flow fre-
quency. This is achieved by changing the thickness and the tension of
the elastic panel accordingly. Taking into account the effect of fluid
loading, the non-dimensional frequency of the nth mode of the panel

TABLE IV. Elastic panel configuration and its fluid-loaded natural frequencies.

Material Lgp  pgp Tegp hgp n (fEP)1 (fEP)z (fEP)S (fEP)4

83345 6.37 0.02 3 0308 0.62 0925 1.237

Silicon 1
rubber
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vibration, clamped at both ends, can be estimated by Eq. (4) (Blevins,
2015). All panels are assumed to be made up of elastomeric material
like silicon rubber (Naseer ef al., 2022).

n Tgp / Lgp
=— 1+ , 4
(fEP)n 2L \/pEPhEP \/ TCHpEPhEp ( )

where Lgp, prp, Tep, and hgp denote the length, density, tension, and
thickness of the elastic panel, respectively. In the present study, the
designed frequency of the panel is taken at its third mode (1= 3) for
meeting the natural dominant cavity flow frequency as well as the con-
sideration of panel fabrication practicality.

V. DEEP CAVITY AEROACOUSTICS WITH ELASTIC
PANEL

Figure 11 shows a comparison of cavity noise spectra captured at
the location (x, y) = (6.75, 21.5) far from the cavity. Tonal noise pre-
vails in all cases, showing that the original coupling between the devel-
oping shear layer and cavity mode is not radically changed or
destroyed in the presence of elastic panels. For EP1 and EP2, a mild
noise reduction of 1.4 and 1.1dB is observed at the dominant fre-
quency f=0.925, the same as in the RC case. The same dominant fre-
quency also prevails in the EP5 case but gives a noise amplification of
2.6 dB instead. For EP3 and EP4, a remarkable noise reduction of 3.6
and 3.8 dB is observed, respectively, but they occur at a different domi-
nant frequency f=1.25, which is 35% higher than the RC value.

(b)

pubs.aip.org/aip/pof

Figure 12(a) shows the snapshots of instantaneous pressure fluctuation
for all the configurations captured at the moment when the acoustic
rarefaction hits the cavity bottom. As illustrated, the overall cavity
noise radiation pattern in all the cases is similar to the RC case
[Fig. 7(b)]. The EP3 and EP4 cases slightly skew the directivity along
the downstream direction with new maximum radiation at an angle of
~45° from the downstream horizontal wall [Fig. 12(b)]. The extent of
azimuthal noise reduction of EP1 and EP2 and the noise amplification
of EP5 are fairly uniform [Fig. 12(c)]. However, the extent of noise
reduction of EP3 and EP4 shows some variations. The effectiveness of
noise reduction and amplification of elastic panel can be illustrated
with the change of sound power level APWL = 10log;o( Wgp/ Wgc) in
dB of cavity noise radiation where W = [" p/, 0, and the results are
illustrated in Table V. A significant sound power reduction of almost
5dB is possible with EP3 and EP4, but EP5 gives a very strong sound
power enhancement by 3.3dB. In summary, all these phenomena
firmly reveal that the panels installed in the vicinity of the leading edge
and cavity bottom (Fig. 10) give rise to mild and significant cavity
noise reduction, respectively. In the vicinity of the trailing edge, where
the impingement of the shear layer dominates, a panel installed inside
the cavity gives significant noise reduction, but one outside the cavity
gives noise amplification instead. The physical mechanisms responsi-
ble for the observed phenomena are analyzed and discussed in Secs.
V Aand VL

Figure 13 depicts the distribution of the time-averaged coefficient
of pressure, Cp = 2(P — Pos)/Poo Ui» along all the cavity walls. For all

(©)
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FIG. 11. Comparison of acoustic spectra at (x, y) = (6.75, 21.5). The markers at the right indicate peak values: (a) EP1, (b) EP2, (c) EP3, (d) EP4, and (e) EP5. Dotted line:

RC, color lines: EP cases.
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FIG. 12. (a) Instantaneous acoustic pressure fluctuations of all cases; (b) azimuthal distribution of peak SPL at r= 10; and (c) azimuthal SPL change, ASPL = 20logy; (pgo/Pkc) at

r=10.

TABLE V. Change sound power level due to elastic panels.

Cases EP1 EP2 EP3 EP4 EP5

APWL (dB) 13 —11 —4.6 438 +3.2

EP cases, the distribution is similar to the RC case, each of which
shows roughly uniform wall pressure and sudden spikes at locations
on the vertical walls very close to the cavity leading edge and trailing
edge. Generally, the retention of C, distribution in all EP cases infers

that the introduction of an elastic panel does not induce notable change
to the normal pressure force on the walls. There is an observable C,
deviation of EP5 from the RC by ~19.1% (along —0.5>y > —1.25)
and ~19.4% (along —0.5 <y <0) on the front and aft walls, respec-
tively, which reflects a more vigorous shear layer dynamics, resulting in
the overall noise amplification. Moreover, it is interesting to see the
effects of elastic panels on the time-averaged drag acting on the cavity
(Table V1), calculated as Cp = 2F 4/ pu?lix.), where F g = F oy +Fjics

Fpom = — |55 0(0.9)dy + [, s p(L.y) dys Fpe = [y 7, ~2.5) dx.
In all cases, the coefficient of skin friction drag, Cp s, is two orders of

Upstream wall Front wall Bottom wall Aft wall Downstream wall
0.0sF 0.12 0.025 0.175 0.03F
0.12
~ 0.065 | 0.02 0
C p 0025 0.065
0.01 -0.03
0.02 L 0.01 L . L 0.015 !
s 205 0 0 0.5 -1 -1.5 -2 2.5 . - 1 1.5 2
X y y X

FIG. 13. Coefficients of pressure along the cavity walls. Black dashed line, RC; purple dashed line, EP1; green dashed line, EP2; red dashed line, EP3; blue dashed line, EP4;

brown dashed line, EP5.
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TABLE VI. Skin friction drag, form drag, and total drag comparison of all cavity configurations. Values in brackets show the percentage deviations from the RC case.

Skin friction drag, Cp, fic

Form drag, Cp, form

Total drag, Cp

RC 5.68 x 107>

EP1 6.38 x 107° (+12.2%)
EP2 6.50 x 107> (+14.4%)
EP3 5.48 x 107 (—3.6%)
EP4 6.48 x 107° (4+14.1%)
EP5 631 x 107° (+11.1%)

1.70 x 10°

1.42 x 1072 (—=16.7%)
1.69 X 107> (—0.7%)
1.59 X 107> (—6.4%)
1.36 X 107> (—20.2%)
2.03 x 1077 (+19.1%)

1.76 x 10>

1.48 X 107> (—=15.7%)
1.75 % 107> (—=0.2%)
1.64 X 107> (—6.4%)
1.42 X 1072 (—=19.1%)
2.09 x 1077 (+18.1%)

magnitudes weaker than that of form drag Cp, forms 80 the latter is the

major contributor to total cavity drag Cp. The cases EP1, EP2, EP3, and
EP4 give less total drag, up to 20%, less than the RC. On the contrary,
EP5 increases the total drag by almost 20%. Evidently, the proposed use
of an elastic panel for noise reduction is achieved without any sacrifice
in the cavity aerodynamics at all. In fact, it provides the aerodynamic
benefit of lower cavity drag. That makes the present idea superior to
those attempted before (Sanmiguel-Rojas et al., 2011). It is interesting
to note that similar aeroacoustic benefits are also observed in the study
of using flow-induced elastic panels for airfoil tonal noise reduction
(Arif et al., 2022).

A. Modification of cavity noise generation mechanism

The variation of cavity noise observed in EP1 to EP5 cases implies
that the coupling of the shear layer and the cavity mode of RC is
greatly modified by the new possibility of acoustic- and/or aeroacous-
tic-structural interaction given by the elastic panel. To uncover the
underlying physical mechanisms leading to the amplified and reduced
cavity noise, the phase relationships of pressure fluctuations along
cavity opening (i.e., along 0 <x <1 and y=0) at dominant peak fre-
quencies in all cases are examined carefully with reference to that at
the cavity bottom center, using the same approach as carried out in
Sec. II1. It should be reminded that the discussions in Sec. III firmly
establish that the pressure fluctuations across the cavity opening and
at the cavity bottom are purely aerodynamic and acoustic in nature, so
the same respective symbols, p. and p’, are used in forthcoming
discussions.

Figure 14(a) shows the coherence between the p/ and p/, fluctua-
tions for all cases. The EP1 and EP2 cases maintain more or less
the same high level of coherence as RC along the significant part of the
cavity opening length. So, the same type of coupling between the
developing shear layer and the cavity mode (i.e., processes [b] and [d]
in Table 11I) exists as observed in the RC. Nevertheless, there is a sig-
nificant drop in coherence at x ~ 0.125 for EP3 and EP4 cases. Figure
14(b) shows the phase difference ¢; between the pressure fluctuations.
It is interesting to note that the trends of d)f for EP1, EP2, and EP5
cases are similar to the RC case, but their magnitudes vary. The acous-
tic excitation on the shear layer growth around the leading edge
(x < 0.25) is weaker due to a deviation of ¢;from zero, but it becomes
effective again for shear layer growth downstream 0.26 < x < 0.6. The
values of ¢y are smaller than the RC case within 0.6 <x<0.8 but
become larger up until the cavity trailing edge for stronger coupling
between shear layer impingement and cavity mode in these cases.
For EP3 and EP4 cases, the trends of coherence and ¢y of p, and p/,

fluctuations together show that the fluctuations are weakly synchro-
nized. Their highly similar variations of ¢ give a very different trend
from the other cases. Generally, their ¢, deviates greatly from zero
except at x ~ 0.25 and x ~ 0.7. Their first minimum ¢ ;= 0.85 occurs
at x=0.125. Given the exceptionally weak coherence at the same x,
the fluctuations bear an extremely weak synchronization. At x=0.5
and 0.9, the fluctuations are completely out of phase, so they essen-
tially do not synchronize at all. It is believed that all the observed
weakly synchronized fluctuations result in a significant weakening of
the inherent coupling between the developing shear layer and cavity
mode. The weakened coupling is responsible for the significantly
reduced cavity acoustic fluctuation p/, by 54% of RC [Fig. 14(c)] in
contrast with only 16% reduction observed in EP1 and EP2 cases. It is
also responsible for the variations of the shear layer pressure fluctua-
tions p in all cases with panel [Fig. 14(d)]. The p! in EP1 and EP2

0 02 04 06 08 1.0 0 02 04 06 08 10
(LE) x (TE) (LE) x (TE)
© 2 @ e
6- 61
44 ' 4
21 O bl
24 2
7 (i i
0 02 04 0.6 08 1.0 0 02 04 06 08 10
x (LE) x (TE)

FIG. 14. (a) Coherence between shear layer pressure p, across the cavity opening
(y=0) and acoustic pressure p,, at the cavity bottom center; (b) phase difference
between p and p}; (c) variation of FFT transformed p/, magnitude across the cavity
bottom; and (d) variation of FFT transformed p/ magnitude across the cavity open-
ing. Black dotted line, RC; purple dashed line, EP1; green line with circle, EP2; red
dashed line, EP3; blue line with inverted triangle, EP4; brown dashed line, EP5.
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FIG. 15. FFT transformed pressure fluctuation magnitudes along the cavity front
(solid line) and aft (dashed line) walls. Every color plot shows the distribution of root
mean squared pressure fluctuation in the respective cases: (a) RC, (b) EP1, (c)
EP2, (d) EP3, (e) EP4, and (f) EPS5.

cases are consistently weaker than the RC case across the entire cavity
opening. In EP3 and EP4 cases, the acoustic excitation on the shear
layer growth is almost fully suppressed in the vicinity of the cavity
leading edge, and prominent shear layer growth appears to be delayed
to a downstream location x ~ 0.25 [supported with forthcoming dis-
cussions in conjunction with Figs. 15(d) and 15(e)]. This gives rise to a
thinner shear layer of more concentrated vorticity than the RC case, so
its impingement at the cavity trailing edge produces stronger p!, fluctu-
ations between 0.65 < x < 1. However, due to the aforementioned
weakened coupling and completely out of phase relationship between
the shear layer and the cavity mode, the stronger pressure fluctuations
are not effectively transformed into cavity noise radiation. The stron-
ger pressure fluctuation p/ in the vicinity of the cavity trailing edge is
also observed in the EP5 case, which might be attributed to the local
flow-panel interaction on shear layer impingement. Such stronger
pressure fluctuation not only produces stronger acoustic excitation for
more vigorous shear layer growth, an increase in p, by ~100% at
x=0, but also amplifies cavity noise radiation through the same cou-
pling between the shear layer and cavity mode as the RC case.

ARTICLE pubs.aip.org/aip/pof

To apprehend the effects of panels on the coupling between the
developing shear layer and the cavity mode, Fig. 15 depicts the pres-
sure fluctuations along the cavity front and aft walls in all cases, along
with the root mean square pressure distributions in colored sub-plots.
In the figure, only the line plots of FFT transformed pressure magni-
tudes [p’| are normalized by the FFT transformed acoustic pressure
magnitude at the cavity bottom } I { rc Of the RC case. Evidently, there
is a common feature in all the pressure distributions along the walls.
Every pressure magnitude outlines a variation in the form of cosine
function from its maximum at the cavity bottom, which substantiates
the presence of an acoustic standing wave spanning from the cavity
bottom. In the RC case, the standing wave fills almost the entire cavity,
as illustrated by the pressure magnitude variation on the front wall.
There is a strong nonlinear pressure variation within y > —0.5 on the
aft wall due to the shear layer impingement. The coupling between the
shear layer and the cavity standing waves between the walls is evident
for the same range of y. These observations agree favorably well with
the analysis by Ho and Kim (2021). The associated p/,, - distribution of
RC case clearly shows the separation of acoustic and aeroacoustic
regimes for cavity noise development that is consistent with the result
of frequency-wave analysis discussed earlier [Fig. 8(c)]. In EP1 and
EP2 cases, the weakening of the coupling between the shear layer and
cavity mode is obvious with the shift of the boundary between acoustic
and aeroacoustic regions down the cavity depth resulting in shorter
standing wave wavelength. In addition, the magnitude of standing
waves in these cases is reduced to 20%-25% of RC case, which implies
that the acoustics inside the cavity takes less energy from flow fluctua-
tions through coupling to buildup. The coupling further weakens in
EP3 and EP4 cases as their standing wave magnitudes are reduced to
42%-48% of RC case. In addition, their wavelengths are further short-
ened, which gives a prominent shift of dominant cavity noise fre-
quency from f=0.925 to f=1.25. Their associated p!, . distributions
show a clearer separation between acoustic and aeroacoustic regions.
In the EP5 case, the effect of the coupling is so strengthened that it
gives a standing wave of a similar wavelength as RC (and the same
dominant cavity noise frequency) but with a significant increase in
magnitude by almost doubling the RC value.

A careful study of all the p/, distributions, as illustrated in
Fig. 15, give an interesting observation. In RC, EP2, EP3, and EP5
cases, along the direction of shear layer development y =0, the con-
tours of pressure fluctuations show substantial growth at more or less
the same location inside the shear layer region. This shows that in all
these cases, the coupling between the emerging shear layer and the
cavity mode acoustic excitation (process [b] in Fig. 10) is effective at a
location very close to the cavity leading edge. As a result, the occur-
rence of the associated aeroacoustic coupling processes responsible for
Rossiter self-synchronized flow fluctuations is very similar, so all these
cases give rise to the same dominant cavity noise frequency
f1=0.925=S5t, from Eq. (3). However, in EP3 and EP4 cases, the
growth of the shear layer appears to be delayed to a location down-
stream by a distance ~0.2 from the cavity leading edge along y = 0. As
such, the effective length for shear layer growth in these two cases is
effectively shortened to only ~0.8L. If we take this shorter effective
shear layer length and the effective x ~ 0.498 from the (k-f) spectra
across the cavity opening in EP3 and EP4 cases for the calculation of
Eq. (3), it is surprising to see the St, obtained is equal to 1.206.
Such value of St, deviates from the dominant f; = 1.25 by only 4.7%.
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Hence, this close agreement implies that the mounting of EP3 or EP4
panel in the present cavity still allows the original type of Rossiter
aeroacoustic coupling [Fig. 10(b)] to happen but within an effective
narrower cavity of the same depth even though all the processes
involved in the coupling are suppressed as discussed. This clearly
shows that the intended actions of respecting the prevalent flow pro-
cesses by keeping the basic cavity shape intact with strategic modifica-
tion of aeroacoustic coupling for overall noise suppression, as stated in
Sec. IV A, are successfully achieved with EP3 and EP4 panels.

VI. AEROACOUSTIC-PANEL INTERACTION

It is interesting to see how the acoustically, or aeroacoustically,
induced vibration of the elastic panel contributes to the coupling
between the developing shear layer and cavity mode in each case.
Figure 16 shows the time traces (first column) and the corresponding
spectra (second column) pressure fluctuations acting at the mid-points
of the panels compared with the pressure fluctuations at the same loca-
tions in the RC case. The figure shows that the aeroacoustic-structural
interaction modifies the coupling to a different extent. When the elas-
tic panel is installed near the cavity leading edge, its aeroacoustically
induced vibration is effective in reducing the pressure fluctuation
through structural resonance at the designed frequency giving rise to a
20% reduction in magnitude for both EP1 and EP2 cases. In the EP3
case, the acoustically induced vibration of the elastic panel effectively
absorbs incident fluctuation energy at the designed panel frequency
from shear layer impingement and leaves much less amount of energy
than the RC case fed back to close the coupling by excitation of shear
layer formation. As a result, the reduction of acoustic pressure on the
cavity bottom is high as 52%. Similarly, the EP4 panel case reduces the
acoustic pressure fluctuation due to flow—panel interaction by almost
60%. As such, less energy radiates toward the rigid cavity bottom for
the formation of a standing wave, so less acoustic energy is fed back to
the cavity leading edge to close the coupling. These observations reveal
that effective direct absorption of acoustic pressure at the designed
panel resonant frequency would leave nonlinear acoustic-structural
interaction essentially at frequencies other than panel resonant one to
complete the coupling. This might be the reason why a change of
dominant radiation frequency prevails in EP3 and EP4 cases. In the
EP5 case, the nonlinear aeroacoustic—panel interaction gives a 30%
increase in pressure fluctuation magnitude at the designed panel fre-
quency and sizable contributions at other frequency peaks. They give
rise to a strong coupling and a much louder cavity noise as a result.
The third column of Fig. 16 depicts the pressure magnitudes along the
panels of all cases. The pressure magnitudes in EP1 and EP2 cases give
good support to the delay of shear layer growth due to the modified
coupling discussed in Sec. V A. The significant reduction of acoustic
pressure from the panels in EP3 and EP4 cases is noticeable. In the
EP5 case, the intensification of pressure fluctuation by nonlinear aero-
acoustic—panel interaction is fairly uniform along the panel.

Figure 17 shows the temporal displacements of all panels together
with their vibratory acceleration spectra obtained from panel mid-
points. Evidently, the EP1 panel responds to vibrate at the designed
resonant frequency. The standing wave pattern in the third fluid-
loaded panel resonant mode along the panel persists over time with
minor contributions from its two lower-order modes. A similar stand-
ing wave pattern prevails in the EP2 panel, but it is highly skewed by
the emergence of a traveling bending wave bouncing between two

ARTICLE pubs.aip.org/aip/pof

ends of the panel at a frequency very close to the first panel resonant
mode, which is thus also excited. The EP2 panel is entirely embedded
in the region for acoustically excited shear layer formation, so it gives a
much stronger vibratory response than the EP1 panel. These two
observations reveal that the panels are able to absorb energy from flow
unsteadiness around the cavity leading edge as desired to sustain their
resonant vibration. However, the presence of a traveling bending wave
in the EP2 panel might make its energy absorption by its standing
wave counterpart less effective, so the overall modification of the cou-
pling between the shear layer and cavity mode is comparable to the
EP1 case.

It was illustrated in Sec. V that the panels in EP3 and EP4 cases
act to modify the cavity aeroacoustic coupling in such a way that the
cavity Rossiter feedback mechanism operates in an effective narrower
cavity of the same depth and results in the flow fluctuations dominant
frequency shifted from f=0.925 to f=1.25. Coincidently, the new
dominant frequency matches the fourth mode of the resonant panel
frequency (Table 1V), but the panel responses in EP3 and EP4 cases
are completely different. The entire length of the EP3 panel responds
to the incident acoustic excitation in a way that its vibratory displace-
ment is coherent along its length (Fig. 17). It vibrates like a rigid body
rather than locked into any of its natural panel resonant modes.
Nevertheless, a sustained standing wave on the panel is still obvious.
Compared to the EP1 case, the stronger response of the EP3 panel
imparts stronger energy absorption for its more effective weakening of
feedback processes for closing the coupling and consequently lower
overall cavity noise radiation. Its new characteristic frequency of aeroa-
coustic feedback appears to excite a new cavity mode with a shorter
quarter wavelength than in the EP1 case (Fig. 15). Similar observations
can be made in the EP4 case. Owing to highly unsteady flow—panel
interaction upon shear layer impingement, the panel responds to lock
its vibration into the fourth panel resonant mode with mild contribu-
tions from its second and third modes. Although the panel vibratory
response of the EP4 panel is stronger, its energy absorption is less
effective due to the more complex standing wave pattern of shorter
wavelengths, so the weakening of feedback processes for aeroacoustic
closing the coupling is comparable to the EP3 case. The EP5 panel is
directly exposed to the strong unsteady pressure fluctuations of the
flow after shear layer impingement. It gives a sustained standing wave
pattern similar to the EP1 case but with the strongest vibratory
response among all cases.

VIl. CONCLUSIONS

This paper reports a unique passive control concept for deep cav-
ity noise suppression using localized surface compliance by invoking
the flow-induced structural resonance of an elastic panel embedded in
cavity walls. The concept is thoroughly studied with the tonal noise
response of a deep cavity of the length-to-depth ratio of 0.4 exposed to
a flow of Mach number M = 0.09 and Reynolds number Re =4 x 10,
The rigid cavity flow characteristics are taken as the basic framework
for the elastic panel design. Subsequently, various panel-cavity config-
urations built on strategically mounted panel locations are attempted
to study the effectiveness of the proposed idea for cavity noise
suppression.

The spatiotemporal aeroacoustic-structural interaction between
the elastic panel and fluid resonant fluctuations of the deep cavity is
numerically studied using direct aeroacoustic simulation in two
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FIG. 16. Temporal (first column) and spectral (second column) distribution of the pressure instabilities at the midpoint of the flow—panel interface and spatial variance of
pressure fluctuation (third column) across the panel length and compared with the rigid wall (in black) of (a) EP1, (b) EP2, (c) EPS3, (d) EP4, and (e) EP5.

dimensions. After validation with existing experimental results, the
numerical solution of flow past a fully rigid deep cavity is thoroughly
studied by means of comprehensive wavenumber—frequency analyses.
The same type of interaction between the developing shear layer and
cavity acoustic mode and its eventual noise radiation to far-field, as
reported in existing numerical and experimental works, is identified
from the numerical solution. All the five key flow processes of the

cavity aeroacoustic feedback are deciphered, namely, the boundary
layer growth upstream of the cavity leading edge, acoustically excited
shear layer growth, cavity acoustic standing wave formation, excitation
of cavity mode by shear layer impingement at the cavity trailing edge,
and the highly unsteady flow subsequent to the shear layer impinge-
ment. The elastic panel is assumed to be made of elastomeric material,
and its structural properties are designed to ensure that one of its
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FIG. 17. Panel vibratory responses: (a) EP1, (b) EP2, (c) EP3, (d) EP4, and (e) EP5. The dashed vertical lines show the first four panel modal frequencies predicted with

Eq. (3) withn=1, 2, 3, and 4.

fluid-loaded natural frequencies is equal to the dominant frequency of
the resonant flow fluctuation of the rigid cavity. The panel is then stra-
tegically set to be exposed to each of the key flow processes identified
so as to ascertain its effects on the modification of every process for
cavity noise suppression. Panel structural resonance prevails in all
cases. The interaction with the first four flow processes for the cavity
aeroacoustic feedback gives noise suppression to a different extent, but
that with the fifth process gives noise amplification. Significant noise

suppression can be obtained with a panel that is allowed to modify the
cavity acoustic standing wave formation or excitation of cavity mode
by shear layer impingement at the cavity trailing edge. Both are able to
give the reduction in cavity noise pressure level and power level up to
3.8 and 4.8 dB, respectively.

An extensive study of the physical mechanism behind the noise
suppression cases reveals that the presence of the elastic panel
completely alters the aeroacoustic coupling of the key flow processes
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responsible for cavity flow resonant fluctuation. The coherency
between the shear layer growth and cavity mode acoustics, as observed
in the rigid cavity, is grossly weakened due to the imposed surface
compliance. That results in a change of the dominant frequency of
cavity aeroacoustic feedback to a higher value. The loss in coherency is
almost complete in the proximity of the cavity leading edge, so the
growth of the shear layer is effectively delayed to further downstream
of it. It leads to the occurrence of cavity aeroacoustic feedback in an
effective narrower cavity of the same depth. The associated flow pro-
cesses of the aeroacoustic coupling are weakened by the structurally
vibrating resonant panel, so the eventual cavity flow noise is reduced.
Further analysis of the aeroacoustic-structural interaction of the panel
provides the details of how it responds to absorb the flow and acoustic
fluctuation energies. Successful noise suppression comes with an
unforeseen advantage. The presence of the panel gives rise to a reduc-
tion of overall cavity drag by almost 19% from its rigid cavity counter-
part, which may be helpful in reducing the consumption of flow
energy required to drive the cavity flow. Therefore, the present paper
confirms the feasibility of the proposed use of strategically placed sur-
face compliance that is effective not only in modifying the fundamen-
tal deep cavity tonal noise mechanism but also in achieving noise
suppression and drag reduction to the cavity yet retaining the basic
problem geometry intact. All these features are considered important
in many practical applications. Although the present work is carried
out at M = 0.09 only, it is envisaged that the same approach is applica-
ble to the suppression of deep cavity noise at low to mid Mach num-
bers for the similarity of their aeroacoustic generation mechanism.
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