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Abstract

Cavities exposed to low Mach number flow in various engineering applications are
often liable for generating flow-excited acoustic oscillations, resulting in large acous-
tic amplitudes and vibrations. This compromises the safety and reliability of critical
equipment due to a phenomenon attributed to interaction between the instability of
the shear layer and the acoustic modes of a given system. This thesis experimentally
investigates the aeroacoustics response of cylindrical cavities having aspect ratios of
h/L= 0.5, 1, and 1.5, where h is the cavity depth and L is the shear layer impingement
length, up to flow velocities of Mach 0.4. In view of the cavity confinement, the effects
of the admission ratio w/W , where w is the cavity width and W is the duct width, on
the aeroacoustics response and shear layer dynamics are also considered. The work
extends the investigation to two-dimensional rectangular cavities and square cavities
with similar aspect and admission ratios to the cylindrical cavities, as to establish the
effect of the cavity shape on the resonance excitation frequencies and hydrodynamic
modes of the system. Acoustic pressure measurements present Strouhal periodicities
that agree well with values reported in literature. Cylindrical and square cavities
with aspect ratio h/L = 0.5, however, exhibit unique behaviour due to the interfer-
ence of the recirculation region within the cavity, ultimately modifying the symmetry
of the shear layer. Particle image velocimetry (PIV) measurements present spatial
characteristics of the shear layer dynamics, revealing improved flow modulation with
increasing acoustic pressure, and significant asymmetry for shallow aspect ratios. The
work presented in this thesis provides novel insight of the shear layer instability in
confined cavities, and its effect on the flow-sound interaction mechanism.

Keywords: Aeroacoustics; Flow-excited acoustic resonance; Cavity flow; Cylin-
drical cavity; Shear layer instability
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Chapter 1

Introduction

1.1 Background & Literature Review

The self-excitation of acoustic oscillations and vibration has been recognized as a

notable impedance to various engineering applications subject to low Mach number

turbulent flow. The impact of self-induced dynamic loading on critical equipment has

since fostered increasing research interest in recent decades to improve design guide-

lines, which subsequently requires a sounder understanding of the physical mecha-

nisms responsible for such flow-induced vibrations. The presence of these adverse

mechanisms are common amongst many industries and pose a severe threat to their

safe operation, efficiency, and comfort. Flow over cavity geometries in particular have

attracted significant attention and have been grounds for valuable research and de-

velopment in automotive and aerospace applications. Initiatives have been taken in

the automotive industry to better understand the pressure oscillations from separated

flows past windows and sunroofs [34,51]. Such pressure fluctuations in vehicle cavities

produce discomforting levels of noise to drivers and passengers, as well as reduced

fuel economy for large freight carriers due to increased flow drag. Likewise, aerospace
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Figure 1.1: Boeing 727 nose landing gear [14].

applications have been investigated, such as the cavity flow over weapon bays in mil-

itary aircraft due to their susceptibility of generating severe flow-oscillations and vi-

bration [82,90]. More recent developments have researched similar flow-induced noise

and vibration for cavities formed by landing gear wheel wells, rocket motors, and jet

engines, in pursuit of suppression techniques and innovative designs for technological

advancements [24, 42, 44]. A simple schematic of the cavity formed by the landing

gear of a Boeing 727 is shown in Fig. 1.1. Airport facilities are notorious for severe

noise pollution from passenger jets, and hence require vast real-estate to construct,

and more importantly, compromise the health and comfort of surrounding residents.

Additionally, passenger jets must remain idle for a certain amount of time before take-

off following another aircraft. While safety considerations related to wake turbulence

are the primary reason for delays between aircraft takeoffs, noise abatement proce-

dures are also a factor for large-scale airports. The flow oscillations associated with

landing-gear cavities are responsible for up to 70% of airframe noise [65]. Therefore,

addressing such noise pollution is of critical importance for aircraft manufacturers
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in order to comply with more stringent regulations, and account for the concerns of

surrounding communities.

With increasing energy demands, however, a more pertinent effort has been drawn

to the energy sector regarding the cause and mitigation of flow-induced vibrations in

applications such as combustion chambers [74], piping systems [16, 70, 83], as well as

flow over cylinders and heat exchanger tube bundles [7,11,13]. Due to the geometric

shapes and ever present fluid flow in nuclear power plant equipment, these systems

provide inherent flow oscillations and favourable boundaries to excite acoustic stand-

ing waves, thus significantly increasing their vulnerability to flow induced oscillations.

Numerous incidents have been documented outlining the excessive damage caused in

Figure 1.2: Steam dryer assembly of quad cities unit 2 (top left) and details of the
acoustic fatigue failure on the outer hood [102].
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boiling water reactors due to flow instabilities in main steam lines [23, 33, 95, 96].

Fig. 1.2 for example illustrates the acoustic fatigue in the Quad Cities unit 2 steam

dryer due to intense flow-induced pulsations [102]. As nuclear energy composes 15%

of Canada’s electricity production, it is thus imperative to pursue further insight of

such mechanisms and devise optimized design solutions, in order to safeguard facility

assets and public welfare.

1.1.1 Self-Sustained Flow Oscillations

In cases where turbulent flow is travelling over rectangular shaped cavities, the ge-

ometric discontinuity provides the necessary condition to promote flow instabilities.

The flow separation gives rise to an unstable shear layer which drives the self-sustained

oscillations. These fluctuations in the flow generate acoustic pressure perturbations

that amplify the initial instability of the shear layer, thus closing a feedback loop, as

seen in Fig. 1.3. Flow-induced vibration in such cavity-like geometries are credited

to the instability of the shear layer due to the flow separation, and has been well

documented since early experimental campaigns on cavities, employing wall pressure

measurements, hot-wire measurements, and schlieren observation [52, 80, 91]. These

studies provided preliminary knowledge regarding flow instabilities for rectangular

cavities at both low and transonic flow velocities.

Later work conducted by Rockwell and Naudascher [79] further categorized the

instability mechanism into three categories, namely; fluid-dynamic, fluid-resonance,

and fluid-elastic, each one reflecting the nature of the feedback mechanism. The fluid-

dynamic feedback mechanism is a self-sustained form of oscillation where the flow

separates at the upstream edge, creating a free shear layer over the cavity opening.

The shear layer rolls into a vortical structure, which increases in size as it is convected

downstream. The vortices result in pressure perturbations that amplify the initial

4



Figure 1.3: Principal elements of self-sustaining oscillation of turbulent flow past
cavity associated with purely hydrodynamic effects [78].

instability at the upstream edge, thereby triggering the formation of another vortex

and closing the feedback loop. It was later discovered that the behaviour of the shear

layer, specifically the impingement, can be categorized depending on the clipping

behaviour of the vortex core relative to the downstream edge of the cavity [76]. It

was found that the vortex would exhibit either complete clipping into the cavity,

partial clipping, partial escape, or complete escape downstream, as seen in Fig. 1.4.

It was subsequently shown numerically using Direct Noise Computation that the

impingement process seems to alternate between the previously mentioned categories

[35]. In essence, the shear layer demonstrates a flapping motion, causing vortical

structures to impinge on the downstream edge in a cyclic manner between the escape

and clipping behaviour.

Rossiter [81] first proposed a semi-empirical formula to predict the dimensionless

frequency of the flow oscillations over rectangular cavities, and is represented by the

Strouhal number, St, as seen in Eq. 1.1, where a linear relationship exists between

the frequency of the flow oscillations, fs, the impingement length of the cavity, L,

and the free-stream flow velocity, U∞. Rossiter [81] explored the reliability of the

formula for a large range of flow velocities, and suggested that the time required for

5



Figure 1.4: Cavity geometry and classes of possible vortex-edge interactions [76].

the vortices to travel downstream is L/U , while the time required for the acoustic

pressure perturbation to return upstream is L/c, where c is the speed of sound. The

frequency of the flow oscillations can thus be obtained by the summation of the two

time-scales.

St =
fsL

U∞
≃ mi − γ

M + 1
k

(1.1)

Upon implementing empirical constants to fit the formula to the experimental data,

the linear relationship can also be expressed in terms of the hydrodynamic mode

number, mi, the empirical constant for the phase delay between the downstream

impingement and upstream feedback, γ, the Mach number, M , and the average con-

vection speed of the vortices, k = 0.57. Throughout the years, authors have further

demonstrated the accuracy of this formula, and have made analytical improvements

as to appropriately fit Eq. 1.1 to experimental results [15, 41]. Future studies have

demonstrated that the phase lag term is governed by the Mach number. At low

flow velocities, the speed of sound is much greater than the free-stream velocity,

therefore the acoustic pressure perturbations at the upstream edge occur almost in-

stantaneously such that γ = 0, thus the phase delay is negligible [18,29,54]. As it can

be seen in Eq. 1.1, the frequency of the shear layer instability is directly proportional

to the flow velocity, where the corresponding Strouhal number signifies the shear layer

hydrodynamic mode. Mathematically, this is a non-dimensional number representing

6



the frequency of the shear layer oscillations. In the physical sense, the hydrodynamic

modes represent the number of vortices travelling over the cavity mouth during one

flow cycle, wherem1 is the first hydrodynamic mode and has one vortex core travelling

over the cavity.

As evidenced in literature, Eq. 1.1 serves as a viable semi-empirical formula to

predict the Strouhal number of the flow oscillations, however, the physical interpreta-

tion of the formula is misleading. Although it provides relative accuracy, the notion

that the impingement of the shear layer generates the flow tones in cavity-systems,

contradicts with applications in which a similar mechanism appears, despite the ab-

sence of an impingement edge. This was emphasized by Tonon et al. [94], explaining

the existence of similar flow-acoustic coupling in cylindrical pipes where the shear

layer does not impinge on a uniform edge, such as two-dimensional cavities. The

generation of velocity dependant flow-tones in cavity geometries are rather a product

of a coupled interaction between the flow instability and the acoustic field. Pow-

ell [73] first established a generalized mathematical relationship between the vortex

shedding and sound production, which was then generalized to estimate the time-

averaged acoustic power [46–48]. The model developed by Howe [46] for the feedback

loop involves the interaction between the unstable hydrodynamic flow field, and the

acoustic field [30,50].

The feedback mechanism discussed in this section is characterized as a self-sustained

oscillation where the flow instability of the shear layer provides the necessary energy

to generate acoustic tones, thereby further increasing the instability of the shear layer.

The frequency of the instability in this case is mainly a function of the free-stream

flow velocity and the length of the cavity opening.
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1.1.2 Flow-Excited Acoustic Resonance

It has been established in the previous section that the instability of the shear

layer transfers energy to the acoustic field which generates velocity dependent tones,

thereby fostering a coupled interaction between the flow field and the acoustic field.

Under certain conditions, cavity geometries exhibit acoustic modes at discrete fre-

quencies which fall within the range of oscillation frequencies for the given operating

flow velocities. In such circumstances, critical flow velocities exist where the associ-

ated oscillation frequency coincides with the acoustic mode of the system [61] There-

fore, the shear layer oscillations excite the acoustic mode of the system, forming a

distinct flow-acoustic coupling [88]. This is possible due to the favourable orientation

of the velocity fluctuations with respect to the acoustic particle velocity. The pressure

perturbations in this case promote the excitation of a standing acoustic wave [1]. As

shown in Eq. 1.1, the frequency of the flow oscillations are proportional to the flow

velocity, whereas the acoustic mode is mainly governed by the system’s geometric

shape. Consequently, the strong coupling between the flow field and the acoustic

field ensues when both frequencies coincide, as shown in Fig. 1.5. During this co-

incidence, the flow oscillations and resonance frequency are said to be in a lock-in

state. Subsequently, the aeroacoustics resonance is initiated at a discrete frequency

and sustained for a finite range of flow velocities [87].

This coupled mechanism is therefore governed by an energy exchange process

where the energy is periodically transferred between the flow field and the acoustic

field. It was reported that the energy exchange process is attributed to a pressure

differential across the source region due to the shear layer instability, which is in

phase with the acoustic particle velocity [46, 47]. Therefore, the existence of an

excitable acoustic mode provides positive feedback to the flow oscillations so long

as the flow oscillations overcome the acoustic damping of the system. The coupled
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Figure 1.5: Schematic of the lock-in regions between the shear layer modes, mi, and
the acoustic modes, ni.

interaction during resonance is much more pronounced, resulting in an amplification

of the flow oscillations as well as the resonance tone [12]. Consequently, the strength

of the acoustic field is liable for modulating and organizing the vortices in the shear

layer [49, 98]. Additionally, the growth of the flow instabilities result in a significant

increase in flow drag, negatively impacting the efficiency of the given system. This

coupled feedback mechanism is called flow-excited acoustic resonance [63,87].

As mentioned, there are two main aspects that are responsible for generating

flow-acoustic coupling, namely; the flow field and the acoustic field. To that end, the

resonance frequency of the system dictates the lock-in regions for the flow-excited res-

onance, which is dependent on the geometry of the cavity and surrounding boundaries.

In general, the flow-excited acoustic resonance mechanism is prevalent amongst many

engineering applications and is commonly used to refer to such instabilities. How-

ever, although the mechanisms responsible belong to the same category, i.e. fluid-

resonance, details regarding the behaviour between the flow field and acoustic field
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may differ. In fact, since a system’s geometry governs the resonance acoustic mode,

different geometric shapes generate distinct acoustic mode shapes, which in turn affect

the topology of the shear layer. With the aim of developing insight to the flow-excited

acoustic resonance in other cavity geometries, considerable research over the past few

decades has committed to exploring various applications subject to similar effects

due to the presence of turbulent flow. Such applications include cases where multiple

cavities are present in a duct with various configurations, side branches in pipeline

systems, cross-flow over cylinders and tube arrays, as well as circular axisymmetric

cavities [2, 5, 6, 31, 37, 64, 78, 104]. The feedback mechanism explained in this section

differs from that presented in Sec.1.1.1, in that the presence of an acoustic standing

wave, which is geometry dependant, couples with the self-sustained flow oscillations,

generating significantly higher amplitudes of acoustic pressure. Subsequently, the

coupling demonstrates a more mutual energy exchange between the flow and acoustic

field, evidenced in the enhanced organizing and modulation of the shear layer [49].

1.1.3 Rectangular Cavities

Acoustic Response

Given the nature of the coupled mechanism, it is fundamental to understand the

behaviour of both; the fluid-dynamics and the acoustic field. With regard to the

aforementioned studies, a common aspect amongst the investigations are that they

were conducted on two-dimensional rectangular cavities. This is a crucial feature to

be considered when evaluating the flow-acoustic coupling of cavities. The previously

mentioned studies were geared towards certain industrial applications, explaining

the rectangular cavity opening, however the two-dimensionality of the cavity also

facilitated the analysis by neglecting three-dimensional characteristics. This was an
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effective approach considering the lack of literature in this field only a few decades

ago. The research and development that has since been made, in both literature and

industry, has provided a better fundamental comprehension of the underlying physics

responsible for the coupled phenomenon, allowing for progress to be made towards

understanding more complex-shaped cavities.

In general, when referring to the geometric shape of rectangular cavities, it is

proper convention to use their aspect ratio, h/L, which is the ratio between the cav-

ity depth, h, and the impingement length, L. The dimensionless parameter allows for

scaling of the results to a wide range of cavity cases. Additionally, the aspect ratio

allows grouping of the cavities in either deep or shallow configurations. Deep cavities

consist of depths larger than the impingement length, whereas shallow cavity depths

are smaller than the impingement length. Much of the early literature has been con-

ducted on rectangular cavities with shallow aspect ratios due to the nature of the

applications considered. Cavities in the shallow regime typically induce broadband

acoustic tones by virtue of the dynamic flow oscillations [4]. When the depth of the

cavity becomes larger than the impingement length, it provides an acoustic depth

mode, which would be in the direction orthogonal to the flow. This acoustic depth

mode, if excited by the shear layer instabilities, will couple with the flow field and

exhibit flow-excited acoustic resonance [27]. Plumblee et al. [72] highlighted this ob-

servation and suggested that the broadband noise generated in shallow cavities is due

to the fluid-dynamic oscillations of the shear layer, and thus, increases proportionally

with increasing flow velocities. In deep cavities, the acoustic depth mode promotes

the flow-excited resonance mechanism, and this remains true in cases where the cav-

ity is subject to external flow. However, it was later shown that shallow cavities

may also excite acoustic standing waves if there is a confinement causing reflective

boundaries [103]. Unlike the depth mode of deep cavities, where the acoustic mode is
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Figure 1.6: Illustration of the Fluid resonant feedback mechanism. Distribution of
the acoustic particle velocity and pressure of the (λ

2
) mode are shown schematically [1].

exclusively inside the cavity, the standing wave formed in shallow cavities subject to

a reflective boundary spans the entire distance between this boundary and the cavity

floor [1]. It was demonstrated that shallow cavities confined in a duct can excite

a 1/2λ acoustic cross-mode where the cavity depth and duct height are the length

scales used to predict the resonance frequency of this mode, as shown in Fig. 1.6.

Hence, it is evident that the presence of a confinement significantly influences the

feedback mechanism, and thus, the aeroacoustics behaviour of the system [11]. The

acoustic mode is said to be a trapped acoustic mode since it is localized to a sub-set

of the geometry, and is not sensitive to upstream and downstream acoustic boundary

conditions.

Heller et al. [43] and Rossiter [81] observed flow-excited resonance in shallow

ducted cavities subject to high Mach number flow and noted that the acoustic mode

during resonance excitation can in-fact be the longitudinal acoustic mode of the duct,

as well. In their investigations, a quality factor is given for the acoustic depth mode,

and is defined as the ratio between the energy stored in the cavity and the energy
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exchanged from the opening. The small quality factor for the shallow cavities in their

studies explained the absence of the acoustic depth mode. Conversely, longitudinal

modes of the main duct were observed to be coupled with the oscillations of the

shear layer, which was accordingly modelled as a pseudo-piston propagating acoustic

waves upstream and downstream [41]. The resonance frequencies for the longitudinal

mode also agreed well with analytical results, which consisted of a stagnant fluid

medium [93].

Hydrodynamic Behaviour

The aspect ratio is a crucial parameter as it accounts for the depth and impingement

length of the cavity, which have the strongest influence on the flow-oscillations and

acoustic modes [81, 102]. This philosophy implies the assumption that the cavities

are two-dimensional in nature, where the shear layer topology is uniform in the span-

wise direction. Therefore, a parameter to account for the width of the cavity would

be irrelevant. Further investigations, however, have explored the effect of changing

the cavity width and shown that the existence of friction boundaries on the sides of

the cavity develop velocity gradients and become more prominent when reducing the

width of the cavity relative to the impingement length [20, 77]. As a result, slight

curvature in the spanwise direction of the cavity is observed. Small-scale, three-

dimensional streams also emerge between consecutive vortex cores. Nevertheless,

these small-scale, three-dimensional characteristics seem marginal in comparison to

the overall two-dimensional topology of the shear layer. In addition, although the

effect of the cavity width was explored, the same width was adopted to the duct con-

finement, therefore the effect of the cavity width relative to the width of an enclosure

has not been explored. In regard to the shear layer dynamics, the linear relationship

between the flow oscillations and flow velocity, as seen in Eq. 1.1, is normalized using
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the impingement length to yield a non-dimensional frequency, known as the Strouhal

number, St. This parameter represents a specific hydrodynamic mode, where m1, m2,

and m3 represent the first, second, and third hydrodynamic modes, respectively. The

first hydrodynamic mode exhibits one vortex core in each flow cycle, where the num-

ber of vortex cores present in one flow cycle increases with higher order hydrodynamic

modes. Literature regarding rectangular cavities, as those previously mentioned, re-

port relatively similar Strouhal numbers of ∼ 0.5, 1, and 1.5, for m1, m2, and m3,

respectively. In comparison to axisymmetric cavities, where the geometry differs,

Nakiboǧlu et al. [64] provided a thorough numerical and experimental investigation

on the effect of cavity depth on the Strouhal periodicities. Results demonstrated that

for h/L = 0.2 - 0.5, the Strouhal number for m1 continues to increase with increasing

depth until a saturation point, where St is no longer affected by the depth for h/L

≥ 0.68. Their experimental and numerical results described a linear relation between

the reduction in cavity depths and St for aspect ratios less than 0.68, exemplifying

the clear dependency of the shear layer dynamics on the aspect ratios of shallow cav-

ities. No such dependency, however, appears in rectangular cavities, which further

delineates the change in behaviour for other cavity geometries.

The observed linear relationship in the experiments of Nakiboǧlu et al. [64] was

described as a reduction in the convection speed of the vortex at the mouth of the

cavity by virtue of the image vortex present at the floor of the cavity. This expla-

nation, as illustrated in Fig. 1.7, considers strong effects due to the cavity floor in

proximity of the mouth, such that increasing the depth of the cavity, minimizes the

effects of the cavity floor on the shear layer dynamics. Evidently, the division of

cavities into either shallow or deep configurations is beneficial due to the change in

both the acoustic behaviour and the shear layer dynamics.
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Figure 1.7: Schematic drawing of a concentrated vortex core at the cavity mouth
and its image at the bottom of the cavity; arrows indicate the direction of circulation
for the image vortex [64].

Convective Effects on the Resonance Frequency

It is understood that the acoustic mode of a cavity is geometry-dependent, and is thus

associated with a static frequency value. Although these frequencies can be estimated

with relative accuracy, feasible prediction methods assume a stagnant fluid medium,

and thus no flow condition. The effect of increasing flow velocity on the resonance

frequency has been reported by many authors for various cavity geometries [10].

Experiments by Shaaban and Mohany [89] demonstrated the resonance frequency

to have a stronger dependence on the flow velocity for high Mach numbers. Such

speeds introduce isentropic compressibility of the fluid medium, effectively reducing

the speed of sound. This indicates the influence of convective effects on the resonance

excitation and its role in accurately predicting the resonance frequency.

Theoretically, all hydrodynamic modes can successively excite the same acoustic

mode, as seen in Fig. 1.5, however for the majority of applications, flow velocities

typically exhibit up to the first three, as mentioned [102]. Investigations focused on

the flow-excited resonance mechanism for various geometries, highlighted that as the
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flow velocity is increased, the acoustic mode is successively excited by lower order

hydrodynamic modes, and the amplitude of the acoustic resonance increases. The

resonance amplitude is thus strongest when coupled with the first hydrodynamic

mode, and is due to the increased momentum of the shear layer vortices [36, 104].

Resultantly, the increased resonance amplitude amplifies the oscillation of the shear

layer and acts as an acoustical inertia, essentially introducing an added mass effect

to the oscillation [37, 94, 103]. This was observed in their experiments, as the same

acoustic mode was excited at slightly lower frequency values for every lower order

hydrodynamic mode. The convection velocity was also seen to have an effect within

the resonance range of flow velocities. It was shown that during lock-in, there is

a slight, yet discernible increase in the resonance frequency attributed to the high

acoustic pressure amplitudes during resonance excitation. Due to the strong pressure

distribution during resonance, the shear layer oscillations changes from an added

mass to an added stiffness effect [37, 102]. Ziada et al. [103] also suggested that the

presence of a duct confinement surrounding the cavity reflects the sound generated

by the dynamic flow oscillations. The sound reflected from the boundaries seems to

promote the shear layer oscillations at lower Mach numbers, thereby explaining the

slight deviation in Strouhal numbers when compared to similar cavities without any

confinement.

Effect of Upstream Boundary Layer Characteristics

The boundary layer characteristics upstream from the cavity has also been reported

to be an influential parameter on the flow-excited acoustic resonance. Sarohia [84],

for example, discovered that the onset of oscillations can also be limited by the cavity

length. It was found that there is a minimum aspect ratio, based on the thickness

of the shear layer, that is required to induce flow-oscillations, as shown in Fig. 1.8.

16



Figure 1.8: Region of cavity oscillation [84].

Nakiboǧlu et al. [64] explored identical axisymmetric cavities in two separate con-

figurations, where one configuration mounted the cavity near the duct inlet, and

the other configuration mounted the cavity further downstream. This effectively ex-

plored effects of the momentum thickness of the shear layer on the onset of resonance

excitation. It was found that the shear layer momentum thickness increases when

increasing the upstream length from the inlet to the leading edge of the cavity. Due

to the enlarged shear layer momentum thickness, the hydrodynamic amplification for

higher order hydrodynamic modes are noticeably weaker and hinders the acoustic

pressure perturbations from affecting the shear layer instability. Consequently, the

higher order hydrodynamic modes in their investigation were not observed for the

thicker momentum thickness of the downstream mounted cavity.

The approaching boundary layer is also a crucial feature when considering miti-

gation and suppression techniques. As the instability of the shear layer due to the

cavity discontinuity is the source of the acoustic tone generation, numerous investi-

gations have been made in developing both active and passive techniques to suppress
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resonance excitation. Experiments in confined shallow rectangular cavities were con-

ducted to assess the influence of varying the geometries of the upstream and down-

stream edges of the cavity to disrupt the shear layer [69]. Similar experimental studies

were carried out to explore the effectiveness of spanwise control rods in suppressing

the resonance excitation. It was found that implementing a control rod at the cavity

leading edge would generate high-frequency vortices, impeding the flapping of the

shear layer [1]. The effectiveness of this control technique significantly depends on a

number of geometrics parameters, namely; the streamwise location of the rod with

respect to the cavity leading edge, the gap between the rod and the wind tunnel wall,

and the aspect ratio of the cavity. In general, passive techniques involve geometry

modifications to disturb the shear layer formation and hence the coupling mechanism.

Active techniques can range from active spoilers or mass injection designs to ul-

timately modify the shear layer dynamics as to avoid coupling with the acoustic

modes of the system. Both, active and passive control techniques have been fur-

ther developed in later experiments demonstrating their capabilities in mitigating

resonance excitation, and proposing universal criterion for optimal design parame-

ters [53, 68, 88, 99]. Control techniques, however, have shown to be influenced by

numerous parameters, thereby complicating the prediction of optimum design for

suppressing resonance excitation. In addition, issues regarding flow-acoustic insta-

bilities arise in industry applications, where design modifications for commissioned

equipment is difficult to accomplish and not economically feasible. Suppression and

mitigation methods are also likely to cause substantial pressure drop due to their

intrusive nature on the flow-field [88]. Although such methods indicate promising

results, there is much work yet to be made in further understanding the influence of

various parameters on the optimal design for mitigating acoustic resonance. Subse-

quently, this requires a greater understanding of the fundamental physics responsible

18



for the coupled phenomenon. For this reason, the current work does not explore

the effect of mitigation or suppression methods, but rather focuses on the improving

the current state of knowledge regarding the fundamental interaction between the

acoustic field and the shear layer instability of cavity flows.

1.1.4 Cylindrical Cavities

Acoustic Response

Cylindrical cavities are subject to similar flow-acoustic coupling mechanisms as the

rectangular type, however, due to the inherent geometry of the cylindrical cavities,

the acoustic modes excited take different form. The acoustic behaviour of cylinder

pipes have been well understood and is thus utilized to estimate the resonance of

cylindrical cavities since they are synonymous to a pipe with open-closed boundary

conditions [37, 94]. Such geometries ideally yield 1/4λ acoustic mode shapes, where

the acoustic pressure node is located at the open end of the pipe and the frequency

is a function of the length of the pipe. Therefore, cylindrical cavities also excite

depths modes similar to rectangular cavities and these acoustic modes are equally

influenced by the convective effects as discussed in Sec.1.1.3. Numerical and exper-

imental campaigns have provided valuable insight into the tone generation of flow

over cylindrical cavities [38, 55, 60, 97]. Rayleigh [75] noted that the radiation from

the open end of the cavity causes a discrepancy to the estimated values, to which

he proposed end correction factors to account for the radiation. Two end correction

factors were proposed, depending on whether the open end of the cavity is flanged

or unflanged. Numerous future investigations have contributed to refining the value

of these end corrections and even proposed expressions for the constants [22, 66, 67].

Nevertheless, the proposed modifications were not seen to have a significant impact
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on estimating the resonance frequency of the cavity, and therefore the general ap-

proximation proposed by Rayleigh [75] still serves as a robust prediction method for

the acoustic depth mode. It should be noted, however, that the cylindrical cavities

mentioned here were subject to external flow, and hence, not confined by an enclo-

sure, or the enclosure was much larger relative to the cavity. This is an important

consideration as the confinement of a cavity by means of a duct is known to affect

the acoustic modes of a system, which determines the system’s liability to exciting

an acoustic standing wave. As mentioned in Sec.1.1.3, Ziada et al. [103] conducted

experiments on two-dimensional shallow rectangular cavities and demonstrated that

the excited acoustic mode of the system is the transverse mode of the cavity-duct

configuration. Such acoustic modes would not materialize without the presence of

a duct or reflective boundary. Verdugo et al. [97] carried out similar measurements

for cylindrical cavities in a duct, but the duct employed was much larger than the

cavity. The velocity sweep revealed a ”stepwise” evolution in the excited frequencies,

leading up to the expected 1/4λ acoustic mode for cylindrical pipes. This differs

from the discrete lock-in range behaviour typically reported in literature and was

credited to the presence of the duct confinement, yet no further insight was given to

the ”stepwise” evolution of consecutively excited acoustic modes. Nevertheless, the

experimental results of Verdugo et al. [97] presented valuable information regarding

the three-dimensionality of the flow over cylindrical cavities by employing hot wire

measurements at various locations in the cavity and wake region. It is thus evident

that the aeroacoustics behaviour of cavities are greatly influenced by the presence of

reflective boundaries in the near vicinity, and should be considered when addressing

applications in confinements such as pipes and ducted systems.
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Hydrodynamic behaviour

In the case of cylindrical cavities, similarly to the convention for rectangular cavi-

ties, they may be classified as deep or shallow depending on their aspect ratio, where

the diameter of the cavity represents the impingement length. As outlined, dividing

cavities into these two categories is beneficial due to potential changes in the flow

behaviour when cavity depths become smaller than the impingement length. This

categorization carries greater significance in cylindrical cavities. Accordingly, the

cylindrical nature of the cavities provoke a number of differences in the acoustic and

fluid-dynamic behaviour when compared to rectangular cavities. With regard to the

flow behaviour, the aspect ratio of a cylindrical cavity is a fundamental parameter

since, unlike the two-dimensional rectangular cavities, the flow for cylindrical cavities

is seen to be highly three-dimensional. The early works of Hiwada et al. [45] explored

the characteristics of flow patterns over cylindrical cavity openings for a range of

shallow aspect ratios h/L < 1, providing some of the earliest research regarding such

cavity-types. Gaudet and Winter [32] used oil-flow visualization techniques, showing

interesting flow behaviour at the cavity walls. Through the experiments of Hiwada et

al. [45], it was further revealed that for shallow cavities, the dynamics of the flow-field

changes and is strongly dependent on the cavity depth. The work detailed asymmet-

ric flow behaviour for a range of cavity aspect ratios by means of static pressure

measurements on the interior walls of the cavity, where the asymmetry changes with

varying depths. The static pressure measurements offer an appropriate representation

of the static pressure distribution in the cavity, and hence the average flow field for all

cases considered. Their findings were later confirmed by a number of studies on both,

shallow and deep, cylindrical cavities [26,56,58]. The flow behaviour is characterized

such that for 0.2 < h/L < 0.8, the flow is seen to be asymmetric with respect to the

streamwise direction, where the strongest asymmetry and levels of drag are reported
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Figure 1.9: Static pressure coefficient (Cp) distribution on the cavity wall for aspect
ratios between 0.1 and 1 [56].

for h/L = 0.5. The range of aspect ratios from 0.2 < h/L < 0.8 is further divided into

two categories based on their flow dynamics. For 0.2 < h/L < 0.4, the asymmetric

flow exhibits flapping behaviour with respect to the streamwise direction, while 0.4

< h/L < 0.8 exhibit stable asymmetric flow. For cylindrical cavities with aspect ratios

outside the range of 0.2 - 0.8, the flow is understood to be stable and symmetric. This

illustrated in Fig. 1.9. Future studies have provided deeper insight into the asymmet-

ric flow structure for shallow cylindrical cavities, showing that the asymmetry is not

only relative to the streamwise direction of the flow, but also relative to the cavity

plane [19, 39]. In other words, the shear layer in the spanwise direction is no longer

parallel to the cavity opening. This is an important consideration when addressing

acoustic tones generated by cylindrical cavities, particularly the shallow type. In
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relation to the flow oscillations due to the shear layer instability, the semi-empirical

formula proposed by Rossiter [81] has served useful and proven viable in predicting

the non-dimensional frequency of the flow oscillations of cylindrical cavities as well.

Authors throughout the years, as is the case with Howe [47], have made adjustments

to Rossiter’s formula on account of analytical improvements. This formula, however,

has been developed using rectangular cavities where the impingement length of the

cavity is uniform across the entire spanwise direction, hence the term two-dimensional

cavity. Authors such as Czech et al. [21] and Mery et al. [59] have observed cylin-

drical cavities to exhibit similar Strouhal periodicity to those of rectangular cavities,

which further demonstrates the significance of the impingement length in predicting

the frequency of the flow oscillations. This is an interesting observation, considering

the non-uniformity of circular cavities in comparison to the rectangular type. Their

work further extended the approach proposed by Rossiter [81] to cylindrical cavities

by employing effective length equations to account for the circular cavity opening.

Although the proposed equations allow for a better fit of the experimental data using

the semi-empirical formula, details of the shear layer’s spatial characteristics and an

explanation for the effective length equations are still unknown. Therefore, a more

in-depth analysis of the flow patterns over the cavity opening is needed in order to

provide a physical explanation for the use of effective length equations.

1.2 Motivation

The following research is motivated by the vulnerability of critical equipment in gener-

ating flow-acoustic coupled interactions. The dynamic oscillations of flow over cavities

and their interaction with acoustic resonant modes have demonstrated the potential

risk to the structural integrity of such mechanical systems and pose a safety hazard
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to surrounding personnel. Comprehensive investigations and reviews exist regarding

the aeroacoustics response of two-dimensional cavities subject to a wide range of flow

velocities, however, literature concerning cylindrical cavities is far less. The com-

plexity of cylindrical cavities introduces three-dimensional flow characteristics to the

shear layer, thus conflicting with analytical methods developed assuming a uniform,

two-dimensional impingement of the shear layer. Large discrepancies between the

acoustic behaviour of confined and unconfined cavities suggest that the confinement

promotes the reflection from the acoustic radiation of the cavity, thereby exciting

trapped acoustic modes within the cavity and duct, whose characteristics are still

unknown. Furthermore, in the case of confinements, no effort has been made regard-

ing the diameter of the cavity in reference to the confinement. In addition, research

reported for shallow cylindrical cavities outline the asymmetric flow that is initi-

ated for such cavities and the dependency of this flow behaviour on the aspect ratio.

However, no further explanation has been attributed to this observed dependency

for shallow cylindrical cavities, nor is there enough evidence to firmly characterize

the Strouhal periodicities. To this extent, the importance of the cavity aspect ratio

on the flow-oscillations and aeroacoustics response is clear, though the aspect ratio

does not consider the three-dimensionality of the cavity. Various shaped cavities may

consist of the same cavity depth and impingement length, yet their dissimilarity in

shape effectively generates a different acoustic response. On account of this, a thor-

ough investigation on variously shaped cavities, which share the same aspect ratios

and duct confinement, would serve as a comprehensive analysis of the aeroacoustics

response for a wide range of applications subject to confined turbulent flow. A sub-

stantial portion responsible for flow-acoustic coupling is, of course, the cavity flow

and shear layer dynamics. In spite of this, the complexity of experimentally mea-

suring such small and complex physical quantities limit the knowledge in literature
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regarding the flow patterns of the shear layer and its role in coupling with the acoustic

field. However, accomplishing this would greatly serve existing research in providing

interpretation to unexplained observations, as well as, contribute novel insight to the

coupled phenomena.

1.3 Objectives

The objectives of this current research are as follows:

1. Experimentally characterize the aeroacoustics response of cylindrical cavities

with various aspect ratios mounted to a rectangular duct.

2. Further explore the effects of the confinement on the aeroacoustics response

of cylindrical cavities by investigating the admission ratio of the cavity-duct

system.

3. Experimentally study the impingement behaviour of the shear layer for cylin-

drical cavities by directly measuring the dynamic pressure fluctuations on the

downstream edge using pressure sensor probes.

4. Empirically explore the aeroaocustics response of two-dimensional rectangular

cavities as well as square cavities in the same confinement. By effectively main-

taining the aspect ratios, emphasis is placed on the effects of other geometric

parameters, such as the admission ratio and the shape of the cavity opening.

5. Perform Particle Image Velocimetry (PIV) measurements on all cavity cases

explored in order to visualize the shear layer topology in the spanwise plane,

immediately atop the cavity opening, as well as its interaction with the acoustic

noise production.
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1.4 Thesis Outline

This thesis is organized into 6 chapters. The arrangement of the chapters are as

follows:

• Chapter 1: This chapter consists of a general introduction regarding the self-

sustained flow oscillations, as well as, the flow-excited acoustic resonance mech-

anism in cavity geometries. A detailed literature review on these mechanisms

is discussed for both, rectangular and cylindrical cavities, respectively. This

chapter also provides the outline and motivation behind the thesis, as well as,

the objectives to accomplish throughout the investigation.

• Chapter 2: This chapter details the experimental methodology used to carry

out the characterization of the aeroacoustics response, as well as the numeri-

cal methodology to predict the fundamental acoustic modes and corresponding

acoustic pressure distribution for all cavity cases. This chapter also outlines the

procedure employed to fulfill the PIV measurements to yield flow visualizations

of the shear layer.

• Chapter 3: The content of this chapter is geared towards the first three objec-

tive, which present the aeroacoustics response of the cylindrical cavities, as well

as the corresponding pressure distributions and Strouhal periodicities. Further-

more, detailed characteristics regarding the shear layer impingement behaviour

for cylindrical cavities are presented.

• Chapter 4: The Aeroacoustics response of two-dimensional rectangular and

square cavities are presented in comparison to the cylindrical cavities with sim-

ilar aspect ratios. A detailed look into the peak Strouhal numbers during flow-

excited resonance is also discussed.
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• Chapter 5: Flow visualizations are demonstrated for the studied cavity cases in

this thesis to illustrate the three-dimensional flow characteristics of the shear

layer over the cavity opening and the influence of the acoustic amplification of

the flow oscillations.

• Chapter 6: The final chapter summarizes the major findings throughout the

investigation, discusses the novel contributions, as well as provides recommen-

dations for future studies.
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Chapter 2

Methodology

2.1 Wind Tunnel

The aeroacoustics measurements are performed on an open-loop wind tunnel, where

the inner volume is shown in Fig. 2.1. The inner dimensions of the test section

consists of height, H = 127 mm, and width, W = 254 mm. The airflow through the

duct is generated via a centrifugal blower, which produces the necessary flow of air

to free-stream flow velocities of up to 140 m/s, where the velocity sweeps are done in

increments of ∼ 2.76 m/s. For all cavity configurations explored in this investigation,

the distance between the inlet of the duct and the cavity section is maintained at 330

mm. In order to reduce the pressure drop and achieve stabilized flow over the cavity

opening, a parabolic bell-mouth is installed at the inlet of the wind tunnel. The air

then flows through a diffuser, increasing in the cross-sectional area with an inclusion

angle of 14◦. This inclusion angle ensures diffusion of the air flow downstream of the

cavity, whilst avoiding flow separation from the diffuser walls. To support the main

section of the wind tunnel, a heavy steel frame has been bolted directly to the facility’s

floor. The main section is firmly attached to the frame, with industrial rubber pads
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Figure 2.1: Schematic of the inner volume of the wind tunnel and cylindrical cavity
configuration, including geometrical parameters.

in place to isolate it from any potential vibrations transmitted through the frame

from the floor. To further limit any motion that might be introduced at higher flow

velocities, steel cables connect the main test-section to the concrete wall, providing

the necessary tension. These cables were initially installed for previous experiments

involving sensitive measurements of the aerodynamic forces acting on cylinders in

cross-flow, as described in Alziadeh and Mohany [9]. A flexible connection has been

installed between the diffuser and fan blower to isolate the test-section from vibrations

induced by the mechanical drive unit of the system. The mechanical drive unit itself

is positioned atop 3/4 in rubber pads and has been fixed on an isolated concrete slab.

The boundary layer characteristics upstream of a cavity have been reported to depend

on certain geometrical parameters, as discussed in Sec.1.1.3, thereby influencing its
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interaction with the acoustic field. The studies conducted by Sarohia [84] focused

on relating the cavity aspect ratio to the thickness of the shear layer, detailing the

minimum aspect ratio required to induce any sort of oscillation based on the thickness

of the shear layer.

Nakiboǧlu et al. [64] also demonstrated the influence of the shear layer momentum

thickness on the Strouhal number, as well as the strength of the higher order hydro-

dynamic modes. However, the influenced imposed on the aeroacoustics response and

shear layer dynamics of the cavity, by subtle changes in the upstream boundary layer

profile are not as significant as the influence of the cavity aspect ratio. To this end, all

cavities explored in this investigation consist of dimensions and a flow velocity range

that guarantees flow oscillations, thus, the dependency proposed by Sarohia [84] is

irrelevant for the current cases. Additionally, as the upstream distance from the

duct inlet to the cavity section remains constant for all cases, the effect of the shear

layer momentum thickness on the flow-acoustic coupling is not explored. The entire

wind-tunnel apparatus employed in this investigation has been used in a number of

successful studies involving cavity flow, see for example [1,3]. The characterization of

the momentum thickness was done by means of hotwire measurements upstream of

the cavity from 5-25 m/s. The low velocity range exists outside the resonant condi-

tions of the system, as to ensure the acoustic amplitudes do not provoke vibration of

the hotwire. It was found that the momentum thickness of the upstream boundary

layer is inversely proportional to the flow velocity, thereby following a power law of

θ/a ≈ Re−0.2
a , where a denotes the upstream distance between the cavity leading

edge and the inlet of the wind tunnel. [17]. The values for the shear layer momentum

thickness can be seen in Fig. 2.2, and agree well with reported literature [5, 102].
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Figure 2.2: Boundary layer momentum thickness at the cavity leading edge [1].

2.2 Cylindrical Cavities

2.2.1 Cavity Configurations

The current work is geared towards uncovering details regarding the acoustics and

flow-dynamics of cylindrical cavities subject to confined flow. Such cavities are not

as common in literature in comparison to the rectangular type. Furthermore, the

existing studies concerning cylindrical cavities involve external flow, and hence do

not account for reflective boundaries in the vicinity of the cavity. As seen in Fig. 2.1,

the cavities are mounted to the larger side of the wind tunnel, W , maintaining a flush

surface on the inside of the test-section. By virtue of laser cutting tools, all edges in

the cavity are sharp 90◦ corners. The diameter of the first cavity is D = L = 101.6

mm which corresponds to an admission ratio of w/W = 0.4. The admission ratio is

introduced here as the ratio between the cavity width, w, and the duct width, W .

For this cavity diameter, three aspect ratios (h/L = 1.5, 1, and 0.5) are investigated.

To address the effect of changing the admission ratio on the aeroacoustics response,
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the three aspect ratios are repeated for a second cavity diameter of D = L = 152.4

mm. The second diameter corresponds to an admission ratio of 0.6. For simplicity, a

naming convention is assigned to refer to the cavity cases, where the smaller cavity

diameter is referred to as Oh/L, and the larger diameter as Øh/L. The subscript

denotes the corresponding aspect ratio. A summary of the cavity cases can be seen

in Table. 2.1.

Table 2.1: Geometrical parameters of the six cylindrical cavity cases.

Cavity w/W h/L

Oh/L 0.4 1.5 1 0.5

Øh/L 0.6 1.5 1 0.5

2.2.2 Instrumentation and Data Acquisition

The aeroacoustic measurements are achieved using dynamic pressure microphones at

select locations throughout the cavity and duct configuration. The microphones are

PCB model 377A12 with a nominal sensitivity of 25 mV/kPa, and have an outer

diameter of 6.35 mm. Given that multiple microphones are used simultaneously

during the experiments, the sensitivity of each individual microphone is calibrated

using a G.R.A.S. 42AB pistonphone. This ensures that the sensitivity value for each

microphone is adjusted to record the same signal and amplitude from a given source.

The raw signal recorded by the microphones first passes through a PCB model 482C15

signal conditioner to improve the signal-to-noise ratio, then channelled to an NI 6218-

BNC data acquisition card. All acoustic measurements are recorded over 60-second

intervals at a sampling rate of 20 kHz. A much higher sampling rate relative to

the frequency band of interest ensures that the measured signals are free of aliasing.

Five total microphones are used to monitor the acoustic behaviour of the cavity-duct
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Figure 2.3: (a, b) Microphone locations for the acoustic pressure measurements and
(c) installation of flush mounted microphone.

configuration. These microphones are labelled M1−5. The first microphone M1 is

located at the centre of the cavity floor for all cases. This microphone is used as the

main reference signal, since the highest acoustic pressure amplitudes for all transverse

acoustic modes of interest occur at the floor of the cavity. Microphone M2 is located

in the centre of the spanwise dimension of the duct W/2 and is 6.35 mm downstream

of the impingement edge. Microphone M3 is placed at the top of the duct, centred

at H/2, and aligned with the centre of the cavity. Microphone M4 is placed on the

opposite side of the duct, on the same axis as M1. A fifth microphone M5 is added at

the top of the cavity such that it forms a plane withM1, M3, andM4. The microphone

configuration, as seen in Fig. 2.3, allows for investigation of the resonance frequencies
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for confined cavities, as well as further insight into the acoustic pressure distribution

during resonance excitation. All microphones employed are flush mounted to the

inside of the cavity and duct walls in their respective locations, as shown in Fig. 2.3c.

2.2.3 Theoretical and Numerical Methodology

The acoustic resonance characteristics of a given system is a fundamental aspect

in generating coupled flow-excited acoustic oscillations. The coupling occurs when

the velocity dependant frequency of the shear layer oscillations coincide with natu-

ral acoustic modes of the system. These acoustic modes may be approximated with

relatively good accuracy using theoretical calculations or numerical approach. This

section outlines the estimation of the acoustic modes for the cylindrical cavities stud-

ied, using proposed theoretical equations, as well as numerical simulation. Although

an analytical approach yields fair indication of the potentially excitable frequencies,

these estimations are made assuming a stagnant fluid medium, thus no flow condition.

Due to the convective effects on the resonance excitation, as discussed in Sec.1.1.3,

it is expected that the experimentally measured values for the resonance frequen-

cies will marginally deviate from the estimated values. The equation proposed by

Rayleigh [75] provides a fair estimation for the acoustic depth mode of cylindrical

cavities by implementing an end correction for the open-end of the cylinder. This

can be seen in Eq. 2.1, where c is the speed of sound, h is the cavity depth, r is the

cavity radius, and α = 0.8216 is the end correction for infinite flange pipes.

fa1 =
c(2n+ 1)

4(h+ αr)
n = 0, 1, 2, ..., n (2.1)

It is clear from this relationship that the acoustic pressure node of the 1/4λ acoustic

mode is shifted outside the cavity by a distance that is a function of the cavity radius.
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Furthermore, the effect of the radiation from the open-end is less significant as the

depth of the cylinder increases relative to the radius. Therefore, Eq. 2.1 is used to

estimate the acoustic depth modes for the given cylindrical cavities, and can also

be used to estimate the higher order acoustic depth modes. Theoretical equations

are viable options to estimate these resonance frequencies, however, this approach is

highly dependent on the cavity aspect ratio and does not consider the presence of a

confinement.

Accordingly, numerical acoustic models serve as a greater prediction tool for the

acoustic behaviour by taking into account the duct confinement surrounding the cav-

ity. This also provides grounds for comparison between the theoretical and numerical

results. The numerical simulations are carried out using an acoustic finite element

method provided in ANSYS suite to model the acoustic natural frequencies and corre-

sponding pressure distribution of the system, within a stagnant fluid medium. These

natural frequencies are calculated as the solutions to the Helmholtz equation shown

in Eq. 2.2. The equation is governed by the acoustic pressure, p, as well as the wave

number,
(
ω
c

)
.

∇2p+
(ω
c

)2

p = 0 (2.2)

The fluid domain consists of the same inner dimensions as the test-section of the wind

tunnel, where the entire length of the duct in the streamwise direction is 762 mm and

the cross-sectional area is 127 by 254 mm. The cavities inherit the same geometric

features as shown in Table. 2.1 and are located at the centre of the large side of the

duct, identical to the experimental apparatus. These dimensions are carefully selected

in order to excite the natural frequencies within the given range of flow velocities.

The properties of the fluid medium are calculated based on measured laboratory con-

ditions, such as the room temperature and humidity percentage. Correspondingly,
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the speed of sound is c = 343 m/s and the density of air is ρ = 1.204 kg/m3. The

inlet and outlet of the test-section are treated as radiation boundaries to more ac-

curately model the acoustic radiation propagating from the open ends of the duct,

and effectively reduce the acoustic reflection from these boundaries. Using radiation

boundaries over zero pressure boundaries for the open ends of the duct in the acoustic

simulation, however, induces minimal change to the modelled pressure distribution of

the transverse acoustic mode. This is because the resonance modes of interest involve

only a sub-set of the cavity-duct system, referred to as trapped modes, and are not

sensitive to boundary conditions [25, 94]. Linear elements are utilized with a maxi-

mum size of 6 mm as to ensure a sufficient amount of elements within one wavelength

for the highest resonance frequency of interest. This was validated by conducting a

mesh sensitivity analysis. Fig. 2.4 indicates that the estimated resonance frequency

for the fundamental acoustic mode of the cavity-duct configuration is independent

for mesh sizes exceeding 1×105 nodes.

Figure 2.4: Effect of the number of mesh nodes on the fundamental acoustic mode
for the highest frequency of interest.
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2.3 Shear Layer Impingement Measurements

2.3.1 Cavity and Microphone Configuration

The instability of the shear layer over the cavity mouth is the driving mechanism for

the flow-acoustic coupling. In the absence of acoustic resonance, the hydrodynamic

modes dominate the frequency spectrum. In the physical sense, the hydrodynamic

modes are representative of the number of vortex cores travelling over the cavity

opening in a single flow-cycle, where the first hydrodynamic mode m1 exhibits one

vortex core. In the case of two-dimensional rectangular cavities, the hydrodynamic

flow patterns are two-dimensional, thus the impingement of the shear layer on the

downstream edge is relatively uniform across the entire span of the edge. The inher-

ent three-dimensional flow patterns for cylindrical cavities eliminate the possibility of

a uniform shear layer in the spanwise direction impinging on the downstream edge.

Consequently, direct measurements on the downstream edge are conducted to reveal

spectral content of the shear layer impingement. The cavities used for this investi-

gation are the O1 and O1.5 cavities, as these aspect ratios generate symmetrical flow

over the cavity mouth. The measurements are carried out using the microphone con-

figuration shown in Fig. 2.5. A total of three microphones, namely; Mθ1, Mθ2, and

Mθ3, are used for the measurements and are spaced 20◦ apart. Each measurement

location consists of a 2 mm pressure tap which is machined though to protrude to

the cavity trailing edge. A closer look at the installation of the microphone is shown

on the right-hand side of Fig. 2.5.
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Figure 2.5: Microphone locations for acoustic pressure measurements of the shear
layer impingement and installation of the microphone.

2.4 Rectangular and Square Cavities

2.4.1 Cavity Configurations

For this portion of the investigation, two-dimensional rectangular cavities and square

cavities are employed to investigate the potential influence of the cavity shape on

the aeroacoustics response of the cavity-duct configuration. This is motivated by the

emphasis that is placed on the aspect ratio as a governing parameter, which does not

take into consideration the three-dimensional shape of the cavity, nor its dimensions

relative to the duct for confined cavities. On that account, it is of interest to explore

cavities with various shapes, while maintaining the same cavity impingement length

and depth. To accomplish this, as shown in Fig. 2.6, the O1.5 and O0.5 cavities are

replicated into two-dimensional rectangular cavities and square cavities with the same

aspect ratios. The flow patterns for cylindrical cavities with 0.2 < h/L < 0.8, which

are in the shallow cavity regime, are known to demonstrate increasing asymmetry in

the flow relative to the stream-wise direction as the aspect ratio decreases. For this

reason, the aspect ratio 0.5 is selected, as this aspect ratio is reported to have the
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largest amount of flow asymmetry and cavity drag for cylindrical cavities. This asym-

metric flow feature does not arise in two-dimensional rectangular cavities, however

it is still unknown whether similar flow dynamics emerge in a square cavity with a

similar aspect and admission ratio to the O0.5 cavity. Subsequently, the aspect ratio

Figure 2.6: Aspect ratio h/L = 1.5 and 0.5 for a) cylindrical cavities, b) two-
dimensional rectangular cavities, and c) square cavities.

of 1.5 is selected, as this case is known to completely excite the fundamental acoustic

mode within the range of the studied flow velocities. This approach thus investigates
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the influence of other geometric parameters on the flow-acoustic coupling, in addi-

tion to the aspect ratio. Following the same naming convention as the cylindrical

cavities, the two-dimensional rectangular cavities will be labelled as Rh/L, and the

square cavities as Sh/L. The rectangular and square cavities studied here are investi-

gated using the same wind tunnel outlined in Sec.2.1, and bear the same microphone

configuration as presented in Fig. 2.3.

2.4.2 Theoretical and Numerical Methodology

Prediction of the acoustic depth mode is rudimentary when evaluating the occurrence

of flow-induced resonance. The resonance acoustic mode dictates the cut-on frequency

which will interact with the oscillations of the shear layer. Therefore, an accurate

prediction of these excitable acoustic modes should be a preliminary procedure to

better understand such coupled mechanisms. Accordingly, a theoretical approach

can be used, similar to the cylindrical cavities. To predict the acoustic mode of the

cavity duct configuration, Ziada et al. [103] proposed an equation to approximate the

acoustic mode by employing the mean height of the cavity-duct configuration, as seen

in Eq. 2.3.

fa2 =
nc

2(H + 0.5h)
n = 1, 2, ..., n (2.3)

This theoretical equation is viable for two-dimensional rectangular cavities when the

aspect ratio is less than unity and the cavity is reasonably confined. However, this

approach was only utilized on shallow cavities mounted in a duct. On the other

hand, the behaviour of two-dimensional rectangular cavities with depths much larger

than the impingement length demonstrate acoustic depth modes trapped within the

cavity similar to deep cylindrical cavities [28]. Therefore, the applicability of Eq. 2.3
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for two-dimensional rectangular cavities with aspect ratios slightly larger than one is

still unknown. In general, the acoustic mode shapes for cylindrical pipes are much

simpler to predict than rectangular or square shapes, thus analytical equations are

much simpler to derive and use in such situations. Moreover, since the characteristics

of the acoustic mode for the Sh/L cavities also pose uncertainties and are not common

in literature, the numerical simulation and experimental results will serve as a greater

prediction tool and provide a reference when addressing the reliability of Eq. 2.3

against various geometrically shaped cavities. The numerical simulation model and

procedure employed here is identical to that outlined in Sec.2.2.3, with exception to

the cavity shapes.

2.5 Techniques of Particle Image Velocimetry

Fig. 2.7 shows the experimental set-up used for flow visualization measurements. The

campaign is carried out using an EverGreen PIV system accompanied by a double-

pulse Nd: YAG laser. The laser is used to provide the necessary illumination for

capturing instances of the flow. The laser beam produces a wavelength of 531 nm

at a maximum frequency and peak power of 15 Hz and 200 mJ , respectively. In

conjunction with the laser, a double frame 12-bit Charged-Coupled Device (CCD)

camera with a resolution of 2752 X 2200 pixels is used to effectively capture the flow

field. The camera is equipped with a Nikon AF Nikkor 50 mm f/1.8D lens. This lens

provides high optical quality, low distortion, and a large aperture, which is necessary

to capture high-quality images while minimizing noise. The total distance between

the camera and the measurement plane is 500 mm. The camera was calibrated in

order to convert pixel coordinates into physical units. This was accomplished us-

ing a precision ruler with clear marker points as a calibration target, placed exactly

41



Figure 2.7: Schematic illustration of the experimental setup for the PIV system,
including the three spanwise measurement plane locations for the laser sheet.

on the measurement plane of interest. The side of the duct, opposite of the cavity

plane, consists of an acrylic window to effectively allow a field of view for the cam-

era. The testing environment is seeded with liquid DEHS using an aerosol generator.

The maximum particle size for this seeding medium is of 1 µm which guarantees a

uniform distribution of the seeding particles in the flow field. The seeding particles

are thus illuminated by the laser, rendering clear discrete particles in the captured

images, which is pivotal for accurate velocity vector calculations. The purpose of the

flow visualizations are to analyze the shear layer’s behaviour for a wide range of flow

velocities by means of time-averaged and phase-locked PIV measurements. Since the

fundamental acoustic mode for each cavity case presents an acoustic pressure anti-

node at the cavity floor, the signal from microphone M1, flush mounted to the centre

of the cavity floor, is used to trigger the laser pulses. The laser timing unit controls

the laser pulses and image acquisition such that they occur simultaneously to capture
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image pairs at predetermined instances in the acoustic pressure cycle using a method

described by Mohany et al. [62]. This allows for snapshots of the flow corresponding

to different phases of the acoustic pressure cycle. In the current study, 250 image

pairs are captured at eight evenly distributed phases of the acoustic pressure cycle for

a total of 2000 pairs. The main focus of the phase-locked measurements is to explore

the spanwise shape and concentration of the shear layer vortices. Four phases, how-

ever, are presented for brevity as to exhibit these characteristics adequately, without

compromising critical information regarding the coupled-interaction. In the shallow

cavity cases where resonance excitation is absent, average flow characteristics are cap-

tured with 2000 random image pairs. The images are preprocessed using DaVis 10.0

software by subtracting the maximum image intensity with a filter size of 3 pixels,

effectively reducing noise and spurious reflections. The vector fields are computed

using an iterative multi-pass cross-correlation technique [85]. An initial window size

of 32 by 32 pixels is used for the initial interrogation window, followed by four passes

at a final interrogation window size of 16 by 16 pixels, both having 50% overlap.

By applying a universal outlier detection technique, as described by Westerweel and

Scarano [100], the vector fields are post-processed to further remove spurious vectors.

The final vector field has a minimum spatial resolution of 0.015L by 0.015L. Following

the method described by Sciacchitano and Wieneke [86], the maximum uncertainty

of the statistical quantities for the instantaneous streamwise and spanwise velocity

vectors do not exceed 3% with a 95% confidence interval (refer to Appendix A). The

mean velocity components are then extracted from the velocity vectors to reconstruct

the phase-averaged velocity contour in the streamwise direction during a flow cycle.

In absence of acoustic resonance, the time-averaged velocity contours are plotted. Fig.

2.7 also presents the location of the laser sheet, effectively showing the measurement

planes for the flow visualization. The laser sheet is parallel to the plane of the cavity
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opening, and is located 10.7 mm away from this surface. This measurement plane

offers a view of the spanwise shape of the shear layer along the cavity width. Mea-

surements with the laser sheet positioned at further distances, specifically; 12.7 mm

and 14.7 mm, provide additional information on the velocity components of the shear

layer at evenly spaced planes in the y direction. This effectively provides an inclusive

understanding of the spatial characteristics of the shear layer in the spanwise plane

as it travels over the cavity mouth.
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Chapter 3

Aeroacoustics Response of

Cylindrical Cavities

3.1 Prediction of Acoustic Resonance Modes

The results from the analytical predictions of the cylindrical cavities are provided in

Table. 3.1, along with the experimental results for comparison. The theoretically cal-

culated values and the numerical results are shown under the columns, fa1 and fnum,

respectively. Accordingly, Eq. 2.1 is utilized to estimate the resonance frequency

of the cavities. The experimental results are shown in red, where fonset represents

the measured frequency at the onset of resonance, and fpeak is the frequency at peak

acoustic amplitudes. The experimental results are discussed to greater lengths in the

following section, but are included in Table. 3.1 as to compare them to the predicted

frequencies. Fig. 3.1 presents the normalized acoustic pressure distribution P/Pmax

at the given resonance frequency for cylindrical cavities. A section cut is made in

the centre of the streamwise direction to analyze the acoustic pressure distribution

between the cavity and duct.
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(a) O1.5 (490Hz) (b) Ø1.5 (348Hz)

(c) O1 (683Hz) (d) Ø1 (500Hz)

(e) O0.5 (1070Hz) (f) Ø0.5 (848Hz)

Figure 3.1: Dimensionless acoustic pressure distribution from numerical model for
the Oh/L cavities a), c), e) and the Øh/L cavities b), d), f).
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It is evident from Table. 3.1 that the numerical approach serves as a better pre-

diction tool to estimate the resonance frequencies. The improved accuracy of the

numerical approach in predicting fpeak is due to the fact that the numerical simula-

tion includes the boundaries of the duct as well models the acoustic radiation from

the duct inlet and outlet. The discrepancy to the theoretical values is especially clear

for the Ø0.5 when comparing fa1 and fpeak. This deviation of ∼ 31% is attributed to

the fact that the reflective boundaries of the duct in combination with the shallow

cavity depth promotes the interaction between the cavity and the duct, as seen in

Fig. 3.1f. This interaction demonstrates significant reflection from the duct wall,

opposite of the cavity, where the normalized pressure is 40% of the maximum value

observed on the cavity floor. Accordingly, a 1/2λ acoustic mode shape represents the

acoustic pressure distribution, instead of the expected 1/4λ for cylindrical cavities.

It should be noted that the excitation of this mode for Ø0.5 is more prominent than

O0.5, where the normalized pressure on the opposite side of the cavity in Fig. 3.1e

is only 10% of the maximum value. This is owing to the admission ratio of the ge-

ometries. The larger diameter of the Ø0.5 cavity increases relative to the duct width,

thereby improving the interaction between the cavity and duct. As a result, a 1/2λ

Table 3.1: Theoretical and numerical results for the resonance acoustic modes of the
cylindrical cavities.

f(Hz)

Cavity w/W h/L fa1 fnum fonset fpeak

Oh/L

1.5 442 490 (1/4λ) 468 510

0.4 1 598 683 (1/4λ) 613 671

0.5 927 1070 (1/4λ) - 1050

Øh/L

1.5 295 348 (1/4λ) 312 330

0.6 1 399 500 (1/4λ) 464 466

0.5 618 848 (1/2λ) - 840
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acoustic mode is materialized, such that the system behaves more as two-dimensional

rectangular cavity, strictly speaking about the acoustic response. A general observa-

tion can be made regarding the numerical results for the Øh/L cavities. The larger

diameter of the cavity relative to the duct width appears to improve the radiation

into the duct. This is observed in the duct portion of the Øh/L cavities in Fig. 3.1,

where acoustic pressure is seen to be distributed within the duct. Comparing this

to the smaller admission ratio, the Oh/L cavities do not demonstrate such radiation

due to the acoustic mode entrapment. Therefore, the acoustic pressure within the

duct for the Oh/L cavities are nearly zero. Furthermore, it is clear from the pre-

diction methods, that the numerical simulations provide a more reliable solution in

predicting potentially excitable acoustic modes, delineating the fact that the pres-

ence of reflective boundaries have a considerable effect on accurately predicting the

resonance frequencies of ducted cavities.

3.2 Aeroacoustics Response

3.2.1 Deep Cavities

Fig. 3.2 presents the aeroacoustics response of the Oh/L and Øh/L cavities with as-

pect ratios of 1.5 and 1, respectively. The plots depict the experimental normalized

acoustic pressure Prms/ρcU∞ as a function of the free-stream flow velocity. The peak

frequency of the generated tone at each flow velocity is plotted against the right,

vertical axis. The acoustic pressure measurements reported here are extracted from

microphone M1, at the floor of the cavity, which recorded the highest amplitudes of

acoustic pressure in each cavity case. The plots are also accompanied by diagonal

lines representing the shear layer hydrodynamic modes. As previously discussed, the

hydrodynamic modes, or shear layer modes, represent the number of vortex cores
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(a) O1.5 (b) Ø1.5

(c) O1 (d) Ø1

Figure 3.2: Normalized acoustic pressure Prms/(ρcU∞) as a function of the mean flow
U∞ of the Oh/L and Øh/L cavities with h/L = 1.5 and 1. The diagonal lines represent
the global Strouhal numbers of the shear layer modes.

travelling across the open mouth of the cavity. The linear relationship between the

frequency of the shear layer oscillations, fs, and free-stream flow velocity, U∞, is the

Strouhal number, St, which corresponds to the slope of the diagonal lines in Fig. 3.2.

Each diagonal line represents a hydrodynamic mode, and is hence associated with a

Strouhal number. The values for the Strouhal numbers are estimated by first identify-

ing the frequency of the shear layer oscillations for a specific flow velocity. This is then

repeated for each measured flow velocity in a given range, before resonance excitation.

The frequencies are used to calculate the corresponding Strouhal numbers, and are
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then averaged over all flow velocities measured. Evidently, in Fig. 3.2, a significant

increase in the normalized acoustic pressure occurs when the velocity dependent shear

layer oscillations coincide with the fundamental acoustic mode of the cavity-duct con-

figuration. For all cavity cases shown in Fig. 3.2, the first three hydrodynamic modes,

m3, m2, and m1 are observed in decreasing order as the flow velocity increases. It

is clear that the amplitude of the acoustic resonance becomes significantly stronger

for decreasing hydrodynamic modes. This is apparent at higher flow velocities, where

the first hydrodynamic mode m1 is seen to coincide with the resonance field, resulting

in a large discrete lock-in range and a significant increase in the normalized acoustic

pressure. The literature concerning the Strouhal periodicities for rectangular cavities

are comprehensive and are typically reported occurring around 0.5, 1, and 1.5 for m1,

m2, and m3, respectively [1,103]. It has been found that cylindrical cavities h/L ≥ 1

also exhibit similar Strouhal numbers with exception to slight variations [57, 71, 97].

Such variations are attributed to the change in the geometric shape of the cavity

opening, however, the relatively unaltered Strouhal numbers further outlines their

dependency on the impingement length of the cavity. Accordingly, the four cases

shown in Fig. 3.2 have h/L ≥ 1 and indeed agree with Strouhal numbers reported

in literature. These values can be seen in Fig. 4.4 and will be further discussed in a

later section. The O1.5 cavity is shown in Fig. 3.2a, and also depicts the strongest

resonance case of all four cases in Fig. 3.2. In accordance with the literature, the

first three hydrodynamic modes consecutively excite the fundamental acoustic mode.

Yet, further scrutiny of the lock-in range, excited by m1, reveals interesting behaviour

regarding the frequency of excitation. The frequency during the lock-in range appears

to be sustained close to the predicted mode for a range of flow velocities, before it

suddenly jumps to a higher frequency. The sudden frequency switch is associated with

two distinct peaks in the acoustic pressure spectrum. The convective effects on the
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resonance is seen to influence the resonance frequency as the flow velocity increases.

Ziada et al. [103], for example, detailed the that the lock-in frequency slightly in-

creases during resonance due to the maximum shear layer oscillations changing from

an added mass effect to an added stiffness effect. In this particular event, there would

be a distinct pressure peak for the flow velocities within the lock-in range. On the

other hand, Fig. 3.2a demonstrates the presence of two pressure peaks that appear to

be associated with two distinct frequencies. This behaviour differs from the typical

observations reported in literature for rectangular and cylindrical cavities, suggesting

that the presence of the duct, and hence the acoustic reflection, affects the resonance

behaviour of the system. When comparing to the same aspect ratio for Ø1.5, Fig.

3.2b, a similar behaviour is observed with the presence of a double peak for two dis-

tinct frequencies. Although the cavities in Fig. 3.2a and 3.2b share the same aspect

ratio, a significant decrease in the normalized acoustic pressure is noticed. The ratio

between the cavity depth and diameter is maintained for both cavities, however both

parameters are larger for the Ø1.5 cavity. It is thus interesting to note that the deeper

cavity generates nearly half the normalized acoustic pressure when compared to the

O1.5 cavity. The larger depth promotes a lower resonance frequency that should be

easier to excite for the studied flow velocities. This, however, is not the case, and sug-

gests that the larger diameter of the Ø1.5 cavity increases the acoustic radiation from

the cavity to the surrounding environment, thereby further increasing the acoustic

reflection from the surrounding boundaries. This reinforces the consideration of the

αr term in Eq. 2.1 where the effects of the cavity radius must be considered when the

dimensions of the depth and radius are relatively close. Fig. 3.2c and 3.2d illustrate

the O1 and Ø1 cavities. Upon first inspection of the cavities with aspect ratio of 1,

the normalized acoustic pressure is significantly lower than those with aspect ratio of

1.5. This is credited to the fact that the shallower cavities consist of smaller depths,
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and hence, higher resonance frequencies and higher acoustic radiation. These higher

frequencies are inherently excited at higher flow velocities, since the hydrodynamic

modes remain the same. As a result, the coincidence occurs closer to the end of the

velocity range studied, and therefore does not capture the entire lock-in range. In

addition, the cavities with aspect ratio of 1 shown in Fig. 3.2c and 3.2d, increase the

effect of the cavity radius on the acoustic resonance frequency and amplitude due to

the radiation, further explaining the reduction in normalized pressure for the cavities

of this aspect ratio. A similar increase in the frequencies during the lock-in period

is in-fact discernible in all cavity cases shown in Fig. 3.2. The frequencies in the

lock-in range appear to be increasing in a step-like manner when excited by the first

hydrodynamic mode. These step-like increases in the resonance frequencies seem to

become less apparent as the cavity depth becomes larger. For the aspect ratios of 1.5,

despite the sudden frequency switch, the lock-in range appears much more discrete

than the cavities with aspect ratio of 1. Experiments conducted by Verdugo et al. [97]

on a cylindrical cavity with aspect ratio of 1.357 reported a ”stepwise” increase in

resonance frequencies during the lock-in period, similar to those observed in Fig. 3.2.

In their investigation, the step-wise behaviour of the frequencies was attributed to

the confinement of the cavity, yet the confinement used was reasonably large relative

to the cavity, and no further explanation was given to this step-wise behaviour. In-

vestigations regarding cylindrical cavities, in the absence of a confinement, report a

uniform increase in the frequencies during the lock-in period as opposed to a step-like

increase [58]. This therefore suggests that the confinement imposes an effect on the

acoustic field of the system and promotes the excitation of consecutive frequencies in

a step-like manner. Furthermore, increasing the cavity depth relative to the diameter

enhances the potential of exciting the 1/4λ acoustic depth mode, and thus reduces

the significance of the radiation from the cavity due to the entrapment of the acoustic
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mode. The plots shown in Fig. 3.3 correspond to the same cavity cases in Fig. 3.2.

This figure presents the maximum sound pressure level (SPL) measured from the

cavity floor, for the given range of flow velocities. The red vertical dashed lines are

used to represent the velocity at which the acoustic pressure begins to increase due

to the corresponding hydrodynamic coupling. Fig. 3.3a shows the sound pressure

level for the O1.5 cavity, where the amplitude begins to increase at U∞ ∼ 75 m/s,

owing to the first hydrodynamic mode. When analyzing the lower velocity range,

the second hydrodynamic mode is also visible at ∼ 45 m/s. When comparing this

cavity to O1 in Fig. 3.3c, the onset of the acoustic resonance due to m1 occurs at a

higher flow velocity of U∞ ∼ 93 m/s, and the higher order hydrodynamic modes are

also shifted to higher flow velocities. This delay in the flow velocity at the onset of

resonance is attributed to the reduction in cavity depth. The Oh/L cavities share the

same diameter, therefore the reduction in cavity depth, whilst maintaining the cavity

diameter, increases the frequency of the acoustic mode. The velocity dependant os-

cillations of the shear layer, however, are not affected since the impingement length

of the cavity remains the same. Consequently, the velocity must be further increased

in order for the hydrodynamic mode to coincide with the acoustic mode of the cavity.

The same trend is observed between Fig. 3.3b and 3.3d for the Øh/L cavities, where

the reduction in cavity depth results in a ∼ 20% increase in the flow velocity at the

onset of resonance excitation. Moreover, comparing the same aspect ratio between

Fig. 3.3a and 3.3b shows that the velocity at the onset of resonance is unaffected.

This is attributed to the same aspect ratio shared between the two cavities. The in-

crease in cavity depth for the Ø1.5 cavity reduces the frequency of the acoustic mode,

however, since the cavity diameter is increased proportionally, the frequency of the

shear layer oscillations are also reduced. Resultantly, the steeper progression of the

velocity dependent shear layer oscillations, interact with an acoustic mode at a lower
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(a) O1.5 (b) Ø1.5

(c) O1 (d) Ø1

Figure 3.3: The free-stream flow velocity U∞ at the onset of resonance for the Oh/L

and Øh/L cavities with h/L = 1.5 and 1. The vertical lines represent the shear layer
mode responsible for the increase in sound pressure level (SPL).
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cut-on frequency, effectively maintaining the same Strouhal number. Accordingly, the

flow velocity at the onset of resonance is maintained. Comparison of Fig. 3.3c and

3.3d demonstrate the same trend where the onset flow velocity remains unchanged

due to retaining the same aspect ratio.

3.2.2 Shallow Cavities

The aeroacoustics response for the O0.5 and Ø0.5 cavities are shown in Fig. 3.4. The

reason for presenting the shallow cylindrical cases independently are two-fold. Firstly,

both cases lacked strong acoustic resonance due to the high cut-on frequency intro-

duced by the shallow depth, and are therefore presented as waterfall plots. Secondly,

the behaviour of shallow cylindrical cavities differ considerably from their deeper

counterpart and are thus presented separately to discuss the details. The waterfall

plots combine the frequency spectrum at each flow velocity, and the colour map rep-

resents the sound pressure level in dB/Hz. For the O0.5 cavity shown in Fig. 3.4a, a

weak but distinct tone appears at ∼ 1050 Hz, which is ∼ 1.9% lower than the numer-

ically predicted value. The Ø0.5 cavity shown in Fig. 3.4b exhibits a more broadband

tone at ∼ 840 Hz. This case was also well predicted by the numerical model, but

not by the theoretical calculation using Eq. 2.1. As seen in Fig. 3.1f, the normalized

pressure distribution for this case in particular demonstrates a 1/2λ acoustic mode

shape trapped between the cavity floor and the opposite wall of the duct. The larger

admission ratio for this cavity case improves the interaction between the cavity and

duct, thereby promoting an acoustic standing wave which begins to resemble that of

a two-dimensional rectangular cavity. Evidently, the numerical simulation accounts

for the duct boundaries, providing a much more accurate representation of the acous-

tic pressure distribution, as opposed to the theoretical approach which neglects any

reflective surfaces outside the cavity. The diagonal lines in Fig. 3.4 again represent
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(a) O0.5 (b) Ø0.5

Figure 3.4: The Sound Pressure Level as a function of the mean flow U∞ of the O0.5

and Ø0.5 cavities. The diagonal lines represent the global Strouhal numbers for the
shear layer modes.

the Strouhal periodicities for the lowest three hydrodynamic modes. In both shallow

cavities, resonance is not initiated as in the deeper cases, however the acoustic modes

are discernible as a weak interaction excited by a hydrodynamic mode of St ∼ 0.55.

This Strouhal number is similar to the value obtained for m1 in the deeper cylindrical

cavities previously discussed, as well as reported values in literature. Nevertheless, the

waterfall plots also exhibit velocity dependent tones generated at significantly lower

frequencies. In both Fig. 3.4a and 3.4b, evidence of two-lower order hydrodynamic

modes at St ∼ 0.16 and 0.25 are observed.

These values greatly deviate from the anticipated values reported in literature, as

well as the deeper cavities in the previous section. It is important to mention that the

presence of these lower order hydrodynamic modes in both shallow cavities indicates a

strong influence of the aspect ratio on the hydrodynamic modes for shallow cylindrical

cavities. The hydrodynamic modes of the shear layer represent the sound generated

by the flow oscillations over the cavity, and do not depend on the acoustic modes of the

system. The flow tones produced for the shallow cavities in Fig. 3.4 therefore signify
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substantial change in the flow pattern, compared to deeper cylindrical cavities, and is

responsible for the deviations in the measured Strouhal numbers [40]. Furthermore,

literature concerning shallow cylindrical cavities outline asymmetric flow behaviour

for cavities with aspect ratios 0.2 < h/L < 0.8, where the highest levels of flow drag

and asymmetry are reported for the current case of h/L = 0.5. This is a crucial

aspect that warrants consideration when addressing the low Strouhal numbers for

the shallow cylindrical cavities, since shallow two-dimensional rectangular cavities do

not develop any flow asymmetry in the streamwise direction, nor do they exhibit

such changes in the Strouhal numbers. This hence supports the notion that shallow

cylindrical cavities modify the flow structure, which in turn plays a significant role in

the generated aeroacoustic noise.

3.2.3 Acoustic Pressure Distribution

Fig. 3.5 provides further detail regarding the acoustic pressure distribution during

the lock-in range. The O1.5 cavity is used to demonstrate changes in the acoustic

pressure as the flow velocity is increased, since this cavity presents the strongest

resonance case of those studied in this investigation. The dimensionless pressure

fluctuations Prms/Pmax are plotted using M1, M3, M4, and M5 as shown in Fig. 2.3.

These four sensors form a cross-sectional plane down the centre of the cavity and

duct configuration. Fig. 3.5a, 3.5b, and 3.5c demonstrate the pressure distribution

at three distinct regions within the lock-in range, highlighted in green on the spectral

plots. Near the start of the lock-in range, in Fig. 3.5a, the 1/4λ acoustic depth mode

of the cavity is not fully materialized, and as the velocity increases, the nodal point

of the acoustic mode shifts closer towards the cavity mouth. This can be seen in Fig.

3.5a, where the normalized acoustic pressure in the duct decreases with increasing

flow velocity. The second region continues to exhibit a shift in the nodal point of
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(a) 72 - 77 m/s

(b) 83 - 99 m/s

(c) 110 - 133 m/s

Figure 3.5: Normalized acoustic pressure Prms/Pmax distribution for the O1.5 cavity
at the given velocity ranges.

the mode shape, although, begins to converge near the point of maximum amplitude.

In the third region, the acoustic resonance is the strongest and the acoustic pressure
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distribution no longer presents any changes in the mode shape until the flow velocities

exceed the lock-in range. Additionally, all the microphones, except for M1 in the

cavity, show minimal pressure fluctuations in the duct while the 1/4λ acoustic mode

is completely trapped within the cavity. The progression of the acoustic pressure

distribution during resonance excitation provides valuable insight into the acoustic

mode shape, thereby validating the numerical results, and demonstrating the added

stiffness effect observed during resonance lock-in.

3.3 Dynamics of the Shear Layer Impingement

The current section focuses on the shear layer behaviour of cylindrical cavities. Specif-

ically, the O1.5 and O1 cavities are used in this portion of the study to gain further

understanding of the dynamic fluctuations on the downstream edge of a cylindrical

cavity. This section is motivated by the fact that cylindrical cavities do not have

a constant cavity length as the rectangular or square cavities, and it would thus be

of interest to analyze the dynamic fluctuations on the trailing edge in the absence

of acoustic resonance. Greater detail regarding the shear layer flow topology will be

covered in a later section by means of PIV measurements. For the two cylindrical

cavities examined in this section, the microphone configuration shown in Fig. 2.5 is

adopted, where three evenly spaced microphones are mounted to pressure taps on the

cavity trailing edge. Experiments conducted by Verdugo et al. [97] utilized hotwire

measurements in different spanwise and streamwise locations, just above the cavity

opening. The streamwise profiles of the velocity fluctuations in their work showed

the relative size and three-dimensionality of the shear layer over cylindrical cavities,

as well as the growth of the shear layer as it progresses downstream. Similar findings

were reported by means of static pressure measurements on the inner cavity walls, for
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an aspect ratio of 1 [55]. The mean flow is shown to be symmetrical with respect to

the streamwise plane. The three-dimensionality of the flow is observed as a localized

high pressure zone at the centre of the cavity downstream edge and floor, due to

the shear layer impingement and recirculation zone within the cavity. The following

measurements are geared towards better understanding the impingement behaviour

of cylindrical cavities. Fig. 3.6 and 3.8 present the fluctuating acoustic pressure as

a function of the Strouhal number for four consecutive flow velocities for h/L = 1

and 1.5, respectively. The dynamic pressure signals in these two figures are measured

using Mθ2, as seen in Fig. 2.5, located at the very downstream, centre portion of

the cavity edge. The spectral data was used here to first identify the hydrodynamic

modes of the shear layer, showing a clear progression of the shear layer oscillations,

in both cases, around the anticipated values of St ∼ 0.5, 1, and 1.5. Fig. 3.7, for

an aspect ratio of 1.5, demonstrates the spectral content for all three microphones

simultaneously at 27.6, 30.4, and 33.1 m/s, respectively. The peaks of three shear

layer modes in Fig. 3.7 can be identified and tracked for these flow velocities, where

the third hydrodynamic mode m3 is seen to amplify as it approaches the acoustic

cut-on frequency of the cavity. Scrutinizing the signals at each flow velocity shows

that the frequency of the dynamic pressure fluctuations remain the same, irrespective

of the radial location on the cavity downstream edge. However, this can only be said

for the current configuration, where the microphones span a total of 40◦ on the down-

stream edge. A more pronounced feature is the deviation in the amplitudes between

the sensors. Mθ1 and Mθ3 are both spaced evenly from the centre stream-wise direc-

tion and reveal a notable similarity in both spectral profiles. Although the frequency

characteristics of Mθ2 agree with the other two sensors, the amplitude is significantly

lower. Fig. 3.9 presents the same three velocities, but for the cavity aspect ratio of

1. Unlike the deeper cavity, this case presents similarities in both the frequency and
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pressure amplitude profiles for all three sensor locations on the cavity downstream

edge. Comparison between the O1.5 and O1 cavities here suggests that the depth

plays a role in the flow topology, such that the reduced cavity depth interacts with

the recirculating region in the cavity. Consequently, the trajectory of the shear layer

and impingement locations on the downstream edge are directly impacted by this

geometric perturbation.

Figure 3.6: Fluctuating acoustic pressure at four consecutive flow velocities for the
O1.5 cavity. Linear progression of the hydrodynamic modes are seen as relatively
constant values for St.

(a) 27.6 m/s (b) 30.4 m/s (c) 33.1 m/s

Figure 3.7: Fluctuating acoustic pressure from three pressure probes (Mθ1, Mθ2, Mθ3)
at the cavity trailing edge for the O1.5 cavity. The measurements are shown for three
consecutive flow velocities.
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Figure 3.8: Fluctuating acoustic pressure at four consecutive flow velocities for the O1

cavity. Linear progression of the hydrodynamic modes are seen as relatively constant
values for St.

(a) 27.6 m/s (b) 30.4 m/s (c) 33.1 m/s

Figure 3.9: Fluctuating acoustic pressure from three pressure probes (Mθ1, Mθ2, Mθ3)
at the cavity trailing edge for the O1 cavity. The measurements are shown for three
consecutive flow velocities.

3.4 Chapter Summary

3.4.1 Aeroacoustics Response

In this section, the aeroaocustics response of cylindrical cavities with h/L = 0.5, 1,

and 1.5 are presented for flow velocities of up to Mach 0.4. The numerical simulations

provided much more accurate predictions for the resonance acoustic modes in all cav-
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ity cases, attributed to appropriately modelling the duct confinement and radiation

boundaries. Strouhal numbers for cylindrical cavities of h/L ≥ 1 exhibit hydrody-

namic modes at the typical values reported in literature. Though the hydrodynamic

modes appear less affected by the aspect and admission ratios, a large decrease in

normalized acoustic pressure is observed due to the increase in acoustic radiation for

larger admission ratios or shallower aspect ratios, effectively hindering the entrap-

ment of a trapped acoustic mode in the cavity. Intermittent increases in the excited

frequencies emerge in a step-like pattern before the lock-in range and is attributed to

the presence of the duct confinement and the reflection of the surrounding boundaries.

The pressure distribution in the cavity-duct configuration at increasing flow veloc-

ities demonstrates a change in the acoustic mode shape due to the convection velocity.

The pressure distribution appears to become increasingly trapped at higher flow ve-

locities, explaining the compressibility effect responsible for the increase in frequency

during resonance lock-in.

The shallow cylindrical cavities exhibit significant deviations in the hydrodynamic

modes in comparison to their deeper counter-parts. Although these lower Strouhal

numbers may be attributed to the asymmetric flow reported in literature for such

cavities, flow visualizations will be presented in a later section discussing the flow

topology and its effect on the generated low velocity dependant tones.

Moreover, the numerical and experimental results represent excitation of the cavity

at the anticipated fundamental acoustic mode, with exception to the Ø0.5 cavity. This

change in the acoustic behaviour for this particular cavity is credited to the admission

ratio of the cavity, where the numerical model displays a 1/2λ acoustic mode due to

the larger diameter relative to the confinement. The larger diameter in combination

with the duct geometry promotes the interaction between the two domains, therefore,

materializing a trapped mode which is a function of the cavity depth and duct height,
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rather than an acoustic mode, exclusively trapped in the cylindrical cavity.

3.4.2 Shear Layer Impingement

In the current section, measurements of the shear layer impingement on the down-

stream edge of the cavity are presented for the O1.5 and O1 cavities. The Strouhal

periodicity at consecutive flow velocities in both cases confirm the hydrodynamic

modes of the cavities, in good agreement with reported literature. The spectral con-

tent of all microphones at consecutive flow velocities presents interesting behaviour

regarding both the frequencies of the three hydrodynamic modes and their relative

amplitude. Despite the separate locations for the microphones along the cavity ra-

dius, both cases demonstrate impingement frequencies at the same values. This is

an interesting observation considering the three-dimensional shape of the cavity, sug-

gesting that the shear layer is subject to velocity fluctuations affecting the spanwise

shape of the shear layer, such that the impingement appears simultaneously on the

downstream edge. Therefore, no change in the impingement frequencies are measured

amongst the microphones. A larger discrepancy is seen regarding the amplitudes of

the acoustic pressure of both cylindrical cases. Evidently, the aspect ratio of 1 ex-

hibits virtually identical pressure spectrums despite the microphone locations, whilst

the aspect ratio of 1.5 shows a large decrease in the amplitude measured at the centre

of the downstream edge. The considerable decrease in the pressure at this particular

pressure tap is attributed to the impingement location of the shear layer, which oc-

curs below the trailing edge. As the depth is reduced to an aspect ratio of h/L ≤ 1,

the cavity floor becomes increasingly intrusive to the three-dimensional recirculation

region at the cavity opening. Resultantly, the shifted recirculation region affects the

trajectory and impingement of the shear layer relative to the centre of the trailing

edge. Ultimately, the location of the impingement is influenced by cavity depths
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within the range of 1 ≥ h/L ≥ 1.5, thereby influencing the fluctuation amplitudes

measured from Mθ2, and exhibiting the three-dimensionality of the shear layer.
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Chapter 4

Aeroacoustics Response of

Two-Dimensional Rectangular and

Square Cavities

4.1 Prediction of Acoustic Resonance Modes

A similar tabulation, as that seen in Table. 3.1 for cylindrical cavities, is shown here

in Table. 4.1 for the Rh/L and Sh/L cavities. The theoretical natural frequency fa2 is

calculated using Eq. 2.3 for the cases studied in this chapter. This theoretical formula

considers the mean height, H+0.5h, of the cavity-duct configuration, however, it does

not account for the cavity width in reference to the duct width. Therefore, since the

cavity depth and duct height are the same in both the Rh/L and Sh/L cavities, the

theoretical results yield the same value for both cavity shapes. Thus, the numerical

simulation allows for a more reliable prediction of the acoustic modes by appropriately

modelling the duct confinement boundaries. When comparing the predicted values

to the experimentally measured frequencies, fpeak, it is clear that the experimental
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Table 4.1: Theoretical and numerical results for the resonance acoustic modes of the
rectangular and square cavities.

f(Hz)

Cavity w/W h/L fa2 fnum fonset fpeak

Rh/L 1
1.5 844 504 (1/2λ) 477 528

0.5 1125 1062 (1/2λ) - 1080

Sh/L 0.4
1.5 844 492 (1/4λ) 474 479

0.5 1125 1065 (1/4λ) - 1033

results deviate considerably from the calculated values, signifying the effects of the

reflective and radiative boundaries, as well as the admission ratio of the cavity. The

numerical model is evidently far superior in predicting the acoustic modes, where the

results from the pressure distribution are shown in Fig. 4.1. The resonance frequency

of both Rh/L cavities are well estimated by the numerical model, and do in fact

excite the 1/2λ acoustic cross-mode with the cavity-duct configuration. However,

a much larger discrepancy is seen between fa2 and fnum for R1.5, despite exciting

the 1/2λ acoustic mode. This is attributed to the cavity depth, since Eq. 2.3 is

developed for shallow cavities. Consequently, the calculated frequency using Eq. 2.3

depends on the mean height of the cavity and duct configuration. On the other hand,

the experimental result reveals that the 1/2λ acoustic mode materializes, though it

becomes a function of the actual length of the cavity depth and duct height, rather

than the mean height proposed in literature [103]. This explains the reduced value

of fpeak experimentally measured for the R1.5 cavity. Regarding the Sh/L cavities, the

theoretical approach no longer appears to be valid. The numerical results, instead,

demonstrate a 1/4λ acoustic mode shape for both cavities and agrees well with the

experimentally measured values. Despite sharing the same aspect ratio as the Rh/L

cavities, the resonance behaviour for the Sh/L cavities are observed to exhibit acoustic
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(a) R1.5 (504Hz) (b) S1.5 (492Hz)

(c) R1 (1062Hz) (d) S1 (1065Hz)

Figure 4.1: Dimensionless acoustic pressure distribution from numerical model for
the Rh/L cavities a), c), and the Sh/L cavities b), d).

behaviour similar to the cylindrical cavities with matching aspect ratios and admission

ratios, though the acoustic pressure generated is much higher for cylindrical cavities.

4.2 Aeroacoustics Response

4.2.1 Deep Cavities

In this section, the Rh/L and Sh/L cavities are experimentally investigated for the same

range of flow velocities studied in Sec.3.4.1. As mentioned, both cavity geometries

in this chapter consist of the same impingement length and depth as the O1.5 and
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O0.5 cavities, hence L = D. The aeroacoustics response for both deeper cases are

presented in Fig. 4.2. The R1.5 cavity, shown in Fig. 4.2a, reveals intriguing behaviour

for the lock-in frequencies excited by m1. The first hydrodynamic mode generates a

sustained oscillation at ∼ 390 Hz for a range of flow velocities. This frequency falls

below the numerically obtained cut-on frequency of 504 Hz and resembles a similar

”stepwise” increase in the lock-in frequencies prior to resonance excitation [97]. The

cause of this step-like increase for the frequencies in their investigation was attributed

to the reflection imposed by the confinement of the cavity. Similarly, this premature

excitation has also been noted to occur due to the acoustic reflection caused by the

duct walls in the nearby vicinity of the cavity [103]. In fact, the frequency spectrum for

the cylindrical cases studied show a resemblance where the resonance is not initiated

immediately but rather gradually, creating steps in the frequency response. The

quality of the resonance lock-in and acoustic amplitude is thus greatly affected by the

shape of the cavity.

The frequency in Fig. 4.2a suddenly switches to the resonance frequency, in good

agreement with the numerical value. For this cavity case in particular, however, the

acoustic amplitude is not amplified despite a sustained oscillation at the predicted

acoustic mode. This is a consequence of the higher order acoustic mode being excited

by the second hydrodynamic mode m2. This feature, which is only witnessed in this

specific cavity case, suggests an interesting characteristic where the second hydrody-

namic mode has enough energy to provoke the excitation of the higher order acoustic

resonance mode. This is attributed to the fact that two-dimensional cavities present

a far more uniform shear layer in spanwise direction in comparison to the cylindri-

cal and square shapes. In addition, this cavity case provides favourable dimensions

to excite a higher acoustic mode, and as a result, two potential lock-in ranges are

observed. Subsequently, the switching between the two acoustic modes causes a de-
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(a) R1.5 (b) S1.5

Figure 4.2: Normalized acoustic pressure Prms/(ρcU∞) as a function of the mean flow
U∞ of the R1.5 and S1.5 cavities. The diagonal lines represent the global Strouhal
numbers of the shear layer modes.

structive interference, explaining the reduced acoustic pressure at this range of flow

velocities. The S1.5 cavity shown in Fig. 4.2b demonstrates a similar response to its

cylindrical counterpart, where the frequency of the acoustic mode appears synony-

mous to the 1/4λ acoustic mode, and is duly modelled by the numerical simulation as

presented in Fig. 4.1b. The reduction in the acoustic pressure, however, is attributed

to the square shape of the cavity, which is less favourable than the cylindrical cavity

in exciting such modes.

4.2.2 Shallow Cavities

The R0.5 and S0.5 cavities are shown in Fig. 4.3. Unlike the shallow cylindrical

cavities, the low velocity dependent tones are not present in these shallow cases.

As expected, the hydrodynamic modes of the shear layer do not exhibit significant

deviations from their deeper counterpart, and thus remain a function of the cavity

impingement length. Furthermore, the anticipated 1/2λ acoustic mode for the R0.5

cavity is materialized as it is excited by m2, justifying the relatively weak and broad-
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(a) R0.5 (b) S0.5

Figure 4.3: The Sound Pressure Level as a function of the mean flow U∞ of the R0.5

and S0.5 cavities. The diagonal lines represent the global Strouhal numbers for the
shear layer modes.

band lock-in range. In spite of this, the S0.5 cavity in Fig. 4.3b presents hydrodynamic

modes at the same values as its deeper cavity, however, broadband low velocity de-

pendent tones seem to also emerge at St ∼ 0.24, similar to the shallow cylindrical

cavities. The presence of this lower shear layer mode for the S0.5 cavity is a result of

sharing the same aspect and admission ratio as the O0.5 cavity. From a geometrical

perspective, the O0.5 and S0.5 cavities consist of the same cavity depth, length, and

width. The only distinction is the shape of the cavity opening. The presence of this

lower order hydrodynamic mode in both, the shallow cylindrical and square cavities,

indicates a resemblance in the flow dynamics and acoustic behaviour of the two cav-

ities due to the maintained geometric parameters. This proposition is substantiated

by the absence of such tones in the shallow two-dimensional rectangular cavity shown

in Fig. 4.3a, where the progression of the shear layer oscillations are relatively unaf-

fected by the reduction in cavity depth and should not exhibit three-dimensional flow

characteristics. Therefore, the finite width relative to the duct width induces changes

in the flow pattern, but it is not as severe as that seen for shallow cylindrical cavities.
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4.3 Strouhal Periodicity

The Strouhal numbers, discussed thus far, represent the global Strouhal numbers, as

they represent the linear progression of fs with increasing flow velocity, in absence

of acoustic resonance excitation. As such, detecting the progression of this frequency

must be done before resonance excitation, typically below 30 m/s. For the measure-

ments within this velocity range, the frequency of the shear layer oscillations for the

detectable hydrodynamic modes are obtained and used to compute their Strouhal

numbers. This is repeated for all measured flow velocities within this range. The

Strouhal numbers obtained from each measurement below 30 m/s are then averaged

accordingly with their hydrodynamic modes to yield estimated values for the global

Strouhal numbers. These values can be seen in Fig. 4.4 which are plotted as a func-

tion of the aspect ratio. Fig. 4.4 provides a summary for the global Strouhal numbers

of all the cavities studied in this investigation. The Strouhal numbers in Fig. 4.4 are

not affected by the resonance characteristics of the cavity as they are obtained before

resonance excitation, and are thus only a function of the cavities’ aspect ratio and

free-stream flow velocity. The O1.5 cavity shows a slight but discernible increase in

St when reducing the depth to an aspect ratio of 1. Whereas, a further reduction

in cavity depth to an aspect ratio of 0.5 causes a significant deviation in the veloc-

ity dependent tones. The same trend can be seen for the Øh/L cavities, though the

Strouhal numbers for the larger admission ratio are shifted to slightly higher values.

Since the Oh/L and Øh/L cavities share the same aspect ratio, the slight deviation in

the Strouhal numbers for the Øh/L cavities is attributed to the larger diameter and

its relation to the duct width. In addition, the presence of a confinement causes the

sound generation by the shear layer to be reflected [103]. This reflection promotes

the shear layer oscillations at lower Mach numbers, effectively increasing the Strouhal
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Figure 4.4: Experimentally obtained global Strouhal numbers, St, obtained before
resonance excitation as a function of the cavity aspect ratio.

number. Though the Øh/L cavities are still confined, their larger diameter relative to

Oh/L influences the sound radiation from the cavity, and hence the reflection from the

surrounding boundaries. The substantial deviation in Strouhal numbers, observed for

shallow cylindrical cavities, is attributed to the change in flow dynamics reported for

this geometry. The Rh/L and Sh/L cavities appear to be much less affected by the

aspect ratio, with exception to the S0.5. This case particularly revealed similar at-

tributes to both, the two-dimensional rectangular cavities and the cylindrical cavities.

As seen in Fig. 4.3b for the S0.5 cavity, three hydrodynamic modes are present in the

response around the typical Strouhal numbers of 0.5, 1, and 1.5, thus resembling the

hydrodynamic behaviour of two-dimensional rectangular cavities. However, a lower

order hydrodynamic mode emerges, similar to the lower order mode observed in the

shallow cylindrical cavities. This resemblance suggests that the maintained geometric

parameters amongst the Sh/L and Oh/L cavities, induces similarities in the flow dy-
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namics as well as the aeroacoustics response, despite having different cavity-shaped

mouths. A second definition for the Strouhal number, Stpeak, is used and represents

the Strouhal numbers during resonance excitation. The peak Strouhal numbers are

calculated similarly to the global Strouhal numbers, but using the frequency during

peak resonance excitation. The resonance frequency dominates the spectrum, obscur-

ing the frequency of the shear layer oscillations. From the Strouhal relationship, it

is evident that since the dominant frequency during resonance lock-in is no longer

increasing with increasing flow velocity, the Strouhal numbers will drop, which effec-

tively represents the lock-in range. As this behaviour differs from the definition of the

global Strouhal numbers, the peak Strouhal numbers are presented and briefly dis-

cussed for the resonance range. Fig. 4.5 depicts the relationship between the Strouhal

numbers at peak frequencies, Stpeak, the Mach number, M , and the normalized acous-

tic pressure at the corresponding peak Strouhal numbers. With regard to Stpeak for

the given range of Mach numbers, the experimental data evidently segregates into

two groups, where the cavities with h/L = 1 initiate the excitation at higher Mach

numbers. This was outlined in Fig. 3.3, where the excitation at higher Mach numbers

were attributed to the increase in the acoustic cut-on frequency by reducing the cav-

ity depth. The remaining cavities, however, share the same aspect ratio and similar

acoustic cut-on frequency. Therefore, any change in cavity length affecting the shear

layer oscillations is accompanied by a change in cavity depth affecting the resonance

frequency, effectively maintaining the onset flow velocity. The normalized pressure

at the peak Strouhal numbers clearly shows the strength of the resonance for each

case. All cavities of aspect ratio 1.5, excited resonance near the cut-on frequency,

yet the resonance is noticeably stronger for the cylindrical cases since this geometry

greatly promotes the excitation of a trapped acoustic mode. Additionally, the O1.5

cavity produces the highest levels of acoustic pressure, as the smaller diameter would
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Figure 4.5: The peak Strouhal numbers, Stpeak, as a function of the Mach number
(left) and the normalized acoustic pressure at corresponding peak Strouhal numbers
(right) during resonance excitation.

limit the acoustic radiation to the duct in comparison to a larger cavity diameter of

Ø1.5. Furthermore, the values of Stpeak corresponding to the strongest level of acous-

tic pressure, seem to collapse well at a value of ∼ 0.44 for all cavities of aspect ratio

1.5. The cavities with an aspect ratio of 1 present maximum amplitudes at slightly

higher Strouhal numbers than the deeper cavities. Although Nakiboǧlu et al. [64]

examined the aeroacoustic power generated for axisymmetric cavities, a similar trend

regarding the peak Strouhal numbers for various cavity depths was reported. For

their investigated range of 0.2 ≤ h/L ≤ 1.175, reducing the cavity depth, decreases

the peak Strouhal numbers. However, in their investigation, the peak Strouhal num-

bers remain relatively independent for aspect ratios larger than 0.675, with exception

to subtle discrepancies. This is a similar trend to that seen in Fig. 4.5 where the

reduced depths for the aspect ratios of 1, resulted in a slight shift to higher peak

Strouhal numbers. However, this shift is negligible, and the values are therefore inde-

pendent of the cavity depth. Their experimental and numerical results also described

a linear relation between the reduction in cavity depths and peak Strouhal numbers

for aspect ratios less than 0.675, exemplifying the clear dependency of the aspect
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ratio on the onset of resonance excitation for shallow cavities. The observed linear

relationship was described as a reduction in the convection speed of the vortex at

the mouth of the cavity by virtue of the image vortex present at the floor of the

cavity. This explanation considers strong effects due to the cavity floor in proxim-

ity of the mouth, such that increasing the depth minimizes the effects of the floor,

explaining the relatively independent values obtained for all the cases presented in

Fig. 4.5. A significant reduction in the global Strouhal numbers for the shallow cylin-

drical cavities studied also appear to be due to a strong dependence on the aspect

ratio, as seen in Fig. 4.4. Though, the values reported by Nakiboǧlu et al. [64] for

shallow cavities do not decrease as much as those studied here, and are performed

on a different cavity configuration, the proposition of an interaction with the cavity

floor that causes a reduction in vortex convection speed is a viable suggestion. This

would agree well with the asymmetry reported for cylindrical cavities with an aspect

ratio of 0.5, where a substantial change in the flow behaviour could greatly affect the

aerodynamic noise generated from shallow cavities. Further detail regarding the flow

topology of the shear layer will be discussed in the following chapter as to compliment

the aeroacoustics response measurements.

4.4 Chapter Summary

The results put forward in this section present the aeroacoustics response of the two-

dimensional rectangular and square cavities. The resonance excitation for the R1.5

cavity exhibits a standing acoustic mode shape as anticipated, however, the frequency

is much lower than the theoretically calculated value, as the standing acoustic wave

for this aspect ratio is a function of the cavity depth and duct height, as opposed to

the mean height proposed in literature. Both Rh/L cavities demonstrated the largest
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amounts of reflection from the duct, depicting standing acoustic waves consisting of

the entire cavity depth and duct height rather than an acoustic mode trapped exclu-

sively in the duct. The presence of acoustic mode switching occurred between the

fundamental and higher order acoustic modes for the R1.5 cavity, by virtue of the first

and second hydrodynamic modes. The second hydrodynamic mode in this case con-

tains sufficient energy to excite a higher order acoustic mode, resulting in a destructive

interference between the two acoustic modes, where neither frequency is adequately

sustained. The Sh/L cavities, however, presented similar acoustic behaviour to the

cylindrical Oh/L cavities with the same non-dimensional geometric parameters, where

the acoustic mode is trapped within the cavity. This is credited to the fact that the

Oh/L and Sh/L cavities share the same aspect and admission ratio, though the nor-

malized acoustic pressure for the S1.5 is far lower than the cylindrical counter-part,

due to the unfavourable square shape in comparison to the cylindrical case. More-

over, the R0.5 cavity demonstrates hydrodynamic modes near the typical values and

is negligibly affected by the aspect ratio. The S0.5 cavity also yields a similar be-

haviour, with the exception of a weak broadband, lower order hydrodynamic mode.

The emergence of this hydrodynamic mode resembles those seen in shallow cylindrical

cavities, suggesting that the maintained aspect and admission ratio amongst the S0.5

and O0.5 cavities induce similar flow dynamics, and hence, mutual characteristics in

the aeroacoustics response. A detailed look at the peak Strouhal numbers summa-

rizes the effect of the Mach number, geometric parameters, and normalized acoustic

pressure for each case, agreeing well with reported trends in literature.

77



Chapter 5

Flow Visualization

5.1 PIV Results

This section focuses on the shear layer topology for the cavities presented in Fig.

2.6, as to complement the aeroacoustics response with flow visualizations at select

free-stream velocities. The measurements are conducted for a range of flow velocities,

where average flow profiles are shown for off-resonance conditions, and phased-locked

imagery is used during acoustic resonance. The laser sheet is parallel to the cavity

plane, and is located 10.7 mm away, as shown in Fig. 2.7. This is referred to as loca-

tion y1, such that y2 and y3 refer to 12.7 and 14.7 mm, respectively. Many thorough

investigations such as Yamouni et al. [101] have conducted analysis on rectangular

cavities while assuming two-dimensional flow over the cavity mouth. Numerical in-

vestigations such as Sun et al. [92] explored the flow dynamics over the width of such

cavities, further proving the relative two-dimensionality of the shear layer. In view of

this, the measurements are first presented for the deep and shallow, two-dimensional

rectangular cavity, as this is understood to exhibit highly coherent vortex formation

with relatively weak three-dimensional effects in the spanwise direction. However,
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both aforementioned studies consisted of numerical studies on shallow cavities, while

the following are direct experimental results regarding measurement planes and cav-

ities not yet explored.

5.1.1 Two-Dimensional Rectangular Cavities

Fig. 5.1 illustrates phase-locked PIV measurements for the R1.5 cavity at U∞ =

81 m/s, where the flow cycle is shown at four evenly spaced phases. The contour

plots represent the phase-averaged normalized velocity fluctuations in the streamwise

direction, ⟨u⟩
U∞

. This selected flow velocity is near the onset of excitation, where the

acoustic tone of the cavity depth mode begins to amplify. Resultantly, the acoustic

amplification begins to modulate the shear layer into a coherent vortex. This flow

velocity is associated with the first hydrodynamic mode, hence the presence of only

one vortex core in the flow cycle. The flow structure at this velocity already exhibits

a strong spanwise coherence early in the lock-in range, despite the weak resonance

amplitude, which delineates the influence of the acoustic field on the flow patterns of

the shear layer. At the beginning of the flow cycle, the shear layer rolls into the cavity,

and the near-wake region is formed at the upstream edge. The vortex core proceeds

to roll up as it moves towards the downstream edge. As the core rolls up, the intensity

of the velocity fluctuations near the centre of the core are observed passing through

the laser sheet before being severed at the impingement edge. A portion of the vortex

is swept into the cavity, thereby amplifying the recirculation zone. These set of events

in the flow cycle can be related to the formulation proposed by Howe [46, 47], which

describes the instantaneous acoustic power generated by a compact vortex in a fluid

volume, V , and can be expressed as shown in Eq. 5.1.

Π = −ρ

∫
V

⟨(ω⃗ × u⃗) · v⃗⟩ dV (5.1)
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Figure 5.1: The normalized phase-averaged streamwise velocity contours at 81 m/s
for the R1.5 cavity. The results are obtained from phase-locked measurements with
the acoustic pressure cycle.

Figure 5.2: The normalized phase-averaged streamwise velocity contours of the ϕ =
135◦ phase mark in the flow cycle at different measurement planes (y1, y2, y3). The
results reflect the case shown in Fig. 5.1.

In the above expression, ρ represents the fluid density, ω is the vorticity field, u

is the flow velocity field, and v represents the acoustic particle velocity. From this

expression, the energy is transferred from the flow field to the acoustic field by virtue

of the Magnus force ρ(ω⃗× u⃗) [8]. The resonance is self-sustained if the integral in Eq.

5.1 is positive over an acoustic cycle. Considering the phase-averaged measurements

in Fig. 5.1, the shear layer first rolls into the cavity at the leading edge, which
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is proportional to the motion of the acoustic particle velocity. As the shear layer

rolls back up towards the downstream edge, the acoustic particle velocity vector

would be in the opposite direction [102]. The development of the vortex core thereby

signifies the production of acoustic power over an acoustic pressure cycle. A slight

but discernible curvature is also notable at the extremities of the vortex core, which

is a product of the viscous forces near the side walls of the cavity-duct configuration.

Fig. 5.2 directs the attention to the ϕ = 135◦ mark in the flow cycle. The velocity

fluctuations are shown for y1, y2, and y3, respectively. One will notice the decrease in

the velocity fluctuations as the laser sheet is moved away from the cavity mouth by

a distance of 0.04L. The figure in the right, plots the velocity fluctuation across the

stream-wise opening of the cavity, where the data points are extracted at the centre

of the cavity at z/L = 0. The normalized velocity fluctuations of at each laser sheet

location is plotted, showing a peak fluctuation centred around x/L = 0.6 for all three

laser sheets. Additionally, the velocity fluctuations in this case decrease linearly with

increasing distance from the cavity mouth.

Fig. 5.3 portrays the flows cycle at U∞ = 130 m/s during the strongest occur-

rence of acoustic resonance for this cavity case. The flow pattern at this velocity

depicts a similar set of events as U∞ = 81 m/s, however, a few key differences can

be emphasized. More notably, the curvature of the vortex near the walls seems to be

less apparent as the flow velocity is increased, and the acoustic pressure generated

is strongest. Furthermore, the vortex core appears to be shifted according to the

acoustic pressure cycle. This is evident in Fig. 5.4 where at the specific instance of

ϕ = 135◦, the intense velocity fluctuations from the vortex core are slightly further

downstream compared to the same instance in the flow at U∞ = 81 m/s. At this

high flow velocity, the flow-acoustic coupling is the strongest, further enhancing the

flow modulation process of the shear layer. The velocity trace at z = 0 shows much

81



Figure 5.3: The normalized phase-averaged streamwise velocity contours at 130 m/s
for the R1.5 cavity. The results are obtained from phase-locked measurements with
the acoustic pressure cycle.

Figure 5.4: The normalized phase-averaged streamwise velocity contours of the ϕ =
135◦ phase mark in the flow cycle at different measurement planes (y1, y2, y3). The
results reflect the case shown in Fig. 5.3.

larger amplitudes in the velocity fluctuations centred around x/L = 0.75, which is

further downstream than that seen at U∞ = 81 m/s. Evidently, as the flow velocity

increases, such that acoustic pressure becomes stronger during the lock-in range, the

shear layer thereby also oscillates at maximum amplitudes and are further organized

due to the enhanced modulation introduced by the resonance amplitude. This strong

coupling, as well as the high flow-velocity, renders the lower curvature near the walls
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Figure 5.5: The normalized phase-averaged streamwise velocity contours at 111 m/s
for the R1.5 cavity. The results are obtained from phase-locked measurements with
the acoustic pressure cycle, using laser plane y3.

and enhances the overall spanwise coherence of the vortex core. Fig. 5.5 illustrates

the flow cycle at U∞ = 111 m/s, which was associated with a peculiar mode switch

in the aeroacoustics response. At this flow velocity, the fundamental acoustic mode

of the cavity was excited by the first hydrodynamic mode, while the higher order

acoustic depth mode was intermittently excited by the second hydrodynamic mode.

This caused a randomized mode switching between the two acoustic modes, resulting

in an destructive interference where both resonance modes are moderately excited.

Fig. 5.5 demonstrates the existence of the two vortex cores in the shear layer by ac-

count of the second hydrodynamic mode. However, in other stages of the flow cycle,

the cores seem to merge, causing an uneven spacing to the formation of the following

vortex core. Nevertheless, it is still unclear whether the two vortex cores originate

from the same instance of flow separation, then split into two cores. Consequently,

the flow cycle shown in Fig. 5.5 is presented for the laser location, y3 since closer

laser sheet planes proved challenging in distinguishing the existence of the second hy-
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drodynamic mode. Fig. 5.6 outlines the flow cycle for the shallow R0.5 cavity at U∞

= 114 m/s. This cavity case exhibits moderate amplitudes at the 1/2λ cross mode

of the cavity-duct configuration, excited by the second hydrodynamic mode. The

presence of two, evenly spaced, vortex cores are apparent in this case. Despite this,

the spanwise coherence of the vortex core seems to fall off significantly. The velocity

pattern shows a more uneven distribution of the velocity fluctuations. This can be

attributed to the lack of acoustic resonance in this cavity case. The cut-on frequency

of the cavity-duct configuration is only excited by the second hydrodynamic mode,

generating moderate broad-band amplitudes. This lack of resonance excitation hin-

ders the modulation process of the shear layer, therefore resulting in a more random

spanwise flow profile. The incoming boundary layer is thus more sensitive to any

perturbations that can potentially be introduced upstream of the cavity.

Figure 5.6: The normalized phase-averaged streamwise velocity contours at 114 m/s
for the R0.5 cavity.
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5.1.2 Cylindrical Cavities

Fig. 5.7 presents the phase-locked measurements for the cylindrical cavity, O1.5. The

figure demonstrates four phases in the flow cycle for three flow velocities, where each

flow velocity illustrates a different hydrodynamic mode. At U∞ = 31 m/s, the third

hydrodynamic mode is depicted in the shear layer. In this flow cycle, three vortices are

seen travelling over the cavity opening, which is more apparent at later instances in

the flow cycle. This particular flow velocity is synonymous to the spectral data shown

in Fig. 3.7b, where a significant deviation in the sound pressure level is observed for

microphone Mθ2, at the centre of the downstream edge, in comparison to the other

two microphones. All the flow velocities in this cylindrical case present a symmetrical,

three-dimensional flow profile, seen as a crescent-like curvature in the spanwise di-

rection, though the characteristics of the curvature change with increasing resonance

amplitudes. The general profile of the curvature agrees well with static pressure con-

tours reported in literature, which is attributed to the three-dimensional recirculation

zone concentrated along the centre stream-wise direction at z/L = 0. This suggests

that the matching frequencies seen in Fig. 3.7 and 3.9 are due to an almost simul-

taneous impingement for this localized region of the downstream edge. Despite the

matching frequencies, the discrepancy in amplitudes observed in Fig. 3.7 for h/L =

1.5 proposes that the recirculation zone in the cavity is larger for the deeper case,

thus the shear layer impingement profile on the downstream edge would be affected

by this recirculation. As a result, lower amplitudes of dynamic pressure are measured

at the centre of the downstream edge. Unlike the two-dimensional rectangular cavity,

the shear layer does not necessarily roll as far into the cavity, but rather forward, due

to the delayed separation occurring symmetrically along the cavity edge, retaining

the initial separation. This effectively causes localized velocity fluctuations near the

centre of the vortex at z/L = 0, generating the three-dimensional recirculation region
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Figure 5.7: The normalized phase-averaged streamwise velocity contours at a) 31
m/s, b) 47 m/s, and c) 125 m/s for the O1.5 cavity.
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in the cavity. The vortex then travels forward towards the downstream edge. For the

low flow velocities, as the vortices move downstream, the curvature remains relatively

consistent. However, at U∞ = 125 m/s, the modulation from the acoustic resonance

organizes the first hydrodynamic mode, increasing the velocity fluctuations at z/L

= 0 as to overcome the curvature. Another interesting aspect to note is that the

shear layer oscillations occur in the mixing region between the cavity volume and the

mean flow in the duct. Therefore, during the flow cycle a portion of the shear layer is

still present in the cavity and convected downstream, hence, it must be subject to a

change in velocity due to the cylindrical walls of the cavity. The lower portion of the

shear layer which manages to travel upwards to escape the cavity is accelerating due

to the reduction in cavity size, which would further explain the three-dimensionality

of shear flows over cylindrical cavities. Fig. 5.8 depicts the normalized time-averaged

velocity fluctuations in the streamwise direction, ū/U∞, for the O0.5 cavity. The av-

erage flow characteristics are presented due to the lack of acoustic resonance for this

cavity case. The average contour plots evidently demonstrate the asymmetry in the

flow with respect to the stream-wise direction. Since the early studies of Hiwada et

al. [45], it has been well established that cylindrical cavities with h/L = 0.5 exhibit

stable, asymmetric flow. The asymmetry is the highest at this aspect ratio, hence,

the increased cavity drag. The direction of the stable asymmetry can also switch to

the opposite side, where the orientation selection is random and can be changed by

introducing upstream flow perturbations. The asymmetry reported for this aspect

ratio is caused by interference of the recirculation zone, typically unaffected in deeper

aspect ratios. Reducing the cavity depth for the same diameter would in essence alter

the shape of the recirculation zone in the cavity. This would induce significant veloc-

ity fluctuations in the spanwise direction, thereby increasing the three-dimensionality

of the recirculation zone. The direction of this three-dimensionality is random, yet
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stable. The average flow seems to travel asymmetrically across the cavity towards

z/L = -0.5, while recirculating a diagonal vortex cone beneath the shear layer, where

the centre of the core escapes the cavity towards z/L = 0.5. The asymmetry of the

recirculation zone is thus relative to both, the streamwise direction and the spanwise

plane of the cavity opening. This proposition resembles the vortex tube suggested by

Dybenko and Savory [26]. It is interesting to note that no change in flow orientation

or flow profile is observed when comparing U∞ = 31 m/s and 105 m/s, with exception

to a steeper velocity gradient.

Figure 5.8: The normalized time-averaged streamwise velocity contours at 31 m/s
and 105 m/s for the O0.5 cavity.

5.1.3 Square Cavities

Fig. 5.9 presents the S1.5 cavity. For this cavity case, a premature excitation of the

acoustic depth mode materializes at U∞ = 81 m/s, similar to the cylindrical cavity

with the same aspect ratio. This cavity case in particular exhibits similarities to
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Figure 5.9: The normalized phase-averaged streamwise velocity contours at a) 81 m/s
and b) 138 m/s for the S1.5 cavity.

both the two-dimensional and the cylindrical cavities. The shear layer for the first

hydrodynamic mode rolls into the cavity and is swept up towards the downstream

edge, analogous to the R1.5 cavity. As the vortex impinges, however, the wake of

the vortex reveals a slight quasi two-dimensional pattern due to the finite spanwise

length of the cavity downstream edge. At a higher flow velocity, the shear layer
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is further modulated by the resonance, generating a more concentrated vortex with

a strong spanwise coherence. However, the quasi two-dimensional pattern in the

vortex wake is more apparent. Moreover, the influence of the high flow velocity and

strong acoustic modulation promotes the shedding of discrete vortices, as opposed to

the weaker resonance range at a lower flow velocity, where the upstream shear layer

appears more continuous. Fig. 5.10 provides the four phase flow cycle for the S0.5

cavity. This case presented a relatively broadband tone with moderate amplitudes,

excited by the second hydrodynamic mode. Accordingly, at U∞ = 97 m/s, two

vortices are seen travelling over the cavity mouth. In contrast to the deeper S1.5

cavity, these vortex cores exhibit more curvature and cavity drag. This resembles the

flow cycle of the shallow R0.5 cavity in Fig. 5.6, ergo, the lack of acoustic resonance

hinders the modulation process of the flow, reducing the spanwise coherence of the

shear layer. Nevertheless, it should be noted that the aeroacoustics response of the

shallow S0.5 cavity in Fig. 4.3b also generated velocity-dependent tones for St ∼

0.24, resembling the shallow cylindrical cavities. This feature was not observed in

Figure 5.10: The normalized phase-averaged streamwise velocity contours at 97 m/s
for the S0.5 cavity.
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Fig. 4.3a for the aeroacoustics response of the R0.5 cavity. Further assessment of

Fig. 5.10 shows a consistent recirculation region for the entire flow cycle. This flow

feature is comparable to the shallow O0.5 cavity in Fig. 5.8, where the asymmetry

of the recirculation zone in the cavity is affected by the shallow floor. As a result, a

portion of the recirculation region escapes the cavity, creating the asymmetric flow

profile seen in both the O0.5 and S0.5 cavities. This is an interesting resemblance

between the two cases when considering the aeroacoustics response as well as the

flow profile of the shear layer. The similar characteristics amongst the Oh/L and Sh/L

cavities are attributed to the equivalent cavity depth, length, and admission ratio,

thereby demonstrating the increased dependence of the aeroacoustics response on the

depth and width of shallow cavities.

5.2 Chapter Summary

Flow visualizations are presented in this section for all the cavity cases explored in

this study. The phase locked-measurements for the Rh/L cavities provide valuable

insight into the flow modulation of the shear layer and stream-wise vortex location as

the acoustic resonance becomes stronger. A saturation in the velocity fluctuations of

the vortex core is observed for the flow velocity corresponding to the strongest reso-

nance. The flow cycle during the mode switching observed during the aeroacoustics

response for this case reveals a similar switching between the dominant hydrodynamic

mode. It can be seen that the coherence of the hydrodynamic mode can not be es-

tablished, as both coincidence regions are equally favourable in exciting an acoustic

mode at the same flow velocities. Velocity fluctuations for the R0.5 cavity, outside

of resonance conditions, shows the lack of spanwise coherence due to the absence of

strong acoustic modulation. The shear layer in this case is easily affected by any
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possible obstruction upstream of the cavity. This also reinforces the notion that the

acoustic modulation greatly affects the organization of the shear layer topology. For

the cylindrical cavities, the first three hydrodynamic modes are observed, where the

size of the vortex cores increase with each lower order hydrodynamic mode, and the

velocity fluctuations increase as the resonance grows stronger. The most notable fea-

ture of the cylindrical cavities are the crescent-like shapes induced by the circular

cavity opening. This spanwise curvature appears to straighten due to the enhanced

modulation of the shear layer. Though not as pronounced as the cylindrical cases,

three-dimensional characteristics are also observed for the S1.5 cavity, where increas-

ing resonance amplitudes organize the shear layer and reduce the effects of these

three-dimensional characteristics. The shallow cylindrical cavity, in agreement with

literature, exhibits a highly asymmetric flow structure about the stream-wise direc-

tion. This flow asymmetry is caused by an interference of the recirculation region in

the cavity due to the reduced cavity depth, explaining the significantly lower Strouhal

numbers for this case. Furthermore, the S0.5 cavity, having the same aspect ratio of

0.5, portrayed a slightly less, yet still, asymmetric flow pattern over the cavity mouth.

This resemblance in flow pattern amongst the shallow cylindrical and square cavities

explains the low Strouhal number, which also appear in the aeroacoustics response

of the S0.5 cavity. It can therefore be seen that the spanwise dimensions of the cav-

ity relative to the duct, presented as the admission ratio, greatly affects the velocity

dependent tones due to the changes induced in the flow dynamics of the shear layer.
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Chapter 6

Conclusions

6.1 Summary and Conclusions

The flow-excited acoustic resonance, as well as, the hydrodynamic modes of various

cavity geometries are investigated in this thesis. A summary of the main findings is

provided in this section.

The results presented in this paper provide a comprehensive summary of the aeroa-

coustics response, as well as the shear layer dynamics for various cavities exposed to

Mach numbers of up to 0.4. The cavities were mounted to the duct of an open-loop

wind tunnel to include the potential effects of a cavity enclosure. The aeroaocustics

response of the cylindrical cavities presented clear excitation of the 1/4λ acoustic

depth mode, with exception to the Ø0.5 cavity, which excited the 1/2λ acoustic mode

of the cavity-duct configuration due to the larger admission ratio. The larger ad-

mission ratio introduced an improved interaction between the cavity and the duct,

thereby hindering the formation of a trapped acoustic mode within the cavity, and

promoting a standing acoustic cross-mode consisting of the cavity depth and duct

height. The hydrodynamic modes for the cylindrical cavities with h/L ≥ 1 present
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Strouhal numbers in good agreement with reported literature, and further demon-

strate the relative independence of the Strouhal number on aspect ratios larger than

unity. More notably, the shallow cylindrical cavities showed evidence of low velocity-

dependent tones at St ∼ 0.16 and 0.25 attributed to the asymmetric flow in the cavity.

However, characterizing the hydrodynamic modes for aspect ratios less than unity is

not as straightforward. Documented literature for various cavity geometries with

h/L ≤ 1 exhibit significant dependence on the cavity depth, severely affecting the

velocity dependent tones. This discrepancy is owed to the change in flow-dynamics

of the flow recirculation in the cavity when the depth becomes smaller than the im-

pingement length. These cylindrical cases clearly demonstrate the change in fluid

and acoustic behaviour of shallow cylindrical cavities, as well as the influence of re-

flective boundaries on the sound production and ability to excite alternative acoustic

standing waves.

The pressure distribution within the cavity-duct configuration is also presented

for increasing flow velocities. A clear trend is seen as the velocity increases, where

the wavelength of the standing acoustic mode becomes further compressed as the flow

velocity increases. This compression occurs as the flow velocity increases within the

lock-in range and the resonance becomes stronger. Resultantly, the compression of the

acoustic mode becomes saturated when the acoustic amplitudes are at a maximum,

where no further change in the wavelength is observed. This explains the added

stiffness effects reported for strong resonance conditions.

Further scrutiny of the shear layer impingement measurements reveal that the

frequency of the impingement, strictly for the current sensor locations, is not affected

by the impingement location. Effectively, the shear layer is considered to develop

a three-dimensional flow topology, and as a result, the curvature of this shear layer

ensures what appears to be a simultaneous impingement of the shear layer. This is
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further substantiated by the difference in amplitude between the aspect ratio of 1.5

and 1 for the cylindrical cavities when comparing the impingement measurements.

It is clear from the spectral data that a large difference in acoustic amplitude exists

between the sensor in the centre of the downstream edge and the other two lateral

sensors. This difference is credited to an unaffected flow recirculation at the cavity

mouth, such that the impingement near the centre of the shear layer occurs above or

below the downstream edge. This feature disappears when reducing the cavity depth

to h/L ≤ 1.

The Strouhal numbers for two-dimensional rectangular cavities are not affected

with changes in the aspect ratio for these cases, and values for the hydrodynamic

modes conform with reported data. Two-dimensional rectangular cavities are under-

stood to excite acoustic depth modes within the cavity when the depth of the cavity

is much larger than the impingement length. Though the R1.5 cavity is considered

a deep cavity, the reflection from the boundaries promote an acoustic depth mode

between the cavity depth and duct height. This same acoustic mode shape is excited

in the shallow R0.5 cavity, however, the frequency of this mode for the deeper cavity is

a function of the cavity depth and duct height, whilst that for the shallow cavity is a

function of the mean height of the cavity and duct. Furthermore, a mode-switching is

present R1.5 cavity due to the favourable excitation of the fundamental and the higher

order acoustic modes for this particular geometry. Square cavities have displayed sim-

ilarities amongst the two-dimensional rectangular and the cylindrical cavities. The

acoustic behaviour of the Sh/L cavities exhibit similar acoustic mode shapes, as well

as similar frequencies for the resonance in comparison to the same aspect ratios for

the Oh/L cavities. This is due to the matching geometric parameters, i.e. aspect

and admission ratio, yet the inherent differences in cavity shapes produces far lower

acoustic amplitudes for the square cavity. Additionally, a low velocity dependant
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tone for the S0.5 case resembles those seen in the shallow cylindrical cavities. The

presence of such a hydrodynamic mode in the shallow square cavity suggests a similar

interference of the recirculation region, as seen in cylindrical cavities. This reinforces

the notion that the asymmetry reported in shallow cylindrical cavities, is in fact a

dominant feature due to the circular shape of the cavity mouth, however, flow asym-

metry exists in other cavity shapes consisting of a finite spanwise width, though the

amount of flow asymmetry may differ.

The PIV measurements for the deeper cylindrical cavity showed highly three-

dimensional shear layer topology for the first three hydrodynamic modes. The cur-

vature decreases at increasing resonance amplitudes due to the modulation of the

shear layer. On the contrary, the shallow cylindrical cavity exhibited strong asym-

metry caused by the interference of the recirculation region, explaining the very low

Strouhal values. The deep two-dimensional cavity revealed highly coherent vortices

in the spanwise direction, as well as an interesting mode-switching between the sec-

ond and first hydrodynamic mode. This mode-switch is associated with m1 and m2

exciting the fundamental and higher order acoustic modes, respectively. The shallow

R0.5 cavity, exemplified the reduction in the spanwise coherence of the vortices as a

result of weak acoustic resonance. From an acoustics perspective, the deeper square

cavity resembled the cylindrical cavity with regard to the excited acoustic modes,

however the flow behaviour of the square cavity is not as three-dimensional. Never-

theless, the finite edge of the square cavity formed a quasi two-dimensional profile in

the vortex wake. The shallow square cavity demonstrated similarities in the aeroua-

coustics response and flow patterns of the shallow cylindrical cavity, where the floor

of the shallow cavity disrupts the recirculation zone, and an asymmetric vortex cone

is seen escaping the cavity mouth. The results reported in this thesis have shown

the influence of confinement parameters on the aeroacoustics response of various cav-
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ity shapes subject to confined turbulent flow. Furthermore, PIV measurements have

presented a further understanding of the corresponding shear layer dynamics during

flow-excited acoustic resonance, as to support the observations in the aeroacoustics

response.

6.2 Major Contributions

The research presented in this thesis provides a thorough summary of the flow-acoustic

coupling in ducted cavities. A series of numerical and experimental investigations were

performed as to extend the existing knowledge in literature by making the following

contributions:

1. The influence of the cavity aspect ratio, h/L, and admission, w/W , on the

aeroacoustics response of ducted cylindrical cavities was thoroughly investi-

gated. Results revealed that the confinement of a duct promotes the reflection

of acoustic waves radiating from the cavity.

(a) Reducing the aspect ratio or increasing the admission ratio hinders the

entrapment of the cavity acoustic depth mode. This improves the interac-

tion between the cavity and duct, influencing the resulting acoustic mode

shape.

(b) Aspect ratio significantly affects Strouhal periodicities in shallow cylin-

drical cavities, causing lower-than-expected values due to changes in flow

dynamics. These deviations must be considered for flow-induced vibrations

and acoustics in shallow cylindrical cavities.

2. The influence of the cavity shape is further detailed by investigating two-

dimensional rectangular, as well as square cavities, with similar aspect and
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admission ratios to the cylindrical cavities.

(a) The deep two-dimensional rectangular cavity demonstrated mode-switching

behaviour where the fundamental and higher order acoustic mode are in-

termittently excited by the first and second hydrodynamic modes, respec-

tively.

(b) From an acoustic standpoint, square cavities behave much like cylindrical

cavities, revealing similar acoustic behaviour for the deep aspect ratio, and

lower Strouhal numbers in the shallow case.

3. Particle Image Velocimetry (PIV) measurements of the shear layer both, inside

and outside, the resonance excitation region, illustrate novel insight on the shear

layer topology for the studied cavities.

(a) Deep cylindrical cavities demonstrated highly three-dimensional flow topol-

ogy, seen as a crescent-like shape, flowing over the cavity mouth. Shallow

cylindrical cavities demonstrate strong flow asymmetry due to obstruction

of the recirculation region in the cavity.

(b) The shallow square cavity revealed asymmetric flow behaviour, much like

the cylindrical cavity, emphasizing the spanwise effects of the cavity shape

on the shear layer topology.

6.3 Recommendations for Future Investigations

While the research presented here is aimed at exploring a wide range of cavity shapes

and geometric parameters, as to expand the current state of knowledge, it also pro-

vides a solid foundation to carry out future investigations. On account of this, the

following is recommended:
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1. Multiple shallow cavities should be investigated, since the flow asymmetry is

extremely sensitive to aspect ratios less than one. This should be investigated

by means of acoustic pressure measurements, as the existing literature regarding

shallow cavities mainly consists of static pressure measurements on the cavity

walls.

2. In light of this, the flow patterns associated with the aeroacoustics response

provide a great deal of information regarding the coupled phenomena. There-

fore, it is recommended to manufacture cavity sections made completely with

acrylic and maximize the field of view, in order to provide flexibility for the

positioning of the laser sheet during PIV measurements.

3. The rectangular confinement investigated in this thesis is used to explore the

effects of reflective boundaries on cavity resonance. This confinement geometry

is rather simple due to scarcity of literature for these configurations. However,

in view of the complexity of the shear layer and acoustic behaviour, it would

be of interest to investigate similar cavities mounted to cylindrical ducts, where

the connection between cavity and duct present an elliptical shape. This would

subsequently improve the applicability of the results to industrial applications

such as pipeline systems.
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[64] Nakiboǧlu, G., Manders, H., and Hirschberg, A. Aeroacoustic power

generated by a compact axisymmetric cavity: prediction of self-sustained os-

cillation and influence of the depth. Journal of Fluid Mechanics 703 (2012),

163–191.

107



[65] Neri, E., Kennedy, J., and Bennett, G. J. Bay cavity noise for full-scale

nose landing gear: a comparison between experimental and numerical results.

Aerospace Science and Technology 72 (2018), 278–291.

[66] Nomura, Y., Yamamura, I., and Inawashiro, S. On the acoustic radiation

from a flanged circular pipe. Journal of the Physical Society of Japan 15 (1960),

510–517.

[67] Norris, A., and I.C, S. Acoustic radiation from a circular pipe with an

infinite flange. Journal of Sound and Vibration 135 (1989), 85–93.

[68] Omer, A., Arafa, N., Mohany, A., and Hassan, M. The effect of

upstream edge geometry on the acoustic resonance excitation in shallow rect-

angular cavities. International Journal of Aeroacoustics 15 (2015), 253–275.

[69] Omer, A., Mohany, A., and Hassan, M. Effect of impingement edge

geometry on the acoustic resonance excitation and strouhal numbers in a ducted

shallow cavity. Wind and Structures 23(2) (2016), 91–107.

[70] Oshkai, P., and Yan, T. Experimental investigation of coaxial side branch

resonators. Journal of Fluids and Structures 24 (2008), 589–603.

[71] Parthasarathy, S., Cho, Y., and Back, L. Sound generation by flow

over relatively deep cylindrical cavities. Journal of the Acoustical Society of

America 78 (1985), 1785.

[72] Plumblee, H., Gibson, J., and Lassiter, L. A theoretical and experi-

mental investigation of the acoustic response of cavities in aerodynamic flow.

Wright-Patterson Air Force Base, Dayton, Ohio Tech. Rep. WADD-TR-61-75

(1962).

108



[73] Powell, A. Theory of vortex sound. Journal of the Acoustical Society of

America 36 (1964), 177–195.

[74] Rashwan, S., Mohany, A., and Dincer, I. Investigation of self-induced

thermoacoustic instabilities in gas turbine combustors. Energy 190 (2020),

116362.

[75] Rayleigh, B. Theory of sound, 2nd ed. pp.307.

[76] Rockwell, D., and Knisely, C. Vortex-edge interaction: Mechanisms for

generating low frequency components. Physics of Fluids 23(2) (1979), 239–240.

[77] Rockwell, D., and Knisely, C. Observations of the three-dimensional

nature of instable flow past a cavity. Physics of Fluids 23(3) (1980), 425–431.

[78] Rockwell, D., Lin, J.-C., Oshkai, P., Reiss, M., and Pollack, M.

Shallow cavity flow tone experiments: onset of locked-on states. Journal of

Fluids and Structures 17 (2002), 381–414.

[79] Rockwell, D., and Naudascher, E. Review: self-sustaining oscillations of

flow past cavities. ASME Journal of Fluids Engineering 100 (1978), 152–165.

[80] Roshko, A. Structure of turbulent shear flows: a new look. AIAA Journal

14(10) (1955), 1349.

[81] Rossiter, J. Wind tunnel experiments on the flow over rectangular cavities

at subsonic and transonic speeds. Royal Aircraft Establishment, Farnborough,

Ministry of Aviation Technical Report No 3438 (1964).

[82] Rossiter, J., and Kurn, A. Wind tunnel measurements of the unsteady

pressures in and behind a bomb bay. U.D.C. No. A.I.(42) C.P. Np. 728 (1965).

109



[83] Sadek, O., Shaaban, M., and Mohany, A. Suppression of acoustic res-

onance in piping system using passive control devices. Canadian Acoustics -

Acoustique Canadienne 42(3) (2014), 58–59.

[84] Sarohia, V. Experimental investigation of oscillations in flows over shallow

cavities. AIAA Journal 15 (1977), 984–991.

[85] Scarano, F., and Riethmuller, M. Advances in iterative multigrid piv

image processing. Experiments in fluids 29 (2000), S51–S60.

[86] Sciacchitano, A., and Wieneke, B. Piv uncertainty propagation. Mea-

surement Science and Technology 27 (2016), 084006.

[87] Shaaban, M., and Mohany, A. Parametric investigation of the flow-excited

acoustic resonance from multiple in-line cylinders in cross-flow. Pressure Vessels

and Piping Conference PVP2015 (2015), 45650.

[88] Shaaban, M., and Mohany, A. Passive control of flow-excited acoustic

resonance in rectangular cavities using upstream mounted blocks. Experiments

in Fluids 56 (2015), 72.

[89] Shaaban, M., and Mohany, A. Phase-resolved piv measurements of flow

over three unevenly spaced cylinders and its coupling with acoustic resonance.

Experiments in Fluids 60 (2019), 71.

[90] Shaw, L., Clark, R., and Talmadge, D. Generic weapons bay acoustic

environment. 25th AIAA Aerospace Sciences Meeting 25(2) (1988), 147–153.

[91] Stegen, G., and Karamcheti, K. Multiple tone operation of edgetones.

Journal of Sound and Vibration 12(3) (1970), 281–284.

110



[92] Sun, Y., Liu, Q., Cattafesta, L., Ukeiley, L., and Taira, K. Effects

of sidewalls and leading-edge blowing on flows over long rectangular cavities.

American Institute of Aeronautics and Astronautics 57(1) (2018), 057413.

[93] Tam, C. The acoustic modes of a two-dimensional rectangular cavity. Journal

of Sound and Vibration 49 (1976), 353–364.

[94] Tonon, D., Hirschberg, A., Golliard, J., and Ziada, S. Aeroacoustics

of pipe systems with closed branches. Aeroacoustics 10 (2011), 201–276.

[95] US Nuclear Regulatory Commission, Washington, D. Failure of steam

dryer cover plate after a recent power uprate. NRC Information Notice No.

2002-26 (2002).

[96] US Nuclear Regulatory Commission, Washington, D. Additional

flow-induced vibration failures after a recent power uprate. NRC Information

Notice No. 2002-26, SUPPLEMENT 2 (2004).

[97] Verdugo, F., Guitton, A., and Camussi, R. Experimental investiga-

tion of a cylindrical cavity in a low mach number flow. Journal of Fluids and

Structures 28 (2011), 1–19.

[98] Wang, P., Deng, Y., and Liu, Y. Vortex-excited acoustic resonance in

channel with coaxial side-branches: Vortex dynamics and aeroacoustic energy

transfer. Physics of Fluids 30 (2018), 125104.

[99] Wang, X., Yang, D., Zhou, F., Wu, J., and Lu, B. Suppression of

the cavity oscillation using high-speed mass injection. International Journal of

Modern Physics 2040098 (2020), 5.

111



[100] Westerweel, J., and Scarano, F. Universal outlier detection for piv data.

Experiments in fluids 39 (2005), 1096–1100.

[101] Yamouni, S., Sipp, D., and Jacquin, L. Interaction between feedback

aeroacoustic and acoustic resonance mechanisms in a cavity flow: a global sta-

bility analysis. Journal of Fluid Mechanics 717 (2013), 134–165.

[102] Ziada, S. Flow-excited acoustic resonance in industry. Journal of Pressure

Vessel Technology 132(1) (2010), 015001.

[103] Ziada, S., Ng, H., and Blake, C. Flow excited resonance of a confined

shallow cavity in low mach number flow and its control. Journal of Fluids and

Structures 18 (2003), 79–92.

[104] Ziada, S., and Shine, S. Strouhal numbers of flow-excited acoustic resonance

of closed side branches. Journal of Fluids and Structures 13 (1999), 127–142.

112



Appendix A

Uncertainty Analysis

A.1 Particle Image Velocimetry (PIV)

In this section, the uncertainty of the statistical quantities for the PIV measurements

is discussed for off-resonance conditions at U∞ = 61 m/s on the O0.5 cavity. The

images captured in the PIV measurements are statistically independent, therefore one

can obtain the uncertainty of statistical quantities by following the method outlined

by Sciacchitano and Wienke [86]. The uncertainty of the time-averaged velocity

components with a 95% confidence interval can be computed as followed;

Uncertainty of mean streamwise velocity component:

ϵū =
σu√
N

(A.1)

Uncertainty of mean spanwise velocity component:

ϵv̄ =
σv√
N

(A.2)
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σu and σv represent the standard deviation of the streamwise (u) and spanwise (v)

velocity components, respectively. N is the number of statistically independent pairs

of images captured outside of resonance conditions (N = 2000).

Figure A.1: Uncertainty of the time-averaged a) streamwise and b) spanwise velocity
for the O0.5 cavity. Values are normalized by the free-stream flow velocity and shown
as a percentage.

As seen in Fig. A.1, the maximum uncertainty of the time-averaged velocity

components do not exceed 3% with a 95% confidence interval.
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