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Abstract

The aeolian noise generated by a circular cylinder is an important benchmark aero-

acoustic problem. The overall goal of this thesis is to identify sound sources, isolate

the radiating components from the non-radiating counterparts, assess their propagat-

ing capacities and to quantify the radiating acoustic sound sources versus the non-

radiating hydrodynamic pseudo-sounds on and around a circular cylinder in subsonic

and transonic conditions. Here, we adopt direct noise computations and the wavelet

decomposition technique of Mancinelli et al. (JFM, Vol. 813, 2017), previously used in

jet-noise experiments, to investigate the sound sources and pseudo-sounds generated

by a cylinder. Rigorous independence and convergence analyses of the decomposition

procedure are performed.

In subsonic conditions, it is found that the radiating acoustic component strongly

dominates over the non-radiating hydrodynamic component at near-field locations

above and upstream of the cylinder. In the oscillating near-wake region, the hy-

drodynamic component dominates over the acoustic component at most frequencies,

except at the vortex-shedding frequency where they exhibit comparable strengths.

Furthermore, within the oscillating near-wake region, the overall sound pressure level

associated with the hydrodynamic pressure fluctuations exceeds that associated with

the acoustic pressure fluctuations. Away from the oscillating near-wake region, the
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hydrodynamic pressure fluctuations decrease dramatically while the acoustic counter-

parts decay slowly, demonstrating that the hydrodynamic pressure fluctuation does

not propagate, and that the acoustic pressure fluctuation is the only component to

propagate to the far field. Besides, it is found that the organized large-scale vortices

shed from the cylinder remember their initial characteristics better as the compress-

ibility increases.

In the transonic condition, a dominant tone at the fluctuating frequency of the

separated shear layers is observed in the downstream far field. In the region of fluctu-

ating separated shear layers, it is found that the pressure fluctuation mainly consists

of acoustic component at the fluctuating frequency of the separated shear layers.

Thus, the dominant acoustic waves are generated primarily by the fluctuation of the

separated shear layers. It is also found that, among the various-scale vortex struc-

tures, the structure induced by the fluctuation of the separated shear layers is most

closely related with both sound and pseudo-sound signatures.
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Chapter 1

Introduction

1.1 Background and Motivation

Aeolian noise, or aeolian tone, is the sound generated by flows over objects. It is a

common problem encountered in many practical engineering applications. To enu-

merate a few, in aeronautical engineering, the landing gears of an aircraft produce

significant aeolian noise during the takeoff and landing. In traffic engineering, the

automobile antenna and side-view mirrors generate aeolian noise when the vehicle is

running. In wind and civil engineering, winds generate aeolian noise as they pass

around cables, buildings, towers and wind turbines. In oil and gas industries, low

aeolian noise can limit the sensitivity of hydrophone arrays used for marine seismic

exploration. Quite often, aeolian noise not only causes people’s disturbance or an-

noyance but also affects industrial production. It is thus very important to study the

generation and propagation mechanisms of aeolian noise, and to give some practical

guides for noise control.
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In practical applications, geometries are often very complex. An accurate predic-

tion of aeolian noise generated by complex geometries is a great challenge, even with

the growing modern computer power. The geometrical simplicity and an abundance

of interesting flow and acoustic features make a circular cylinder one of the most

commonly used structures to study the generation and propagation of aeolian noise.

Since the pioneering work of Vincent Strouhal who experimentally studied the

vortex shedding and singing in the wind in 1878, the problem of flow over a circular

cylinder has been studied broadly, both experimentally and numerically. This kind

of flow contains fundamentally important flow features, i.e., the wake (Beaudan and

Moin, 1994; Ong and Wallace, 1996; Kravchenko and Moin, 2000; Parnaudeau et al.,

2008), transition to turbulence (Williamson, 1988; Zhang et al., 1995; Williamson,

1996a; Behara and Mittal, 2010), vortex shedding (Fey et al., 1998) and oscillatory

aerodynamic forces (Nagata et al., 2020), etc. Comprehensive reviews regarding the

flow features around a circular cylinder are given by Berger and Wille (1972) and

Williamson (1996b). Although the flow physics of a cylinder flow have been studied

for more than 140 years since 1878, the acoustics in this fundamentally important

benchmark problem attract people’s great interest only in the recent several decades,

starting from the derivation of the acoustic analogy equation of Lighthill (1952, 1954).

Previous studies related to the aeolian noise generated by a circular cylinder is re-

viewed in Sect. 1.2.

With the increase of computer power, computational aeroacoustics (CAA) be-

comes one of the most important techniques to study aero-acoustic problems. In

general, the computational approaches of CAA can be classified into two broad cate-

gories: the hybrid and direct approaches (Wang et al., 2006). In the hybrid approach,
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the near-field flow fields are simulated to obtain the acoustic source terms, the far-field

acoustic fields are then obtained by either integral or numerical solutions of acoustic

analogy equations using the computed acoustic source terms. A benefit of this ap-

proach is that the near-field computational domain is relatively small, which reduces

the computational cost. The direct approach is also termed as direct noise computa-

tion (DNC). In the direct approach, both the near- and far-field sound are obtained

directly from the solution of the compressible Navier-Stokes equations using highly

accurate schemes for both spatial and temporal discretization. An obvious draw-

back of this approach is that the computational cost can be very expensive, because

the computational domain must be sufficiently large to include all near-field sound

sources and the far field of interest. However, in cases where the acoustic field has an

impact on the flow field, e.g., in the presence of acoustic feedback mechanisms (Tam,

1974; Sandberg, 2015), the direct approach has irreplaceable advantages. Compre-

hensive reviews concerning the direct approach are given by Tam (1995), Lele (1997),

Colonius and Lele (2004), Wang et al. (2006) and Tam (2012).

Motivated by the interesting flow physics, the presently insufficient understanding

of the sound generation mechanisms and the success in accurately capturing the flow

and acoustic fields using DNC, in this thesis, we adopt the direct approach to study

the aeolian noise generated by a circular cylinder in both subsonic and transonic

conditions. A detailed description of the numerical methods used in the present direct

approach is given in Appendix A. Figure 1.1 shows a schematic of a free-stream flow

past a circular cylinder.
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Figure 1.1: A free-stream flow over a circular cylinder: r is the radial distance from
the origin and θ is the angle with the upstream centreline.

1.2 Literature review

1.2.1 Aeolian noise of a circular cylinder

Experimental studies

In subsonic conditions, Strouhal (1878) was the first to experimentally find that

the frequency (f) of the sound radiated from a circular cylinder in a uniform flow

is related to the diameter of the cylinder (D) and the free-stream velocity u∞ as

fD/u∞ = const., which is now known as the Strouhal number (St). This constant is

between 0.2 and 0.22 in the Reynolds number range of 300 ≤ Re ≤ 104 based on the

free-stream velocity and the cylinder diameter. Gerrard (1955) studied the frequency

and intensity of the sound generated by a circular cylinder in a Reynolds number

range of 360 ≤ Re ≤ 6.3× 103 in which periodic vortex shedding occurs. The sound

was observed to exhibit a dipole nature which consists of a predominant fundamental

frequency accompanied by harmonics. Etkin et al. (1957) conducted experiments of
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a rod in a subsonic wind tunnel in a Reynolds number range of 6.4 × 103 ≤ Re ≤

1.44 × 106. They found that the sound spectrum consists of a strong peak at the

fundamental frequency, a weaker peak at twice the fundamental frequency and wide

band noise at frequencies higher than the fundamental. It was also found that the

fundamental tone radiates most strongly in a direction perpendicular to the free

stream, and that the harmonic radiates most strongly in the direction of the free

stream. The wide band noise at the frequencies above the fundamental appears to be

quadrupole noise from the turbulent wake. Revell et al. (1978) studied the cylinder

aeolian noise experimentally at Reynolds numbers of 4.5 × 104 ≤ Re ≤ 4.5 × 105

and at Mach numbers of 0.1 ≤ Ma ≤ 0.5 to confirm a quantitative relationship

between the far-field noise and drag coefficient (CD) for circular cylinders. They

found a strong dependence of sound pressure level (SPL) on the drag coefficient

varying as 50 to 90 times log10(CD) depending on the directivity angle and bandwidth.

Recently, Oguma et al. (2013, 2014) reconstructed the near-field pressure from the

velocity field measured by Particle Image Velocimetry (PIV) and proposed a cross-

correlation method to detect the sound sources in the near field of a circular cylinder

at Re = 40, 000. They identified two sound sources: one is the pressure fluctuation

generated around the flow separation point on the cylinder surface and the other is

the oscillating flow just behind the cylinder. It is evident that, with the progress

of measurement techniques, the experimental study of aeolian noise generated by a

circular cylinder moves from the far-field sound frequency, pattern and strength to

the localization of near-field sound sources.

In transonic conditions, shock waves occur and the compressibility effects play an

important role. Rodriguez (1984) conducted wind-tunnel experiments at transonic
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Mach numbers of 0.75 and 0.85 and a Reynolds number of approximately 105. The

experiments showed that unsteady pressure mainly consists of a fundamental tone and

its first harmonic. The fundamental tone is caused by a single row of vortices while its

first harmonic is due to both rows. Close to the plane of symmetry, the fundamental

decreases and the harmonic dominates. This is because, as the author explained, the

two rows of vortices disturb the flow around the body with a comparable intensity

only near the plane of symmetry whereas the influence of a single row of vortices

predominates everywhere else. He also claimed that the existing shock waves prevent

the downstream perturbations from transmitting upstream and cause the unsteady

pressure intensity to decrease dramatically in the upstream of the separation points.

Therefore, the sound generation mechanism of a transonic cylinder is quite different

from that of a subsonic cylinder as described previously in Oguma et al. (2013, 2014),

due to the presence of shock waves.

Numerical studies

The hybrid approach was first adopted to predict the noise generated by a circular

cylinder or airfoils. As an extension to the acoustic analogy of Lighthill (1952), Curle

(1955) took the influence of solid boundaries upon the sound field into consideration.

He showed that at low speeds at which a Kármán vortex street occurs the domi-

nant sound field is dipoles rather than quadrupoles. He also showed that the drag

dipole, i.e., the sound associated with the drag force, has double the vortex-shedding

frequency while the lift dipole, i.e., the sound associated with the lift force, has the

same frequency with the vortex shedding. Phillips (1956) computed the lift and drag

fluctuations upon a circular cylinder at Reynolds numbers of 40 ≤ Re ≤ 160. He
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found that the lift fluctuations per unit length of cylinder are much greater than the

drag fluctuations, suggesting the directional distribution of sound intensity. Cox et al.

(1998) combined Lighthill’s analogy with the Unsteady Reynolds-averaged Navier-

Stokes (URANS) flow computations to study the sound generated by flow over a

circular cylinder at different Reynolds numbers ranging from 102 ≤ Re ≤ 5 × 106.

Their computations showed that two-dimensional inputs of noise source are insuffi-

cient in that both noise amplitude and frequency are over-predicted at Re > 200.

However, noise levels and frequency agree much better with experiments if noise

sources of three-dimensional flow computations are used as inputs. Therefore, it is

apparent that three-dimensional numerical simulations are necessary for accurately

capturing the sound field generated by a circular cylinder in subcritical, supercritical

and transcritical regimes. The limitation of two-dimensional noise source as inputs is

overcome by Doolan (2009) who proposed a statistical method to construct acoustic

source terms using two-dimensional unsteady force data obtained from URANS, tak-

ing into account the three-dimensional wake flow effects. The new method is shown

to accurately capture the spectral broadening about the main tone.

The rise of DNC dates back to the years of 1990s when Colonius (1995) and Colo-

nius et al. (1997) applied this approach to study the sound generation in mixing layer

and Mitchell et al. (1999) adopted it to investigate the sound generation in jets. How-

ever, studies on applying this approach to predict the sound generated by a circular

cylinder are still rare even nowadays, because of the expensive cost in computation.

Inoue and Hatakeyama (2002) was the first to apply the direct approach to investi-

gate the aeolian noise generated by two-dimensional laminar circular cylinder flows

at a Reynolds number of 150 and at Mach numbers of 0.1, 0.2 and 0.3. Their results
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showed that the sound pressure waves are generated primarily by vortex shedding

from the cylinder surface into its wake. A negative pressure pulse is generated on one

side when a vortex is shed from that side of the cylinder, while at the same time a

positive pressure pulse is generated on the other side. The results also showed that

the amplitude of the lift coefficient (CL) is much larger than that of the drag coef-

ficient, suggesting that the intensity of a dipole sound associated with the lift force

is much stronger than that associated with the drag force, which again confirms the

dipole nature of the generated sound. In their study, the propagation angle (θp) was

found to vary with the Mach number as θp = cos−1Ma.

Tamura and Tsutahara (2010) performed DNC on laminar flows at Re = 150 and

200 over a circular cylinder at various Mach numbers ranging from 0.2 ≤ Ma ≤ 0.9.

In the subsonic regime at Ma = 0.3, they qualitatively compared the contours of the

sound pressure and the vorticity distribution, and suggested that the oscillating flow

just behind the cylinder is a sound source for low Mach number flows.

Recently, Zhang et al. (2019a,b) performed a wall-resolved large eddy simulation

(LES) of a circular cylinder at a critical Reynolds number of Re = 2.43× 105 and at

a subsonic Mach number of Ma = 0.2. They observed two broadband sound sources

in the wake, one at low frequencies caused by the oscillating near wake and the other

at high frequencies caused by the Kelvin-Helmholz (KH) shear-layer instability. The

former one exhibits a strong tonal peak at the vortex shedding frequency St = 0.33

while the latter contributes to a significant narrowband hump with a narrow tone at

the frequency of the KH shear-layer instability St = 27.

Although these recent studies (Inoue and Hatakeyama, 2002; Tamura and Tsuta-

hara, 2010; Oguma et al., 2013, 2014; Zhang et al., 2019a,b) have clearly shown the
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locations of the sound sources on and around a circular cylinder, assessment of the

propagating capacity and quantification of the radiating versus non-radiating com-

ponents of these sound sources, which would go a long way towards unveiling the

sound generation mechanisms, are not yet available for this important benchmark

aeroacoustic problem. This motivates the study in Chapter 2.

As the Mach number enters the transonic regimes, the sound generation mecha-

nism differs. In addition to the sound source observed in the oscillating near wake of

a subsonic cylinder, Tamura and Tsutahara (2010) showed that a shock wave appears

in a transonic regime at Ma = 0.9, and that the interaction between the vortices and

the shock wave is the main sound source.

In transonic conditions, the flow features also become very complex. Xu et al.

(2009a) performed detached eddy simulations (DES) to investigate the Mach number

effects on flow features of around a circular cylinder at a Reynolds number of 2× 105

and Mach numbers of 0.85 ≤ Ma ≤ 0.98. They observed two flow states behind

the cylinder: the unsteady and quasi-steady flow states. The unsteady flow state

happens when the free-stream Mach number Ma < Macr, where Macr is the critical

Mach number found to be around 0.9 in their study. The unsteady flow state is

characterized by moving shock waves interacting with the near turbulent wake of the

cylinder. The quasi-steady flow state happens when the free-stream Mach number

Ma > Macr. The quasi-steady flow state is characterized by suppressed vortex

shedding and nearly stationary shock waves formed in the near wake. Recently,

Xia et al. (2016) conducted constrained large eddy simulations (CLES) of a circular

cylinder at a subcritical Reynolds number of Re = 4×104 and a supercritical Reynolds

number of Re = 1 × 106, with Mach numbers ranging from 0.5 ≤ Ma ≤ 0.95. For
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Ma ≥ 0.9, no apparent vortex shedding was detected and the flow state becomes

quasi-steady, which is consistent with the observations of Xu et al. (2009a).

Although the issue of overall sound generation in transonic conditions was consid-

ered experimentally by Rodriguez (1984) and numerically by Tamura and Tsutahara

(2010), how the various transonic cylinder near-field flow features, i.e., formation of

oblique shocks, expansion fans, compression waves, fluctuating separated shear lay-

ers, suppressed vortex shedding and quasi-steady normal shocks, contribute to sound

and pseudo-sound generation remains to be unveiled. This motivates the study in

Chapter 3.

In compressible turbulent cylinder wakes, intermittent turbulent events are often

accompanied by the generation of acoustic waves and pseudo-sounds. A study of

compressible turbulent wakes, as a first step, goes a long way towards understand-

ing the acoustic and pseudo-sound generation related to various-scale vortex struc-

tures. In particular, how the generated sound and pseudo-sound is connected to the

various-scale vortex structures still remains silent in the literature. As a first step, we

investigate the various-scale vortex structures in turbulent cylinder wakes using the

technique of wavelet multiresolution analysis (MRA), as presented in Chapter 4.

1.2.2 Sound source and pseudo-sound

While the generation of radiating sound sources and non-radiating pseudo-sounds on

and around a circular cylinder remains unclear, much recent progress has been made

in understanding the generation of sound sources and pseudo-sounds in the near field

of jets.
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Fourier-based decomposition

Tinney et al. (2007) first emphasized the importance of separating acoustic pres-

sure fluctuations (pA) from hydrodynamic perturbations in compressible jets. Taking

into account the phase-velocity signature characteristic of the propagating wave field,

Tinney and Jordan (2008) applied a Fourier filtering operation to isolate the pressure

fluctuation related to the propagating acoustic modes, known as the acoustic com-

ponent or sound source, from the hydrodynamic component, which was also referred

to as the pseudo-sound by Ribner (1962). The pseudo-sound is almost unaffected by

fluid compressibility (Ffowcs Williams, 1969) and does not radiate to the far field.

Wavelet-based decomposition

Recognizing that Fourier filtering may lead to an incomplete description of near-field

sound, Grizzi and Camussi (2012) developed a wavelet-based method to separate

acoustic and hydrodynamic pressure fluctuations. Their method is based on the fact

that hydrodynamic pressure fluctuations (pH) are localized both in time and in physi-

cal space. As such, the hydrodynamic pressure fluctuations compress well on a wavelet

basis. Separation between acoustic and hydrodynamic pressure fluctuations is accom-

plished by selecting a wavelet coefficient threshold whose amplitude is determined on

the basis of the propagation velocity of pressure perturbations. The application of

such a decomposition technique thus relies on the simultaneous acquisition of pressure

fluctuation time series from two near-field positions located sufficiently close to each

other.

More recently, Mancinelli et al. (2017) proposed three novel wavelet decomposition

approaches to improve the efficiency of the method proposed by Grizzi and Camussi
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(2012) and to simplify the experimental set-up required for the practical application

of the procedure. In their first decomposition approach, a proper threshold is selected

according to the maximum cross-correlation (ρAPFF ) value between the guessed acous-

tic component of the near-field pressure fluctuation (pNF ) and the far-field pressure

fluctuation (pFF ). The hydrodynamic component of the original near-field pressure

fluctuation is extracted by selecting those wavelet coefficients exceeding the selected

threshold in absolute value, the remaining part being the acoustic component. Figure

1.2 provides a flowchart which graphically illustrates the procedure of this wavelet

decomposition approach. In their second approach, the threshold for decomposition

is determined based on the closest comparison between the probability density func-

tion (PDF) of the guessed acoustic component and a Gaussian distribution. In their

third approach, the technique originally developed by Ruppert-Felsot et al. (2009)

to extract the vorticity field is applied to the pressure fluctuation field to isolate the

hydrodynamic pressure fluctuations from the acoustic counterparts since the hydrody-

namic pressure fluctuations are related to temporally and spatially localized coherent

structures. Iterative processes are necessary in all three approaches to obtain the

optimal threshold value for decomposition, and all three approaches result in a very

similar separation of near-field pressure fluctuations in compressible jets measured in

an anechoic wind tunnel (Mancinelli et al., 2017).

1.3 Objective & outline

The overall goal of this thesis is to identify sound sources, assess their propagating

capacities, isolate the radiating components from the non-radiating counterparts, and
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Figure 1.2: Wavelet decomposition of a near-field pressure fluctuation into a radiating
acoustic pressure fluctuation and a non-radiating hydrodynamic pressure fluctuation.

to quantify the radiating acoustic sound sources versus the non-radiating hydrody-

namic pseudo-sounds on and around a circular cylinder in the subsonic and transonic

regimes. The findings in this study improve the fundamental understanding of sound

generation mechanisms in this important benchmark aeroacoustic problem, which in

turn provides valuable insight into noise control in practical engineering applications

such as bluff-body flows.

In Chapter 2, we perform three-dimensional direct numerical simulations (DNS)
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of sound generation and propagation in subsonic flows over a circular cylinder at

Re = 3900, Ma = 0.2 and 0.4. Then, we isolate the radiating acoustic sound sources

from the non-radiating hydrodynamic pseudo-sounds by applying the wavelet decom-

position technique proposed by Mancinelli et al. (2017) to decompose the cylinder

near-field pressure fluctuations obtained directly from DNS. Rigorous independence

and convergence analyses of the wavelet decomposition procedure are performed. The

radiating acoustic sound sources and the non-radiating hydrodynamic pseudo-sounds

on and around the cylinder are quantified, followed by an assessment of the radiating

capacity of both components. Finally, we propose replacing the pressure fluctua-

tion input at a far-field position as required by the wavelet technique with pressure

fluctuation at a near-field position. This alternative wavelet decomposition yields

an essentially identical decomposition between acoustic and hydrodynamic pressure

fluctuations in the cylinder near field.

In Chapter 3, we perform three-dimensional DNS of transonic flow past a circu-

lar cylinder at Re = 3900 and Ma = 0.9. The wavelet decomposition technique of

Mancinelli et al. (2017) is applied to decompose the near-field pressure fluctuations

generated by various flow features, i.e., the normal shocks, expansion fans and fluctu-

ating separated shear layers. The dominant acoustic waves are found to be generated

primarily by the fluctuation of the separated shear layers. Finally, sound and pseudo-

sound signatures related to various-scale structures are investigated by means of the

wavelet multiresolution analysis. It is found that, among the various-scale structures,

the vortical structure induced by the fluctuation of the separated shear layers is most

closely related with both sound and pseudo-sound signatures.

In Chapter 4, we study the turbulent structures at various scales in the cylinder
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wakes at Re = 3900, Ma = 0.2 and 0.4 using the wavelet multiresolution technique.

Analyses of contributions to the variances of all three velocity and vorticity fluctua-

tions from different-scale vortex structures are performed. The autocorrelation coef-

ficients of crossflow velocity fluctuations show that the organized large-scale vortices

shed from the circular cylinder tend to better remember their initial characteristics as

the fluid compressibility increases. Finally, the intermittency of different-scale vortex

structures are assessed using indicators such as intermittency factor and intermittency

energy.

In Chapter 5, the key findings and contributions pertaining to each study in this

thesis are synthesized. Future work that is closely related to this research project are

also discussed.
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Chapter 2

Sound source and pseudo-sound in

the near field of a circular cylinder

in subsonic conditions

2.1 Abstract

It is well known that the pressure fluctuations on a cylinder surface and those in

its oscillating near-wake region are both sound sources at low Reynolds and Mach

numbers. However, assessment of the propagating capacity and quantification of the

radiating versus non-radiating components of these two sound sources are not cur-

rently available for this important benchmark aero-acoustic problem. Here, we isolate

the radiating acoustic sound sources from the non-radiating hydrodynamic pseudo-

sounds by applying the wavelet decomposition technique of Mancinelli et al. (JFM,

Vol. 813, 2017), previously used in subsonic jet-noise experiments, to decompose the
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cylinder near-field pressure fluctuations obtained from our direct numerical simula-

tions. Rigorous independence and convergence analyses of the wavelet decomposition

procedure are performed. It is found that the radiating acoustic component strongly

dominates over the non-radiating hydrodynamic component at near-field locations

above and upstream of the cylinder. In the oscillating near-wake region, the hy-

drodynamic component dominates over the acoustic component at most frequencies,

except at the vortex shedding frequency where they exhibit comparable strengths.

Furthermore, within the oscillating near-wake region, the overall sound pressure level

associated with the hydrodynamic pressure fluctuations exceeds that associated with

the acoustic pressure fluctuations. Away from the oscillating near-wake region, the

hydrodynamic pressure fluctuations decrease dramatically while the acoustic counter-

parts decay slowly, demonstrating that the hydrodynamic pressure fluctuation does

not propagate, and that the acoustic pressure fluctuation is the only component to

propagate to the far field.

2.2 Introduction

Sound emitted in flows past a circular cylinder at low Reynolds numbers is represen-

tative of several aero-acoustic problems (e.g. unmanned aerial vehicles). In the far

field, regarding sound-wave patterns, previous studies (Gerrard (1955) and Etkin et al.

(1957)) showed that the sound exhibits a dipole nature, which consists of a predomi-

nant fundamental frequency accompanied by several harmonics, and that the funda-

mental tone radiates most strongly in the direction perpendicular to the freestream

direction, while the first harmonic radiates most strongly in the freestream direction.
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Regarding the sound strength, Inoue and Hatakeyama (2002) found that the fun-

damental tone is strongly dominant over the first harmonic tone in two-dimensional

laminar cylinder flows Re = 150. Khalighi et al. (2010) confirmed the dominant

nature of the fundamental tone by studying the sound directivity at the fundamen-

tal and three harmonic frequencies in low-Mach-number cylinder flows at Re = 100

and 10, 000. Regarding the sound propagation angle, Inoue and Hatakeyama (2002)

showed that at Ma = 0.2 the acoustic waves propagate at an angle of θp = ±79◦ with

respect to the upstream flow direction, and that the propagation angle varies with

the Mach number as θp = cos−1(Ma). The LES studies of Lysenko et al. (2014) con-

firmed this approximative relation between the propagation angle and Mach number

by predicting the propagation angles in a laminar flow at Re = 140, Ma = 0.2 and a

turbulent flow at Re = 22, 000, Ma = 0.06.

2.2.1 Motivation and objective

In contrast to the numerous studies on sound wave propagation in the far field of

a cylinder, much less attention has been paid to the challenging issue of identifying

sound sources in the near field. Figure 2.1 shows an instantaneous dilatation in both

far and near fields for Ma = 0.4. Inoue and Hatakeyama (2002) observed that the

sound-pressure waves are generated primarily by vortex shedding from the cylinder

surface into the wake. A negative pressure pulse is produced on one side when a

vortex is shed from that side of the cylinder surface, while a positive pressure pulse

is produced on the opposite side. These alternate pressure fluctuations on both sides

of the cylinder surface are sound sources. Tamura and Tsutahara (2010) performed

DNS on laminar flows at Re = 150 and 200 over a circular cylinder at various Mach
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numbers ranging from 0.2 ≤ Ma ≤ 0.9. They qualitatively compared the contours

of the sound pressure and the vorticity distribution at Ma = 0.3, and suggested that

the oscillating flow just behind the cylinder is a sound source for low Mach number

flows.

Recently, the cylinder near-field sound sources have been detected by the cross-

correlation method. Using the Poisson equation, Oguma et al. (2013) reconstructed

the near-field pressure from the velocity field measured by PIV at Re = 40, 000. They

then computed the cross-correlation coefficient between the pressure fluctuation in

the cylinder near field and the measured sound pressure fluctuation in the far field.

On the cylinder surface, it was found that the cross-correlation magnitude increased

downstream along the cylinder surface to the separation point, but then gradually

decreased further downstream, suggesting that the pressure fluctuation generated

around the flow-separation point on the cylinder surface is a sound source. In the

near wake of the circular cylinder, the cross-correlation magnitude was as large as

that on the circular cylinder and gradually decreased with increasing distance from

the cylinder downstream near field, which again demonstrated that the oscillating

flow just behind the cylinder is a sound source. More recently, Zhang et al. (2019a,b)

performed a wall-resolved LES of a circular cylinder at a critical Reynolds number

of Re = 243, 000 and a subsonic Mach number of Ma = 0.2. They observed two

broadband sound sources in the wake, one at low frequencies caused by the oscillating

near wake and the other at high frequencies caused by the KH shear-layer instability.

Although these recent studies have presented a clear picture of the locations of the

cylinder sound sources, assessment of the propagating capacity and quantification of

the radiating versus non-radiating components of these sound sources, which would go
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Figure 2.1: Instantaneous dilatation field of a circular cylinder at Re = 3900 and
Ma = 0.4 with contour levels between −0.01c∞/D and 0.01c∞/D: (a) far field; and
(b) near field.

a long way towards unveiling the sound generation mechanisms, are not yet available

for this important benchmark aero-acoustic problem. The objective of the present

study is therefore to assess the propagating capacity, isolate the radiating components

from the non-radiating counterparts, and to quantify the radiating acoustic sound

sources versus the non-radiating hydrodynamic pseudo-sounds of these two sound

sources on the cylinder surface, and in the region surrounding the oscillating near

wake just behind the cylinder itself.

2.2.2 Procedure in the present work

Guided by the overall objective of assessing the propagating capacity and quantifying

the radiating versus the non-radiating components of the aforementioned two sound

sources in the cylinder near field, and motivated by the recent success in demarcating

the acoustic pressure fluctuations from the hydrodynamic counterparts in subsonic
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jet-noise experiment of Mancinelli et al. (2017), we first performed DNS of sound

generation and propagation in subsonic flows over a circular cylinder at Re = 3900,

Ma = 0.2 and 0.4. In these conditions, the sound sources are compact sources

(with the Helmholtz number He � 1) since the wavelengths of the sound pressure

waves are much greater than the diameter of the circular cylinder. This flow contains

features such as a thin laminar boundary layer, transitional separated shear layer and

turbulent wake, and is a well-documented benchmark in the sub-critical regime. It is

observed that in a downstream slender region surrounding the oscillating near wake

just behind the circular cylinder, the sound pressure levels are almost as high as those

on the cylinder surface itself. In contrast to the pressure fluctuations generated on

the cylinder surface, which radiate strongly to the far field, the pressure fluctuations

in this region hardly radiate to the far field. Rather, they decay rapidly with the

distance from this region.

Second, to isolate the radiating sound source from the non-radiating counterpart,

the wavelet decomposition technique proposed by Mancinelli et al. (2017), previously

used in subsonic jet-noise experiments, is applied to decompose the cylinder near-field

pressure fluctuations into the radiating acoustic sound source and the non-radiating

hydrodynamic pseudo-sound. Rigorous independence and convergence analyses of the

wavelet decomposition procedure are performed prior to applying this technique to

separate the cylinder near-field pressure fluctuations. We demonstrate that the sepa-

ration of near-field pressure fluctuations does not depend on the selection of pressure

fluctuation at a far-field position as the input for the wavelet procedure, and that

the present sampling time series of pressure fluctuations are sufficiently long that the

statistical convergence criterion is satisfied. It is found that the radiating acoustic
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component strongly dominates over the non-radiating hydrodynamic component at

near-field locations above and upstream of the cylinder. In the region surrounding

the oscillating near wake just behind the cylinder, the non-radiating hydrodynamic

component dominates over the radiating acoustic component, except at the vortex

shedding frequency where both acoustic and hydrodynamic components exhibit com-

parable strength. These results thus explain our observation that the high-level pres-

sure fluctuations in the oscillating near-wake region just behind the cylinder hardly

radiate but decay rapidly.

Third, we propose replacing the pressure fluctuation input at a far-field position as

required by the wavelet technique with pressure fluctuation at a near-field position.

This alternative wavelet decomposition yields an essentially similar decomposition

between acoustic and hydrodynamic pressure fluctuations in the cylinder near field.

An advantage of using pressure fluctuation at a near-field position as the input for

the wavelet procedure is that the pressure fluctuation signal in the cylinder far field

is not necessary and thus the computational domain size can be greatly reduced.

2.2.3 Outline

This chapter is organized as follows: §2.3 is devoted to a description of the wavelet

decomposition technique. The details of the numerical methods, the simulation set-

up and the flow field validation against existing references are described in §2.4.

Results pertaining to the cylinder near-field radiating acoustic and non-radiating hy-

drodynamic pressure fluctuations are discussed in §2.5. More specifically, pressure

fluctuations in both the near field and far field are presented and discussed in §2.5.1.

The independence and convergence analyses of the wavelet decomposition procedure
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are presented in §2.5.2. The characteristics of the acoustic and hydrodynamic pres-

sure fluctuations separated by the wavelet technique are then presented in §2.5.3.

Radiation of the acoustic pressure fluctuations and decay of the hydrodynamic pres-

sure fluctuations are presented in §2.5.4. Wavelet decomposition using a pressure

fluctuation at a near-field position in place of the far-field position is shown in §2.5.5.

Finally, concluding remarks are summarized in §2.6.

2.3 Wavelet-based technique for the decomposi-

tion of near-field pressure fluctuations

In recent decades, wavelet analysis has attracted much attention in processing signals

obtained from turbulent flows. Compared to the Fourier analysis, wavelet analysis is

capable of providing localized temporal and scale (frequency) information and thus

provides more local details of the signal. The reader may refer to Mallat (1989),

Daubechies (1992), Strang and Nguyen (1996), Meneveau (1991), Farge (1992) and

Schneider and Vasilyev (2010) for comprehensive reviews of the wavelet theory and

its applications in turbulent flows.

The Continuous Wavelet Transform (CWT) of a pressure fluctuation time series

p′(t) consists of a projection over a basis of compact support functions obtained by

the dilation and translation of the mother wavelet function Ψ(t) which is localized in

both temporal and transformed space. According to Meneveau (1991) and Camussi

and Guj (1997), the wavelet coefficient w, which is a function of the translation time

(t) and the resolution time scale (s), is given by
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w(s, t) = C
−1/2
Ψ s−1/2

∫ ∞
−∞

Ψ∗
(
τ − t
s

)
p′(τ)dτ, (2.1)

where Ψ∗((τ − t)/s) is the complex conjugate of the dilated and translated mother

wavelet function Ψ(t) and CΨ can be obtained from the admissibility condition

CΨ =

∫ ∞
−∞
|ω|−1|Ψ̂(ω)|2dω <∞. (2.2)

Here Ψ̂(ω) is the Fourier transform of Ψ(t),

Ψ̂(ω) =

∫ ∞
−∞

Ψ(t)e−jωtdt. (2.3)

If the wavelet is admissible, that is, Ψ(t) satisfies (2.2), the inverse wavelet trans-

form is given by (Meneveau, 1991; Grossmann and Morlet, 1984)

p′(t) = C
−1/2
Ψ

∫ ∞
0

∫ ∞
−∞

s−1/2Ψ

(
t− τ
s

)
w(s, τ)

dτds

s2
. (2.4)

Due to its finer scale resolution, the CWT is an ideal candidate for studying the

unsteady pressure signal and its connection with intermittent hydrodynamic events,

see Sanjose et al. (2019) for a recent application in airfoil aeroacoustics. In many cases,

a Discrete Wavelet Transform (DWT) can also be used for the unsteady pressure

fluctuation signal processing. The discrete wavelet coefficient is obtained as follows

(Meneveau, 1991)

w(s)(n) =
∞∑

i=−∞

g(s)(n− 2si)p′(i), (2.5)
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where s represents the discretized scale and g(s)(i) is the discrete version of Ψ(s)(t).

The decomposition between acoustic and hydrodynamic components can be achieved

by applying a proper threshold to the wavelet coefficients. As pointed out by Mancinelli

et al. (2017), their first wavelet technique requires pressure fluctuation signals at two

different positions, one in the near field and the other in the far field. On one side, the

amplitude of the hydrodynamic fluctuations decreases very rapidly with the increase

in radial distance from the near field (Suzuki and Colonius, 2006) so that the near-field

acoustic component is the only one to reach the far field and thus correlates well with

the far-field sound. On the other side, according to Grizzi and Camussi (2012), the

hydrodynamic contribution, being related to temporally and spatially localized vor-

tices, compresses well on a wavelet basis. Therefore, it is straightforward to iteratively

guess the threshold and compute the cross-correlation between the guessed acoustic

component of the near-field pressure fluctuation and the far-field pressure fluctuation

to find out the maximum cross-correlation coefficient peak at which the proper thresh-

old is selected for the decomposition of pressure fluctuations. The wavelet coefficients

exceeding the selected threshold in magnitude thus correspond to the hydrodynamic

component, the remaining part of the pressure fluctuation being the acoustic compo-

nent. The reasoning behind such a decomposition technique traces back to the signal

de-noising method developed by Donoho and Johnstone (1994). The wavelet filter

used in the present work is the Daubechies-12 type as also used by Mancinelli et al.

(2017), however, different filter types have no influence on the results. The wavelet

analysis procedure is carried out in Matlab.

Starting from an initial guess of the threshold

T0 =
√

2〈p′2〉 log2Ns, (2.6)
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where 〈p′2〉 is the variance of the pressure fluctuation and Ns is the length of the

pressure fluctuation time series, the threshold is changed in each iterative process

until the cross-correlation coefficient peak between the separated acoustic pressure

fluctuation in the near field and the pressure fluctuation in the far field reaches a

maximum value. The threshold corresponding to this maximum value will be selected

for the decomposition of the near-field pressure fluctuation.

To be consistent with Mancinelli et al. (2017), hereinafter, the near-field pressure

fluctuation, acoustic pressure fluctuation and hydrodynamic pressure fluctuation in

the cylinder near field will be denoted as pNF , pA and pH respectively, and the pressure

fluctuation in the cylinder far field as pFF .

2.4 Numerical methods and simulation set-up

2.4.1 Numerical methods

The three-dimensional unsteady compressible Navier-Stokes equations are solved by

the finite difference method. The structured staggered grid is adopted to improve

the robustness of the finite difference schemes. Sixth-order compact finite difference

schemes (Lele, 1992) are used for both spatial discretization and interpolation between

staggered and collocated grid nodes, except that 3rd-order and 4th-order schemes

are used for the nodes at and near the boundaries. For time advancement, a 2nd-

order implicit time marching method developed by Beam and Warming (1976) is

used for the region near the wall and a 3rd-order explicit three-step Runge-Kutta

scheme is used in the region far away from wall. At the wall, no-penetration, no-slip

and adiabatic boundary conditions are applied. Periodic boundary conditions are
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used in the spanwise direction. In addition, inflow and outflow boundary conditions

are required for the simulation of spatially-developing flows. The inflow boundary

conditions are based on the family of the linearized boundary conditions developed by

Giles (1990). The outflow boundary conditions are based on the Parabolized Navier-

Stokes equations (Collis, 1997). Additionally, a sponge layer is carefully designed

and applied at the outer boundary to silently damp the unsteady flow features and

outgoing waves and thus ensures non-reflecting boundary conditions. See Wang et al.

(2006) for a comprehensive discussion of computational aero-acoustic requirements,

Nagarajan et al. (2003) for a detailed description of the governing equations and

numerical methods and Mani et al. (2008, 2009a,b) and Khalighi et al. (2010) for

applications of these numerical methods to simulate compressible flows over a circular

cylinder.

2.4.2 Simulation set-up

The computational domain is a cylindrical domain with a diameter of about 91D and

a spanwise width of πD where D is the diameter of the cylinder. This spanwise width

has no influence on the statistical data and only has very limited influence on the flow

simulation and noise prediction (Lehmkuhl et al., 2009, 2013; Liu et al., 2019). In

order to be aligned with the dominant radiating acoustic wave fronts, the stationary

cylinder is not located at the center of the computational domain but located at 9D

upstream of the center of the computational domain. The grid size is 640×1151×96

in the circumferential, radial and spanwise directions, respectively. The wall-normal

grid spacing of the first grid point from the wall is δ1st = 0.0003D at the leading edge

of the cylinder, which expands to δfar = 0.06D in the downstream far wake. The grid
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resolution for the present simulations is intentionally higher than conventional DNS

requirements in order to accurately capture both hydrodynamic features and acoustic

waves.

Two high-fidelity DNS of uniform flow without inflow turbulence over a stationary

circular cylinder at Re = 3900 based on the free-stream velocity and diameter of the

cylinder, at Ma = 0.2 and 0.4 respectively, are performed. The time step for both

cases is ∆t = 9.8 × 10−3D/c∞. After the initial transient stages of the simulations,

time series of pressure fluctuations are collected over 100 and 160 shedding cycles

respectively for analysis. The sampling positions are shown in figure 2.2 with the

circular cylinder located at the origin. The sampling positions are selected along

different radial lines ranging from 0◦ to 180◦ with an increment of 10◦ and along

different half circles with their centres gradually moving downstream in order to be

consistent with the mesh nodes. Given that the sampling positions are located on

radial lines at different polar angles, hereinafter, polar coordinate (r, θ) will be used

to describe the positions, where r is the radial distance from the origin and θ is the

angle with the upstream centreline.

2.4.3 Flow field validation

We compare the major flow statistics in the cylinder near field from the present simu-

lations with existing references. Figure 2.3 shows the mean velocity and normal com-

ponents of Reynolds stress in the streamwise and crossflow directions at x = 1.06D,

1.54D and 2.02D in comparison to those obtained from the DNS of Lehmkuhl et al.

(2013). As can be seen, there is a good agreement for first- and second-order statis-

tics, hence validating the present DNS. Overall, the present DNS is closer to Mode



2.4. NUMERICAL METHODS AND SIMULATION SET-UP 29

-20 -10 0 10 20 30

-5

0

5

10

15

20

25

30

Figure 2.2: Sampling positions from the cylinder near field to the far field.
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Figure 2.3: Statistics of the flow field at x = 1.06D, 1.54D and 2.02D in the near wake
of the cylinder. (a) Mean velocity in the streamwise direction(ū), (b) mean velocity in
the crossflow direction (v̄), (c) variance of velocity in the streamwise direction (ū′2),
(d) variance of velocity in the crossflow direction (v̄′2). Solid line: present DNS at
Ma = 0.2, dash-dotted line: DNS of Lehmkuhl et al. (2013).
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Figure 2.4: Statistics of the flow field at x = 3D, 4D and 5D in the wake of the
cylinder. (a) Mean velocity in the streamwise direction(ū), (b) mean velocity in
the crossflow direction (v̄), (c) variance of velocity in the streamwise direction (ū′2),
(d) variance of velocity in the crossflow direction (v̄′2). Solid line: present DNS at
Ma = 0.2, dash-dotted line: LES of Mani (2009), �: hot-wire measurements of Ong
and Wallace (1996).

L which is a low-energy mode with weaker fluctuations in the shear layer (Lehmkuhl

et al., 2013), corresponding to an enlargement of the recirculation region behind the

cylinder. The reader may refer to Lehmkuhl et al. (2013) for a thorough description

of Mode H and Mode L which characterize the low-frequency behaviour of the veloc-

ity fluctuations within the recirculation region. Figure 2.4 shows the mean velocity

and normal components of Reynolds stress in the streamwise and crossflow directions
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at x = 3D, 4D and 5D in comparison to previous studies. The present results at

Ma = 0.2 are similar to the LES results of Mani (2009) but get closer to the hot-wire

measurements of Ong and Wallace (1996) in mean velocities, especially at the station

of x = 3D in the wake of the cylinder. Figure 2.5 shows the comparison of mean

streamwise velocity on the centreline in the wake of the cylinder with the LES result

of Kravchenko and Moin (2000), DNS result of Lehmkuhl et al. (2013) and hot-wire

measurements of Ong and Wallace (1996). It is evident that the present DNS at

Ma = 0.2 agrees very well with the DNS of Lehmkuhl et al. (2013) in the cylinder

near wake at x < 2D. The disparity between the present DNS and that of Lehmkuhl

et al. (2013) exists but is still minor at x > 2D, hence validating the present DNS.

Compared to the experimental result, the present DNS at Ma = 0.2 has a similar

valley in magnitude, but its location is slightly further downstream, because the ex-

periment suffered from some external disturbances that led to an earlier transition

in the separated shear layers which in turn affected the size of the recirculation re-

gion, as mentioned in Kravchenko and Moin (2000). After the valley at about 1.5D

downstream of the cylinder, the present DNS shows a similar result as the LES which

agrees reasonably well with the experimental results. Figure 2.6 shows the pressure

coefficient (Cp) on the cylinder surface for Ma = 0.2 in comparison to the LES and

experimental results shown in Kravchenko and Moin (2000). It is evident that the

present DNS agrees well with the experimental result whereas the LES slightly un-

derpredicts the pressure coefficient on the downstream cylinder surface. Figure 2.7

shows the normalized power spectral density (PSD) of the fluid density (Eρρ) of the

present higher Mach case at x = 2D on the cylinder wake centreline in compari-

son with the LES result of Mani (2009). The present DNS accurately predicts the
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frequencies of both the first and second peaks, they occur at twice and four times

the shedding frequency respectively. The fundamental frequency occurs at twice the

shedding frequency, because the probe is located on the wake centreline and therefore

the dominant frequency is the frequency of drag which is twice the frequency of lift.

Overall, the PSD of the present DNS and the LES agree reasonably well with each

other at low frequencies up to eight times the shedding frequency beyond which the

PSD of the DNS has slightly higher values due to the fact that the DNS resolves finer

scales and therefore captures more energy than the LES. Table 2.1 shows some of the

flow parameters in comparison with previous experimental, DNS and LES studies.

The drag coefficients and Strouhal numbers of the vortex shedding of the present two

DNS cases match very well with previous experimental, DNS and LES results. It is

also apparent that the drag coefficients of the higher-Mach DNS and LES cases are

notably larger than those of the lower-Mach DNS/LES and incompressible experi-

ments due to the compressibility effect. The base pressure coefficients of the present

DNS cases are also close to those of the previous experimental, DNS and LES studies.

Nevertheless, both present DNS cases predict a higher minimum averaged streamwise

velocity in magnitude. This is probably because the present DNS are closer to Mode

L, as also suggested by the comparison of velocity profiles in figure 2.3.

2.5 Results and discussions

In this section, we first get some general insights about the cylinder near-field and far-

field acoustics. Prior to applying the technique of Mancinelli et al. (2017) to separate

the cylinder near-field pressure fluctuations, we perform independence and conver-

gence analyses of the wavelet decomposition procedure to demonstrate the reliability
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Figure 2.5: Streamwise velocity on the centreline in the wake of the cylinder. Solid
line: present DNS at Ma = 0.2, dashed line: DNS of Lehmkuhl et al. (2013), dash-
dotted line: LES of Kravchenko and Moin (2000), �: hot-wire measurements of Ong
and Wallace (1996).
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Figure 2.6: Pressure coefficient on the cylinder surface. Solid line: present DNS
at Ma = 0.2, dash-dotted line: LES of Kravchenko and Moin (2000), �: previous
experimental result referenced in Kravchenko and Moin (2000).
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Figure 2.7: PSD of density fluctuation normalized by the free-stream flow density
(ρ∞) and the diameter of the cylinder at location x = 2D on the wake centreline.
Solid line: present DNS at Ma = 0.4, line with circles: LES of Mani (2009).

Table 2.1: Comparison of flow statistics with existing references. The statistics
from left to right are the drag coefficient (CD), base pressure coefficient (Cpbase),
Strouhal number of vortex shedding, and minimum averaged streamwise velocity
(umin). The errors shown in the experimental and LES cases are based on a 95%
confidence interval. Experiments: from different studies referenced in Mani (2009),
LES: results of Mani (2009), DNS: present results, Lehmkuhl et al. (2013): long-term
averaged solution.

Case CD −Cpbase St umin/u∞

Experiments 0.99±.05 0.88±.05 0.215±.005 -0.24±.10
LES (Ma = 0.4) 1.17±.05 1.05±.05 0.200±.050 -0.27±.02
LES (Ma = 0.2) 0.99 0.86 0.206 -0.33
DNS (Ma = 0.4) 1.21 1.13 0.202 -0.38
DNS (Ma = 0.2) 1.04 0.94 0.205 -0.44
Lehmkuhl et al. (2013) 1.015 0.935 0.215 -0.261

of such a wavelet-based technique on the separation between acoustic and hydrody-

namic pressure fluctuations in the present study. The separation and quantification

of the radiating acoustic pressure fluctuations and the non-radiating hydrodynamic
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counterparts on and around the cylinder are then presented, followed by an assess-

ment of the radiating capacity of both components. Finally, the different strength

of the near-field acoustic and hydrodynamic components along the angular direction

inspires the use of pressure fluctuation time series at a near-field position in place of

a far-field position to carry out the wavelet decomposition procedure.

2.5.1 The near-field and far-field pressure fluctuations

Generally speaking, the near field refers to the region within one to two wavelengths

of the sound pressure waves and the far field refers to the region beyond one to two

wavelengths of the sound pressure waves. In order to better characterize the level of

pressure fluctuations, SPL is used as indicators of the acoustic wave strength. One

of the indicators is the sound pressure spectrum level (SPSL) which describes the

strength of sound at different frequencies. This indicator is especially useful when

the sound field is dominant at a certain frequency. According to Mancinelli et al.

(2017), the SPSL is defined as follows

SPSL = 10 log10

(
Φpp∆fref
p2
ref

)
, (2.7)

where Φpp is the PSD of the pressure fluctuation. ∆fref = 1Hz and pref = 2×10−5Pa

are the reference frequency and the reference pressure respectively. The standard at-

mospheric pressure is used to dimensionalize the dimensionless pressure obtained from

DNS. Figure 2.8 shows the contours of the SPSL from the cylinder near field to the

far field for both Ma = 0.2 and Ma = 0.4. An interesting acoustical phenomenon

is observed: The pressure fluctuation on the cylinder surface, especially around 90◦,
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is of highest level, which is known to be a sound source due to the separation point

(Oguma et al., 2013, 2014). In a downstream slender region surrounding the oscillat-

ing near wake just behind the circular cylinder, the sound pressure levels are found

to be almost as high as that on the cylinder surface itself. In contrast to the pressure

fluctuations generated on the cylinder surface, which radiate strongly to the far field,

the pressure fluctuations in this oscillating near-wake region hardly radiate to the far

field. Rather, they decay rapidly with the increase of distance in the crosswise direc-

tion from this near-wake region. Figure 2.9 shows the near-field directivity plots of

SPSL. On the cylinder surface, the SPSL is higher directly above the cylinder surface

and lower on the upstream and downstream surfaces of the cylinder. However, along

the circle centered at (0.338D, 180◦) with radius of 2.19D, the contribution from the

oscillating near wake just behind the cylinder is significant and thus makes the SPSL

much larger in the region where 150◦ < θ < 180◦. This again confirms the high-level

pressure fluctuation in the oscillating near wake just behind the circular cylinder.

Figure 2.10 shows the decay of the root-mean-square of pressure fluctuations at

Ma = 0.2. The sound pressure decays in proportion to r−1/2 as the radial distance

from the cylinder increases, in agreement with the sound prediction of Inoue and

Hatakeyama (2002) and Lysenko et al. (2014).

2.5.2 The independence and convergence analyses of wavelet

decomposition of the near-field pressure fluctuations

Far-field pressure fluctuations at different polar angles ranging from 50◦ to 130◦ along

the outer half circle (see figure 2.2) are selected to compute the cross-correlation
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Figure 2.8: Contour of the SPSL in decibel at the vortex shedding frequency. (a)
Ma = 0.2 and (b) Ma = 0.4.

(ρAP,HPFF ) coefficient peak between the near-field separated acoustic (or hydrody-

namic) component at (2.50D, 160◦) and the far-field pressure fluctuation. Figure

2.11(a) and (c) show the variation of the peak of the cross-correlation coefficient

between either the near-field separated acoustic or hydrodynamic component and

the far-field pressure fluctuation at (23.06D, 50◦) for Ma = 0.2 or (27.17D, 100◦)

for Ma = 0.4. It is observed that the cross-correlation coefficient peak between the
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Figure 2.9: Near-field directivity plots of SPSL at the vortex shedding frequency.
Dashed-dot line with circles: SPSL along cylinder surface for Ma = 0.2, dashed-dot
line with diamonds: SPSL along cylinder surface for Ma = 0.4, solid line with circles:
SPSL along a circle centered at (0.338D, 180◦) with a radius of 2.19D for Ma = 0.2,
solid line with diamonds: SPSL along a circle centered at (0.338D, 180◦) with a radius
of 2.19D for Ma = 0.4.
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Figure 2.10: The decay of the sound pressure for Ma = 0.2. M: the root-mean-square
of pressure fluctuations sampled at θ = 90◦, dashed line: ∝ r−1/2.
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acoustic and the far-field pressure fluctuation is always much larger than that be-

tween the hydrodynamic and the far-field pressure fluctuation, due to the fact that

the acoustic pressure fluctuation radiates to the far field and thus correlates well with

the far-field sound whereas the hydrodynamic pressure fluctuation does not radiate

to the far field. Starting from the initial threshold T0, as the threshold decreases

by 1% after each iteration, the acoustic cross-correlation coefficient peak increases

gradually until it reaches the maximum value after which it decreases. Theoretically

speaking, when the cross-correlation coefficient peak between the near-field acous-

tic component and the far-field pressure fluctuation reaches the maximum value, the

cross-correlation coefficient peak between the near-field hydrodynamic component and

the far-field pressure fluctuation should reach the minimum value simultaneously due

to the extraction of the most correlated (acoustic) component from the original near-

field pressure fluctuation signal. In practice, as long as the cross-correlation coefficient

peak between the near-field hydrodynamic component and the far-field pressure fluc-

tuation remains at a very low level at the maximum value of the cross-correlation

coefficient peak between the near-field acoustic component and the far-field pressure

fluctuation, the acoustic and hydrodynamic components are successfully separated.

Figure 2.11(b) and (d) show the variation of the peak of cross-correlation coefficient

between the near-field separated acoustic component and the far-field pressure fluc-

tuation at different polar angles ranging from 50◦ to 130◦. It is observed that the

trend of cross-correlation coefficient peak goes consistently at different polar angles,

and the maximum value of cross-correlation coefficient peak is reached around the

92nd (Ma = 0.2) or 90th (Ma=0.4) iteration at which the thresholds are selected for
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the wavelet separation procedure. Thus, it is apparent that such a wavelet decom-

position procedure does not depend on the selection of the position of the far-field

pressure fluctuation. Although it does not affect the selection of the threshold value

for decomposition, it is recommended to use the far-field position that produces the

highest correlation level. For example, at Ma = 0.4, the correlation level at 80◦, 90◦

and 100◦ is slightly higher than the those at other polar angles with the one at 100◦

being highest, and therefore the far-field position at 100◦ for Ma = 0.4 (or 50◦ for

Ma = 0.2) is selected for the wavelet decomposition in this chapter.

Figure 2.12 shows the PSD of the near-field pressure fluctuation at (2.05D, 70◦)

and (2.50D, 160◦) as well as its separated acoustic and hydrodynamic components for

sampling time series over 100 and 160 shedding cycles respectively. As can be seen, the

PSD curves of the near-field pressure fluctuation and its acoustic and hydrodynamic

components of time series over 100 shedding cycles are in good agreement with those

of time series over 160 shedding cycles. Therefore, the sampling data is statistically

convergent for the wavelet decomposition of near-field pressure fluctuations.

Given that the present variables are in a wide range while most values are con-

centrated around some specific values (e.g. the origin), neither large nor small bins

are appropriate for the histogram. Here, we use the non-parametric kernel density

estimation (KDE) to estimate the PDF of pressure fluctuation time series. Two pa-

rameters of paramount importance are the shape of the kernel and the bandwidth

which affect the smoothness of the resulting distribution. In this thesis, we use a

Gaussian kernel. The bandwidth adopted here is based on the minimization of the

mean integrated squared error of Scott (1992) and is calculated as

H = σ(4/3)(1/5)N (−1/5)
s , (2.8)
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Figure 2.11: Cross-correlation coefficient peak between the near-field separated acous-
tic (or hydrodynamic) component at (2.50D, 160◦) and the far-field pressure fluctu-
ation at different polar angles. (a) Acoustic and hydrodynamic cross-correlation
coefficient peak with the far-field pressure fluctuation selected at a polar angle of 50◦

for Ma = 0.2. ◦: acoustic component, M: hydrodynamic component. (b) Acoustic
cross-correlation coefficient peak with the far-field pressure fluctuation selected at
different polar angles for Ma = 0.2. � θ = 130◦, · θ = 120◦, × θ = 110◦, ◦ θ = 100◦,
O θ = 90◦, � θ = 80◦, + θ = 70◦, M θ = 60◦, ∗ θ = 50◦. (c) The same as (a) but
at a polar angle of 100◦ for Ma = 0.4. (d) The same as (b) but for Ma = 0.4. The
iteration at which the threshold is selected for the wavelet separation procedure is
highlighted with a vertical dashed line.
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Figure 2.12: PSD of the near-field pressure fluctuation and its separated acoustic
and hydrodynamic components for sampling time series of 100 and 160 shedding
cycles respectively for Ma = 0.4 at two different positions: position A (2.05D, 70◦)
and B (2.50D, 160◦). (a) Near-field pressure fluctuation at position A, (b) near-field
pressure fluctuation at position B, (c) acoustic pressure fluctuation at position A, (d)
acoustic pressure fluctuation at position B, (e) hydrodynamic pressure fluctuation at
position A, (f ) hydrodynamic pressure fluctuation at position B. Dashed lines: 160
shedding cycles, dotted lines: 100 shedding cycle. The spectra are bin-averaged over
1/6 octave. A Hann window is applied to avoid spectral leakage.

where σ is the standard deviation of the pressure fluctuation time series. See Fan

et al. (2019) for a recent application of such kernel estimation.

The Gaussian kernel estimated PDF of the near-field pressure fluctuation and

its separated acoustic and hydrodynamic components are shown in figure 2.13. On

one hand, it is observed that the normalized acoustic pressure fluctuation has more

concentrated distribution around −1.5 and 1.0 which correspond to two peaks in the

PDF. These peaks in the PDF are related to the dominant tone at the vortex shedding
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Figure 2.13: Kernel density estimated PDF of the near-field pressure fluctuation at
(2.50D, 160◦) and its separated acoustic and hydrodynamic components for sampling
time series over 100 and 160 shedding cycles respectively at Ma = 0.4. Lines with
circles: 160 shedding cycles, lines with triangles: 100 shedding cycles. Solid lines:
near-field pressure fluctuation, dashed-dot lines: acoustic pressure fluctuation, dashed
lines: hydrodynamic pressure fluctuation.

frequency. The stronger the tone is, the further from the origin these peaks will

be. On the other hand, the normalized hydrodynamic pressure fluctuation is most

concentrated around 0.1 (a little biased from the origin point) which corresponds

to a peak in the PDF of the hydrodynamic pressure fluctuation. Such a peak of

the hydrodynamic component at (near) zero demonstrates the intermittent nature

of hydrodynamic pressure fluctuations. This is because largest possibility at (near)

zero means hydrodynamic pressure fluctuation does not occur at most of the time

steps. Furthermore, it is apparent that the results of time series over 100 shedding

cycles are similar to those over 160 shedding cycles with only minor differences at the

peaks of the acoustic and hydrodynamic components, suggesting that the length of

the sampling time series is sufficiently long and the statistical convergence is satisfied.

Hereinafter, unless otherwise stated, the time series over 160 shedding cycles are used

for the case of Ma = 0.4.
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The independence analysis demonstrates that the wavelet decomposition proce-

dure does not depend on the selection of pressure fluctuation at a far-field position

and the convergence analysis shows that the time series of pressure fluctuation sam-

pled in this study are long enough to achieve statistical convergence, which further

confirms the feasibility of applying such a wavelet decomposition technique to sepa-

rate the cylinder near-field pressure fluctuations and to study the characteristics of

the separated acoustic and hydrodynamic pressure fluctuations.

2.5.3 Characteristics of the near-field acoustic and hydrody-

namic pressure fluctuations

The instantaneous pressure fluctuation time series in the mid-span cylinder near field

are used for the decomposition. Figure 2.14 shows the contours of the acoustic and

hydrodynamic cross-correlation coefficient peak for Ma = 0.2 and Ma = 0.4. Over-

all, the level of the acoustic cross-correlation coefficient peak is significantly higher

than that of the hydrodynamic cross-correlation coefficient peak, which is quite rea-

sonable since the acoustic pressure fluctuation propagates to the far field yet the

hydrodynamic pressure fluctuation does not. Except in the cylinder upstream and

downstream regions close to the cylinder centreline, the acoustic cross-correlation

level is very high in most part of the cylinder near field, especially in the region di-

rectly above the cylinder upper surface, suggesting that the pressure fluctuations on

the cylinder upper surface are the most strongly radiating acoustic waves or sound

source. This is in consistent with the viewpoint of Inoue and Hatakeyama (2002)

that the alternative pressure pulses generated on the cylinder surface are the primary

sound source. The hydrodynamic cross-correlation level is very low in most regions
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Figure 2.14: Contours of the cross-correlation coefficient peak between the near-field
separated acoustic (or hydrodynamic) component and the near-field pressure fluctu-
ation for Ma = 0.2 and Ma = 0.4. (a) Hydrodynamic cross-correlation coefficient
peak, Ma = 0.2, (b) acoustic cross-correlation coefficient peak, Ma = 0.2, (c) hydro-
dynamic cross-correlation coefficient peak, Ma = 0.4, (d) acoustic cross-correlation
coefficient peak, Ma = 0.4.

of the cylinder near field, except that an unexpected high cross-correlation level (still

much lower than the acoustic cross-correlation level) is observed especially for the

higher-Mach case. Such an issue is also observed in compressible jets. For one part,

this can be ascribed to the lack of resolution which affects the separation of hydrody-

namic and acoustic pressure fluctuations primarily for low wavenumbers (Mancinelli

et al., 2017; Kerhervé et al., 2008). For the other part, as will be seen below, the

hydrodynamic pressure fluctuations in those regions with unexpected relatively high

cross-correlation levels are hundreds or thousands of times smaller than the acoustic

pressure fluctuations in magnitude, and therefore separation of pressure fluctuations
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Figure 2.15: PSD of the near-field pressure fluctuation and its separated acoustic and
hydrodynamic components for Ma = 0.2 and Ma = 0.4 at two different positions. (a)
For Ma = 0.2 at (1.96D, 50◦), (b) for Ma = 0.2 at (2.50D, 160◦), (c) for Ma = 0.4
at (1.96D, 50◦), (d) for Ma = 0.4 at (2.50D, 160◦). Dashed line: near-field pressure
fluctuation, dotted lines: acoustic component, solid line: hydrodynamic component.
The spectra are bin-averaged over 1/6 octave. A Hann window is applied to avoid
spectral leakage.

with high accuracy in such an extreme situation requires high resolution in finding

the optimal threshold value. Starting from the initial threshold, the decrement of

the threshold lacks resolution for such an extreme situation although the resolution

is sufficient for the separation of pressure fluctuations in the oscillating near wake

just behind the cylinder where the disparity between pA and pH is not so large, as

suggested by the reasonably successful decomposition results below.

Figure 2.15 shows the PSD of the near-field pressure fluctuation and its separated

acoustic and hydrodynamic components for Ma = 0.2 and Ma = 0.4 at (1.96D, 50◦)
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and (2.50D, 160◦). At the cylinder near-field upstream position (1.96D, 50◦), the

hydrodynamic pressure fluctuations are nearly negligible compared to the acoustic

pressure fluctuations for both cases. At the position in the oscillating near-wake re-

gion just behind the cylinder (2.50D, 160◦), the hydrodynamic pressure fluctuation

dominates over the acoustic pressure fluctuation at most frequencies except at the

vortex shedding frequency where the PSD of the hydrodynamic and acoustic compo-

nents show comparable strength, with the hydrodynamic pressure fluctuation being

slightly stronger for Ma = 0.2. At higher frequencies, the PSD of the hydrodynamic

component is several times larger than that of the acoustic component. Therefore,

in the oscillating near-wake region just behind the cylinder, the pressure fluctuation

mainly consists of hydrodynamic pressure fluctuation or pseudo-sound that does not

radiate to the far field. This is the reason why the high-level pressure fluctuation

in the oscillating near-wake region does not propagate to the far field as strongly as

that generated on the cylinder upper surface, as shown in figure 2.8. Besides, it is

also interesting to note that although hydrodynamic pressure fluctuation dominates

in the oscillating near wake just behind the cylinder, the portion of acoustic pressure

fluctuation for Ma = 0.4 is higher than that for Ma = 0.2, which confirms the role

of compressibility in sound generation and propagation.

Figure 2.16 shows a comparison of the Gaussian kernel estimated PDF of the near-

field pressure fluctuation and its separated acoustic and hydrodynamic components at

(2.50D, 160◦) between Ma = 0.2 and Ma = 0.4. It is observed that the lower-Mach

case has higher acoustic peaks than the higher-Mach case while the situation is inverse

for the hydrodynamic peak. Due to the intermittent nature of the hydrodynamic

pressure fluctuation, for the case of Ma = 0.4 in comparison to Ma = 0.2, a higher
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Figure 2.16: Kernel density estimated PDF of the near-field pressure fluctuation
at (2.50D, 160◦) and its separated acoustic and hydrodynamic components for sam-
pling time series over 100 shedding cycles for both Ma = 0.2 and Ma = 0.4. Thin
lines: Ma = 0.2, bold lines: Ma = 0.4. Solid lines: near-field pressure fluctuation,
dashed-dot lines: acoustic pressure fluctuation, dashed lines: hydrodynamic pressure
fluctuation.

hydrodynamic peak located at (near) zero means less occurrence of hydrodynamic

pressure fluctuations while flatter distribution of hydrodynamic PDF away from the

peak suggests weaker strength of the hydrodynamic pressure fluctuation. This can

explain why the portion of hydrodynamic pressure fluctuation for Ma = 0.4 is less

than that for Ma = 0.2 although in both cases the hydrodynamic components are

dominant, as shown in figure 2.15. In addition, the acoustic peak on the negative

side is somewhat translated to the left for Ma = 0.4 compared to Ma = 0.2. That

is, the negative acoustic pressure fluctuation is mostly concentrated at −1.45〈p′2〉1/2

for Ma = 0.4 but −1.2〈p′2〉1/2 for Ma = 0.2. This is because the PSD magnitude of

acoustic pressure fluctuation is higher for Ma = 0.4 than Ma = 0.2.

Figure 2.17 shows the changes of PSD of the near-field pressure fluctuation and its



2.5. RESULTS AND DISCUSSIONS 49

10
-1

10
0

10
1

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
0

10
1

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
0

10
1

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
0

10
1

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

Figure 2.17: PSD of the near-field pressure fluctuation and its separated acoustic
and hydrodynamic components for Ma = 0.4 at four near-field positions of different
polar angles. (a) (1.86D, 10◦), (b) (2.05D, 70◦), (c) (2.28D, 110◦), (d) (2.48D, 150◦).
Dashed line: near-field pressure fluctuation, dotted lines: acoustic component, solid
line: hydrodynamic component. The spectra are bin-averaged over 1/6 octave. A
Hann window is applied to avoid spectral leakage.

separated acoustic and hydrodynamic components for Ma = 0.4 at four near-field po-

sitions at different polar angles ranging from 10◦ to 150◦. The hydrodynamic pressure

fluctuations are always negligibly small components in the cylinder upstream region

(10◦ and 70◦). In the downstream at 110◦, the acoustic pressure fluctuation still dom-

inates but the hydrodynamic pressure fluctuation begins to play a role in the original

near-field pressure fluctuation. At 150◦, the hydrodynamic pressure fluctuation has

a similar magnitude as the acoustic pressure fluctuation at low frequencies up to the

vortex shedding frequency beyond which the hydrodynamic component exceeds the
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Figure 2.18: Near-field contour of the SPSL of the separated hydrodynamic and
acoustic components at the vortex shedding frequency for Ma = 0.4. (a) Hydrody-
namic component, (b) acoustic component. The solid lines separate the cylinder near
field into 3 sectorial zones. The vertical dashed lines show the locations where the
acoustic and hydrodynamic SPSLs are extracted to study how they decay, they are
along x = 0 and x = 2.48D respectively.

acoustic component. Such evolution of acoustic and hydrodynamic pressure fluctua-

tions thus inspires the use of a near-field position that has negligible hydrodynamic

pressure fluctuations in place of a far-field position for the decomposition procedure,

which will be presented in Section §2.5.5.
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Figure 2.18 shows a contour of the SPSL of the separated acoustic and hydro-

dynamic components at the vortex shedding frequency in the cylinder near field for

Ma = 0.4. It is apparent that the hydrodynamic pressure fluctuation in the upstream

near field is negligibly weak when compared to the acoustic pressure fluctuation. In

the contour of the hydrodynamic SPSL, it is observed that there exists a relatively

high-level SPSL region above and upstream of the cylinder. Again, this is because

in such a region far away from the cylinder surface and away from the downstream

turbulent region, the hydrodynamic pressure fluctuation is significantly weaker (sev-

eral orders weaker) than the acoustic pressure fluctuation in magnitude, separation

of pressure fluctuations with high accuracy in such extreme situation can easily suffer

from lack of resolution when finding the optimal threshold value, which is the limita-

tion of the present thresholding procedure. Future improvement of such thresholding

and decomposition techniques in distinguishing extreme components is promising.

According to the contour of the acoustic pressure fluctuation in figure 2.18(b),

the cylinder near field can be reasonably divided into 3 sectorial zones based on

the evolution of the acoustic and hydrodynamic pressure fluctuations in the angular

direction, as separated by the solid lines in the contour. In the zone less than about

25◦ from the upstream centreline (Zone I), the acoustic pressure fluctuation dominates

over the hydrodynamic pressure fluctuation but they are both very weak. Therefore

it is a zone of ‘silence’ at the vortex shedding frequency, as also suggested by the

low PSD in figure 2.17(a). In the zone from 25◦ to 135◦ approximately (Zone II),

the acoustic pressure fluctuation strongly dominates yet the hydrodynamic pressure

fluctuation is still negligibly weak. This is a strongly radiating zone and the pressure

fluctuations generated on the cylinder surface in this zone are the main sound source.
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Figure 2.19: The SPSL decay of the acoustic and hydrodynamic pressure fluctua-
tions for Ma = 0.4. Solid line: acoustic pressure fluctuation along x = 0, dashed
line: acoustic pressure fluctuation along x = 2.48D, dashed-dot line: hydrodynamic
pressure fluctuation along x = 2.48D.

In the zone from 135◦ to the downstream centreline (Zone III), the level of pressure

fluctuation is almost as high as that on the cylinder surface in Zone II. The pressure

fluctuation in this zone consists of both acoustic and hydrodynamic components, yet

the non-radiating hydrodynamic pressure fluctuation plays a more important role.

Therefore this zone consists more of non-radiating pseudo-sound and less of radiating

acoustic pressure fluctuation. Such sectorial devision of the cylinder near field can also

be reasonably made according to to the contours of the cross-correlation coefficient

peak.
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2.5.4 Radiation of acoustic pressure fluctuations and decay

of hydrodynamic pressure fluctuations in the cylinder

near field

In order to study how the acoustic and hydrodynamic pressure fluctuation generated

in the oscillating near-wake region decays, figure 2.19 shows the SPSL of acoustic

pressure fluctuation along x = 0 and x = 2.48D and that of hydrodynamic pressure

fluctuation along x = 2.48D. The decay of the negligibly small hydrodynamic pres-

sure fluctuation along x = 0 is not of interest and therefore is not shown here. In the

region surrounding the oscillating near wake just behind the cylinder (y/D < 1), the

acoustic and hydrodynamic pressure fluctuations have similar SPSLs, with the acous-

tic pressure fluctuations being slightly stronger, at the vortex shedding frequency.

Beyond this region (y/D > 1), the acoustic pressure fluctuation decays much more

slowly than the hydrodynamic pressure fluctuation which decays dramatically to a

low level. This supports the point of view that the hydrodynamic fluctuations decay

rapidly with the increase in radial distance from the near field (Suzuki and Colonius,

2006). Within y/D < 3, the decay of the acoustic SPSL along x = 2.48D is almost

parallel to the decay of the acoustic SPSL along x = 0. Beyond y/D = 3, the acous-

tic SPSL along x = 2.48D decays more slowly than the acoustic SPSL along x = 0,

because the propagating acoustic wave from the oscillating near wake just behind

the cylinder is influenced and strengthened by the propagating acoustic wave coming

from the cylinder surface in Zone II.

The decaying behaviour described above is also confirmed by the decay of the

overall sound pressure level (OASPL) of the acoustic and hydrodynamic pressure
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Figure 2.20: The OASPL decay of the acoustic and hydrodynamic pressure fluctua-
tions for Ma = 0.4. Same line styles as figure 2.19.

fluctuations, as shown in Figure 2.20. The OASPL is defined as

OASPL = 20.0 log10

(
p′rms
pref

)
. (2.9)

The hydrodynamic OASPL clearly dominates over the acoustic OASPL in the

region surrounding the oscillating near wake just behind the cylinder, although the

acoustic SPSL is slightly higher than the hydrodynamic SPSL at the vortex shed-

ding frequency fshedding, as has been seen in figure 2.19. This is because, in contrast

to the SPSL showing the information of the signal at a specific frequency fshedding,

the OASPL is computed from the root-mean-square pressure fluctuation and is not

limited at fshedding, thus it contains all the information of the pressure fluctuation

signal, not just the information at a specific frequency. Similar to the SPSL decay in

figure 2.19, the hydrodynamic OASPL along x = 2.48D decays dramatically with the

distance from the oscillating near-wake region, due to the non-radiating nature of the

hydrodynamic pressure fluctuation. The decay of acoustic OASPL along x = 2.48D
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is also parallel to the decay of the acoustic SPSL along x = 0 within y/D < 3. Simi-

larly, in the range y/D > 3, the acoustic OASPL along x = 2.48D decays more slowly

than the acoustic OASPL along x = 0, because the propagating acoustic wave from

the oscillating near wake just behind the cylinder is influenced and strengthened by

the propagating acoustic wave coming from the cylinder surface in Zone II. This is

exactly the same situation as the SPSL. Again, from figure 2.20, we see the radiat-

ing nature of the acoustic pressure fluctuation and the non-radiating nature of the

hydrodynamic pressure fluctuations, and that the hydrodynamic pressure fluctuation

is dominant over the acoustic pressure fluctuation in the region surrounding the os-

cillating near wake just behind the circular cylinder. This again explains why very

high-level pressure fluctuations are observed in this region but does not radiate to the

far field as strongly as the high-level pressure fluctuations generated on the cylinder

surface.

2.5.5 Wavelet decomposition using a near-field position in

place of the far-field position

Using the first of the three wavelet decomposition techniques proposed by Mancinelli

et al. (2017), it is necessary to use pressure fluctuation at a far-field position where

no hydrodynamic pressure fluctuation exists. Interestingly, it has been observed in

figure 2.17 that the hydrodynamic pressure fluctuations are negligibly small compared

to the acoustic pressure fluctuations in Zone I and II. However the level of acoustic

pressure fluctuations in Zone I is also very low. Therefore, it is natural to suggest using

pressure fluctuation at a near-field position in Zone II where the acoustic pressure

fluctuations have strong radiation, while at the same time the level of hydrodynamic
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pressure fluctuations remains very low, to take the place of the far-field position for

the wavelet decomposition. Compared to Grizzi and Camussi (2012) in which two

near-field positions were also used, simultaneous acquisition of pressure fluctuation

time series from two positions located sufficiently close to each other is not required

in the present proposition. The advantage of using a near-field position in place of a

far-field position is that the pressure fluctuation signal in the cylinder far field is not

necessary and thus the computational domain size can be greatly reduced.

Figure 2.21 shows the acoustic and hydrodynamic cross-correlation coefficient peak

for both Ma = 0.2 and Ma = 0.4 in a comparison between using a near-field posi-

tion in Zone II and using a far-field position for the decomposition procedure. The

near-field position at (2.16D, 90◦) produces consistent acoustic and hydrodynamic

cross-correlation with the previous selected far-field positions for both Ma = 0.2 and

Ma = 0.4. All the three selected near-field positions produce very close thresholds for

wavelet decomposition, although the cross-correlation level at (2.28D, 110◦) is lower

than those at (2.05D, 70◦) and (2.16D, 90◦).

Figure 2.22 shows the contours of the acoustic and hydrodynamic cross-correlation

coefficient peak for Ma = 0.4 for a comparison between using a near-field position at

(2.16D, 90◦) and using a far-field position at (27.17D, 100◦) for the decomposition. It

is observed that, although the acoustic cross-correlation level is slightly lower in Zone

II as a result of using a near-field position for the decomposition, the two contours of

the acoustic cross-correlation coefficient peak look reasonably alike and have higher

cross-correlation levels than those of the hydrodynamic cross-correlation coefficient

peak. The contours of the hydrodynamic cross-correlation coefficient peak are some-

what different in Zone II, again due to the extreme disparity between the acoustic
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Figure 2.21: Cross-correlation coefficient peak between the near-field separated acous-
tic (or hydrodynamic) component at (2.50D, 160◦) and the selected near-field pressure
fluctuation at different polar angles or the selected far-field pressure fluctuation at
(23.06D, 50◦) for Ma = 0.2 and (27.17D, 100◦) for Ma = 0.4. (a) Ma = 0.2. ◦:
Acoustic component when far-field position is selected, M: hydrodynamic component
when far-field position is selected, +: acoustic component when near-field position
at (2.16D, 90◦) is selected, ∗: hydrodynamic component when near-field position at
(2.16D, 90◦) is selected. (b) Ma = 0.2. ◦: Acoustic component when far-field position
is selected, ·: acoustic component when near-field position at (2.05D, 70◦) is selected,
O: acoustic component when near-field position at (2.16D, 90◦) is selected, ×: acous-
tic component when near-field position at (2.28D, 110◦) is selected. (c) Ma = 0.4,
with same symbol styles as (a). (d) Ma = 0.4, with same symbol styles as (b). The
iteration at which the threshold is selected for the wavelet separation procedure is
highlighted with a vertical dash line.
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Figure 2.22: Contour of the cross-correlation coefficient peak between the near-field
separated acoustic (or hydrodynamic) component and the pressure fluctuation at a
far-field position (27.17D, 100◦) or near-field position (2.16D, 90◦) for Ma = 0.4.
(a) Hydrodynamic cross-correlation coefficient peak, using the far-field position, (b)
acoustic cross-correlation coefficient peak, using the far-field position, (c) hydrody-
namic cross-correlation coefficient peak, using the near-field position, (d) acoustic
cross-correlation coefficient peak, using the near-field position.

and hydrodynamic components and the lack of resolution which has been discussed

previously. It has to be pointed out that, at about y/D = 2 directly above the cylin-

der, the acoustic cross-correlation level is highest while inversely the hydrodynamic

cross-correlation level is lowest. This is because the pressure fluctuation at that po-

sition was used in place of the far-field position for the wavelet decomposition. As

a result, the separated acoustic component is the original pressure fluctuation itself

and the hydrodynamic component is zero. Thus the decomposition at this position

is meaningless.

Figure 2.23 shows the PSD of the separated acoustic and hydrodynamic pressure
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Figure 2.23: PSD of the acoustic and hydrodynamic pressure fluctuation at
(2.50D, 160◦) for Ma = 0.4 using far-field position and near-field position at dif-
ferent polar angles. Bold lines or circles: acoustic pressure fluctuation, thin lines
or circles: hydrodynamic pressure fluctuation. Circles: using a far-field position at
(27.17D, 100◦), dashed-dot lines: using a near-field position at (2.05D, 70◦), solid
lines: using a near-field position at (2.16D, 90◦), dashed lines: using a near-field posi-
tion at (2.28D, 110◦). The spectra are bin-averaged over 1/6 octave. A Hann window
is applied to avoid spectral leakage.

fluctuations at (2.50D, 160◦) in the oscillating near-wake region just behind the cylin-

der using near-field positions at different polar angles for Ma = 0.4. Only minor

differences in both acoustic and hydrodynamic components are observed, suggesting

that using a near-field position in Zone II with a very low-level hydrodynamic pressure

fluctuation to take the place of a far-field position is a feasible approach for the wavelet

decomposition procedure. The comparable results obtained by using the near-field

positions in Zone II for the decomposition procedure in return provide further proof

to support the discovery in §2.5.3 that the hydrodynamic pressure fluctuation in Zone

II is negligible.
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2.6 Concluding remarks

It has been established that the pressure fluctuations generated on the surface of a

circular cylinder and those generated in the near wake just behind a cylinder are

both sound sources (Inoue and Hatakeyama, 2002; Tamura and Tsutahara, 2010;

Oguma et al., 2013; Zhang et al., 2019a,b). In this chapter, we assess the propagat-

ing capacity, isolate the radiating components from the non-radiating counterparts,

and quantify the radiating acoustic sound sources versus the non-radiating hydrody-

namic pseudo-sounds of these two sound sources on the cylinder surface and in its

oscillating near wake just behind the cylinder. Here, DNS of sound generation and

propagation in subsonic flows past a circular cylinder at Re = 3900, Ma = 0.2 and

0.4 are performed. We report on observations that in a slender region surrounding

the oscillating near wake just behind the circular cylinder, the sound pressure levels

are found to be almost as high as those on the cylinder surface itself. In contrast

to the pressure fluctuations generated on the cylinder surface, the pressure fluctua-

tions in this oscillating near-wake region hardly radiate to the far field. Rather, they

decay rapidly with the distance from the near-wake region. In order to assess the

propagating capacity of each sound source and quantify the radiating components in

these sound sources on and around the cylinder, we apply the wavelet decomposition

method proposed by Mancinelli et al. (2017), previously used in subsonic jet-noise

experiments, to decompose the cylinder near-field pressure fluctuations into the ra-

diating acoustic sound sources and the non-radiating hydrodynamic pseudo-sounds.

Quantitative analysis of the sound source and pseudo-sound in the oscillating near

wake just behind the cylinder explains why the high-level pressure fluctuations in the

near-wake region hardly radiate to the far field but decay rapidly with the distance
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from this near-wake region.

Prior to applying the technique of Mancinelli et al. (2017) to separate the cylinder

near-field pressure fluctuations, rigorous independence and convergence analyses of

the wavelet decomposition procedure are performed. We demonstrate that separa-

tion of near-field pressure fluctuations does not depend on the selection of pressure

fluctuation at a far-field position as the input for the wavelet procedure, and that

the present sampling time series of pressure fluctuations are sufficiently long that the

statistical convergence criterion is satisfied. This confirms the reliability of applying

such a wavelet-based technique to the separation between acoustic and hydrodynamic

pressure fluctuations in the present study. Conclusions relating to sound sources and

pseudo-sounds on the cylinder surface and in the oscillating near wake just behind

the cylinder are summarized below:

(i) At near-field locations above and upstream of the cylinder, the hydrodynamic pres-

sure fluctuations are negligibly weak compared to acoustic pressure fluctuations.

In the oscillating near wake just behind the cylinder, however, the hydrodynamic

pressure fluctuation dominates over the acoustic pressure fluctuation at most fre-

quencies, except at the vortex shedding frequency where they exhibit comparable

strengths. Thus, the oscillating near wake just behind the cylinder consists more of

the non-radiating pseudo-sound and less of the radiating sound source, which ex-

plains why very high-level pressure fluctuations are observed in the near-wake region

just behind the cylinder but do not radiate as strongly as the high-level pressure

fluctuations generated on the cylinder surface itself;

(ii) Along the angular direction, the cylinder near field can be divided into three sec-

torial zones according to the changes in the acoustic and hydrodynamic pressure
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fluctuation levels. The zone less than approximately 25◦ from the upstream cen-

treline (Zone I) is a zone of ‘silence’ at the vortex shedding frequency, because the

levels of both pressure fluctuations are significantly low. The zone from 25◦ to ap-

proximately 135◦ (Zone II) is a strongly radiating zone and the pressure fluctuations

generated on the cylinder surface in this zone are the main sound sources. The zone

from 135◦ to the downstream centreline (Zone III), including the oscillating near

wake just behind the cylinder, consists more of non-radiating pseudo-sound and less

of radiating acoustic pressure fluctuation. Such sectorial division of the near-field

sound field draws a clearer picture of the cylinder near-field acoustics;

(iii) Within the region surrounding the oscillating near wake just behind the cylinder,

the OASPL of the hydrodynamic pressure fluctuations exceeds that of the acoustic

pressure fluctuations. Away from this near-wake region, however, the hydrodynamic

pressure fluctuations decrease dramatically while the acoustic counterparts decay

slowly as the distance increases, suggesting that the hydrodynamic pressure fluctu-

ation does not propagate to the far field, and that the acoustic pressure fluctuation

is the only component to propagate to the far field. The decay of the OASPL thus

also explains why high-level pressure fluctuations are observed in the oscillating

near wake just behind the cylinder but hardly propagate to the far field;

(iv) The non-radiating hydrodynamic pressure fluctuations are also intermittent, as

suggested by the near-zero peak of the Gaussian kernel estimated PDF of the hy-

drodynamic component; and

(v) The dominant acoustic pressure fluctuations and nearly negligible hydrodynamic

counterparts in Zone II inspire the use of pressure fluctuation time series at a near-

field position in place of a far-field position to carry out the wavelet decomposition



2.6. CONCLUDING REMARKS 63

procedure. The essentially identical results between using pressure fluctuation at a

near-field position in Zone II and at a far-field position suggest that the pressure

fluctuation signal in the cylinder far field is not necessary and thus the compu-

tational domain size can be greatly reduced. The successful separation between

acoustic and hydrodynamic pressure fluctuations using a near-field position in Zone

II in return verifies our observation that the hydrodynamic pressure fluctuation is

negligibly small in this Zone II.

The success in separating near-field pressure fluctuations obtained from DNS

rather than microphone measurements shows the generality of the wavelet decom-

position technique in both experiments and numerical simulations and in both jets

and cylinder flows. The investigation of the acoustic and hydrodynamic pressure fluc-

tuations in the cylinder near field helps to identify, localize and quantify radiating

sound sources and non-radiating pseudo-sounds. The separation between acoustic

and hydrodynamic pressure fluctuations and the division of the cylinder near field

into three sectorial zones provide valuable insight into future noise control in practi-

cal engineering applications. This way focus can be given to the radiating acoustic

component of pressure fluctuation and the strongly radiating zones of sound sources.

The control of radiating acoustic pressure fluctuations generated by cylinder flows is

left for future study.
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Chapter 3

Sound source and pseudo-sound of

a circular cylinder in a transonic

regime

3.1 Abstract

The relative importance of radiating acoustic pressure fluctuations versus non-radiating

hydrodynamic pressure fluctuations and their dependence on the flow structures in

transonic flow past a circular cylinder is investigated using direct noise computation.

The flow contains complex features: oblique shocks, expansion fans, fluctuating sep-

arated shear layers, suppressed vortex shedding and quasi-steady normal shocks. In

the downstream far field, a dominant tone at the fluctuating frequency of the sepa-

rated shear layers is observed. In the near-field region just behind the normal shocks,

as the distance from the fluctuating separated shear layer increases, the acoustic

pressure fluctuation replaces the hydrodynamic pressure fluctuation as the dominant
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component. In the region of expansion fans, the pressure fluctuation is principally low-

frequency acoustic pressure fluctuation. In the region of fluctuating separated shear

layers, although the pressure fluctuation consists of comparable amount of acoustic

and hydrodynamic components at most frequencies, it mainly consists of acoustic

component at the fluctuating frequency of the separated shear layers. Overall, the

dominant acoustic waves are generated primarily by the fluctuation of the separated

shear layers. Among the various-scale structures, the vortical structure induced by

the fluctuation of the separated shear layers is most closely related with both sound

and pseudo-sound signatures.

3.2 Introduction

The flow around a circular cylinder is of fundamental interest for its canonical rep-

resentation of many bluff-body flows. Numerous studies have been carried out in

the past on an incompressible/low-Mach-number cylinder focusing on for instance

the wake (Beaudan and Moin, 1994; Ong and Wallace, 1996; Kravchenko and Moin,

2000; Parnaudeau et al., 2008), transition to turbulence (Williamson, 1988; Zhang

et al., 1995; Williamson, 1996a; Behara and Mittal, 2010), vortex shedding (Fey

et al., 1998), aerodynamic forces (Nagata et al., 2020) and sound generation (In-

oue and Hatakeyama, 2002; Khalighi et al., 2010; Oguma et al., 2013; Lysenko et al.,

2014; Zhang et al., 2019b). The reader may refer to Berger and Wille (1972); Nor-

berg (1987) and Williamson (1996b) for comprehensive reviews. As the flow enters

the transonic regime, many flow features, such as the separated flow, become even

more complex. Mani et al. (2009a) and Mani (2009) performed LES of transonic

flow past a circular cylinder at Re = 104 and Ma = 0.85. Here it was observed that
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the flow accelerates over the front portion of the circular cylinder, experiencing an

oblique shock which intersects with the cylinder surface at the separation point. The

weak oblique shock acts to redirect the separated flow while the unsteady accelerated

flow still remains supersonic. Further downstream, the supersonic flow returns to the

subsonic regime across a normal shock.

Starting at Ma = 0.9, the flow transitions to a quasi-steady state such that

vortex shedding ceases. Murthy and Rose (1977, 1978) investigated vortex-shedding

frequencies, form drag and skin friction through a series of wind-tunnel tests at Mach

numbers 0.25 ≤Ma ≤ 1.2 and Reynolds numbers Re = 3×104, 1.66×105 and 5×105.

They observed that detectable periodic vortex shedding ceases above Ma = 0.9.

Xu et al. (2009a,b) performed DES of transonic flows over a circular cylinder at a

Reynolds number of Re = 2 × 105 and at Mach numbers Ma = 0.85, 0.88, 0.9 and

0.95. The flow states were found to be unsteady for Ma < 0.9 and quasi-steady

for Ma > 0.9, respectively. The unsteady flow state is characterized by complex

interactions between moving shock waves and the turbulent flow in the near field of the

circular cylinder, and the quasi-steady flow state is characterized by suppressed vortex

shedding and nearly stationary shock waves. Recently, Xia et al. (2016) conducted

CLES of a circular cylinder at a subcritical Reynolds number of Re = 4 × 104 and

a supercritical Reynolds number of Re = 1 × 106, with Mach numbers ranging from

0.5 ≤Ma ≤ 0.95. For Ma ≥ 0.9, no apparent vortex shedding was detected and the

flow state becomes quasi-steady. It was also observed that the separated shear layers

tended to converge in the wake for Ma ≥ 0.9.

The sound emitted from a circular cylinder is closely related to the near-field flow
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features. In subsonic conditions, it is well known that sound-pressure waves are gen-

erated primarily by vortex shedding from the cylinder surface into the wake (Inoue

and Hatakeyama, 2002). In the near field, the pressure fluctuations generated on

the cylinder surfaces, including the flow-separation points, those generated by the

KH shear-layer instability, and those generated in the oscillating flow just behind a

cylinder due to vortex shedding, are sound sources (Inoue and Hatakeyama, 2002;

Tamura and Tsutahara, 2010; Oguma et al., 2013; Zhang et al., 2019a,b). In the far

field, the propagating sound waves show a dipole pattern, which consists of a fun-

damental tone and several harmonics (Etkin et al., 1957; Gerrard, 1955; Inoue and

Hatakeyama, 2002; Lysenko et al., 2014; Khalighi et al., 2010). In transonic condi-

tions, studies on sound emitted from a circular cylinder remain scarce. Rodriguez

(1984) conducted wind-tunnel experiments at transonic Mach numbers of 0.75 and

0.85, and at a Reynolds number of approximately 105 at which the boundary-layer

separation process is still laminar. It was shown that unsteady pressure mainly con-

sists of a fundamental tone and its first harmonic. Around the greater part of the

circular cylinder, the former strongly dominates over the latter. Close to the plane

of symmetry, the former decreases dramatically and the latter becomes dominant.

Tamura and Tsutahara (2010) performed DNS to investigate the sound generation

and radiation in laminar flows at Re = 150 and 200 with Mach numbers ranging

from 0.2 ≤ Ma ≤ 0.9. At Ma = 0.9, they observed that the sound is generated by

the interaction between the shock waves and the wake vortices, and that the sound

radiates only in the downstream direction.

Although the issue of overall sound generation in transonic conditions was con-

sidered by Rodriguez (1984) and by Tamura and Tsutahara (2010), there has been



3.2. INTRODUCTION 68

no study relating sound sources with the various transonic cylinder near-field flow

features, i.e., formation of oblique shocks, expansion fans, compression waves, fluc-

tuating separated shear layers, suppressed vortex shedding and quasi-steady normal

shocks. More importantly, the literature has been silent on the issue of quantita-

tively separating the radiating acoustic pressure fluctuations from the non-radiating

hydrodynamic pressure fluctuations for transonic cylinder flow. The objective of this

chapter is therefore to study how sound is generated in the absence of detectable

vortex shedding at Ma = 0.9, and to quantitatively assess the radiating sound source

and non-radiating pseudo-sound generated by the aforementioned flow features, as

well as the sound and pseudo-sound signatures related to various scales of turbu-

lent structures. The separation between radiating sound source and non-radiating

pseudo-sound is accomplished through the wavelet decomposition of near-field pres-

sure fluctuations, which has recently been applied in subsonic and supersonic jets

(Tinney et al., 2007; Tinney and Jordan, 2008; Grizzi and Camussi, 2012; Mancinelli

et al., 2017; Arroyo et al., 2019).

In the present study, we perform three-dimensional DNS of transonic flow past

a circular cylinder at Re = 3900 and Ma = 0.9. In the following, Sect. 3.3 is

devoted to a description of the numerical methods, simulation setup and the wavelet

decomposition technique of Mancinelli et al. (2017). Key findings of this study are

presented in Sect. 3.4. More specifically, results pertaining to the cylinder near-field

flow dynamics and far-field sound propagation are discussed in Sect. 3.4.1 and 3.4.2

respectively. The wavelet decomposition of pressure fluctuations in the region just

behind the normal shocks, as well as those in the region of the expansion fan, and the

region of the fluctuating separated shear layers, are presented in Sect. 3.4.3 and 3.4.4.
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Sect. 3.4.5 is devoted to analyzing the sound and pseudo-sound signatures related to

various scales of turbulent structures. Finally, conclusions are summarized in Sect.

3.5.

3.3 Methodology

3.3.1 Numerical methods

The three-dimensional unsteady compressible Navier-Stokes equations in curvilinear

form are solved using a high-order finite difference method. The numerical algorithm

consists of sixth-order compact schemes of Lele (1992) in combination with 3rd-order

and 4th-order boundary schemes for the spatial discretization as well as the interpola-

tion between staggered and collocated grid nodes. For time advancement, a 2nd-order

fully implicit method of Beam and Warming (1976) and a 3rd-order explicit three-

step Runge-Kutta scheme are used for the near-wall region and the region far away

from wall respectively. Adiabatic, no-slip and no-penetration boundary conditions

are applied at the wall. Periodic boundary conditions are adopted in the spanwise

direction. For the present simulation of a spatially developing flow, the inflow bound-

ary conditions of Giles (1990) and outflow boundary conditions of Collis (1997) are

adopted. A shock treatment based on the artificial bulk viscosity is applied (Mani

et al., 2009a). More details on this shock treatment are given in Appendix A. In

addition, a sponge layer, which consists of a dissipation term added to the governing

equations, is applied at the outer boundary to silently damp the outgoing distur-

bances. See Nagarajan et al. (2003) for more details of the present in-house code and

Mani et al. (2008, 2009a,b) and Khalighi et al. (2010) for applications of this code on
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the simulation of compressible flows past a circular cylinder.

3.3.2 Simulation set-up

The simulation domain is cylindrical in shape with a diameter of about 91D and a

spanwise length of πD where D is the diameter of the circular cylinder. The circular

cylinder is located at a distance of 9D upstream of the computational domain center

so that the downstream region is bigger than the upstream region, which is benefi-

cial since both sound generation and propagation mainly occur in the downstream

direction in the present investigation. The present grid configuration is a symmetric

body-fitted O-grid consisting of 640 × 1151 × 96 grid nodes in the circumferential,

wall-normal and spanwise directions, respectively. The spacing of the first grid point

in the wall-normal direction is δ1st = 0.0003D at the leading edge of the circular

cylinder, which stretches to δfar = 0.06D at the downstream outflow boundary.

We perform DNS of a uniform flow past a stationary cylinder at Ma = 0.9 and

Re = 3900 based on the freestream velocity and diameter of the cylinder. After the

initial transient stage of the simulation, the time series of the pressure signal is sam-

pled for 245,000 time steps at a constant time step ∆t = 2.78×10−3D/c∞. With this

sampling rate, the Nyquist Criterion is well satisfied. Fig. 3.1 shows the distribution

of the sampling positions from the cylinder near field to the far field with the circular

cylinder located at the origin. The sampling positions are distributed along different

radial lines from the upstream to downstream centreline with an increment of 10◦

and along different half circles with their centres gradually going downstream in or-

der to coincide with the mesh. Given that the sampling positions are distributed on

radial lines at different polar angles, hereinafter, polar coordinate (r, θ), rather than
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cartesian coordinates, will be used to describe the sampling positions, where r and θ

are the radial distance from the origin and the angle with the upstream centreline,

respectively.
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Figure 3.1: Sampling positions from the cylinder near field to the far field.

3.3.3 Wavelet decomposition technique and multiresolution

analysis

The CWT of a pressure fluctuation signal p′(t) consists of a projection onto a basis

of compact support functions obtained through the dilation and translation of the

mother wavelet Ψ(t). The wavelet coefficient w, as a function of the resolution time

scale (s) and the translation time (t), is obtained by (Meneveau, 1991)

w(s, t) = C
−1/2
Ψ s−1/2

∫ ∞
−∞

Ψ∗
(
τ − t
s

)
p′(τ)dτ, (3.1)

where Ψ∗((τ − t)/s) is the complex conjugate of the dilated and translated mother

wavelet Ψ(t) and C
−1/2
Ψ is a constant to take into account the average value of Ψ(t).
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Similarly, the wavelet coefficient of the DWT is obtained as follows (Meneveau, 1991)

w(s)(n) =
∞∑

i=−∞

g(s)(n− 2si)p′(i), (3.2)

where s is the discretized scale and g(s)(i) represents the discrete version of Ψ(s)(t).

The decomposition of near-field pressure fluctuations into acoustic and hydrody-

namic components is accomplished by applying a proper threshold to the wavelet

coefficients. According to Mancinelli et al. (2017), their first wavelet decomposition

technique requires an additional far-field pressure fluctuation signal to separate the

near-field pressure fluctuation. On one hand, the physical basis of such a decompo-

sition technique is that the hydrodynamic pressure fluctuation decays rapidly as the

distance increases (Suzuki and Colonius, 2006; Mancinelli et al., 2017). This means

that the near-field acoustic pressure fluctuation is the only component to reach the

far field and thus correlates well with the far-field sound. On the other hand, the

hydrodynamic pressure fluctuation is temporally and spatially localized and there-

fore compresses well on a wavelet basis (Grizzi and Camussi, 2012). Starting from an

initial guess of the threshold

T0 =
√

2〈p′2〉 log2Ns, (3.3)

where 〈p′2〉 and Ns are the variance and length of the pressure fluctuations respec-

tively, the threshold for the decomposition procedure is updated iteratively until the

separated acoustic pressure fluctuation correlates best with the far-field sound. Based

on the guessed threshold in each iterative process, the near-field pressure fluctuation is

decomposed into acoustic and hydrodynamic components. It is then straightforward
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to compute the cross-correlation coefficient between the far-field pressure fluctuation

and the guessed separated acoustic component of the near-field pressure fluctuation.

Once the maximum cross-correlation coefficient peak is found, the threshold cor-

responding to this peak is selected for the decomposition procedure. During the

decomposition procedure, the wavelet coefficients greater than the selected threshold

in absolute value correspond to the hydrodynamic component. The acoustic com-

ponent is thus the remaining part of the pressure fluctuation. Since the separated

acoustic pressure fluctuations are radiating, they are also known as sound sources.

The separated hydrodynamic pressure fluctuations are non-radiating, therefore they

are referred to as the pseudo-sound by Ribner (1962). The reader may refer to

Mancinelli et al. (2017) for more details of the wavelet decomposition technique used

in the present study.

For the multiresolution analysis, the pressure fluctuation signal p′(t) discretized

at Ns points can be decomposed into L + 1 components, including a coarse-scale

approximation AL and L detailed components Di of the signal, as follows (Percival

and Walden, 2000; Percival and Mofjeld, 1997; Whitcher et al., 2000; Wu et al., 2013)

p′(t) = AL +
L∑
i=1

Di, (3.4)

where AL and Di can be expressed as

AL =
Ns−1∑
k=0

ck2
−L/2Φ(2−Lt− k), (3.5)

Di =
Ns−1∑
k=0

di,k2
−i/2Ψ(2−it− k), (3.6)
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and L, ck, di,k, Φ(t) and Ψ(t) are the number of levels of wavelet decomposition, scaling

coefficients, detail coefficients, scaling function and mother wavelet respectively.

In the present study, Daubechies 12 and 20 filters are used for the wavelet decom-

position technique of Mancinelli et al. (2017) and the wavelet multiresolution analysis

respectively. The wavelet procedures are then carried out using Matlab.

3.4 Results and discussions

In this section, we present results on the spectral and statistical properties of near-

and far-field pressure signals. The radiating sound sources and non-radiating pseudo-

sounds generated just behind the normal shocks, in the region of expansion fans and

the region of the fluctuating separated shear layers are quantitatively analyzed and

discussed. Wavelet multiresolution analysis of acoustic and hydrodynamic pressure

fluctuations is performed to study the sound and pseudo-sound signatures related to

various scales of turbulent structures.

3.4.1 Near-field flow dynamics

Fig. 3.2a shows an instantaneous dilatation field around a circular cylinder at Re =

3900 and Ma = 0.9. As the flow passes through the upper and lower surfaces of the

circular cylinder, it accelerates to form two corresponding supersonic zones. Starting

from position S on the cylinder surface in Fig. 3.2b, the flow becomes locally su-

personic. Due to the convex surface of the circular cylinder, two symmetric oblique

shocks, one of which intersects with the cylinder surface at position O, are formed.

Abrupt changes across the oblique shocks can be clearly seen from the streamwise
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Figure 3.2: Cylinder near-field flow fields: (a) instantaneous dilatation field with a
contour level between −0.1c∞/D and 0.1c∞/D; and (b) instantaneous streamwise
velocity field. A, B, C and D are sampling probes where A and B are in the region
just behind the normal shocks, and C and D are in the regions of expansion fans and
fluctuating separated shear layers respectively; Position S is where the flow becomes
supersonic andO is the intersection between an oblique shock and the cylinder surface.

velocity field in Fig. 3.2b. The supersonic flows behind the oblique shocks are further

redirected due to the inclined separated shear layer, which forms two expansion fans

within the two supersonic zones respectively. Unsteady expansion waves are observed

in the expansion fans, followed by unsteady compression waves that interact with

the normal shocks. Such interactions between expansion waves, compression waves,

normal shocks, fluctuating separated shear layers and the wake produce sounds that

propagate to the far field. Regarding the separated shear layers, at x < 3D, the su-

personic flows stabilize the separated shear layers and thus the separated shear layers

become quasi-steady. From 3D < x < 6D, the shear layer instability causes the dis-

tortion and fluctuation of the separated shear layers and the flow becomes unsteady.

The two elongated separated shear layers incline towards the cylinder centreline,

which narrows the wake between them. Due to the fluctuation of the separated shear
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layers, considerable sound is generated in the near field behind the separated shear

layers and the normal shocks, which then propagate to the downstream far field. Re-

garding the normal shocks, within −1D < y < 1D, the shocks strongly interact with

the fluctuating separated shear layers and the wake. Beyond this range, the normal

shocks are quasi-steady. It has to be noted that the normal shocks are relatively thick

due to a slight lack of grid resolution in the shock-containing regions. Although there

is influence on the flow and sound generation in the far-shock regions, this influence is

minor. This is because the damping effects introduced by the artificial bulk viscosity

are limited into the shock-containing regions only by the use of the Heaviside function.

A detailed assessment of the influence of the present shock treatment on the flow and

sound generation in the far-shock regions was given by Mani et al. (2009a). More de-

tails about the present shock treatment are also available in Appendix A. Regarding

the turbulent wake, turbulent structures are generated between the two separated

shear layers and convected downstream. The interaction between these structures

and the normal shocks not only generates significant noise at the ends of the normal

shocks but also distorts the normal shocks due to pressure variations. In Sect. 3.4.3,

pressure fluctuation signals at positions A (6.6D, 170◦) and B (8.6D, 160◦) behind the

fluctuating separated shear layers and the normal shocks are collected for analyses.

In addition, in Sect. 3.4.4, pressure fluctuation signals at positions C (2.5D, 160◦)

and D (4.6D, 170◦), one in the region of expansion waves and the other in the region

of the fluctuating separated shear layers, are studied using wavelet analysis.

The PSD of the crosswise velocity fluctuation at x/D = 5 on the wake centreline

is presented in Fig. 3.3. It is evident that the peak of the spectrum occurs at

about St = 0.4. Since x/D = 5 on the wake centreline is located between the two
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Figure 3.3: PSD of the crosswise velocity fluctuation at x/D = 5 on the wake centre-
line with a dominant peak around St = 0.4.
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Figure 3.4: Comparison of pressure coefficients on the cylinder surface at the same
Mach number (Ma = 0.9) between the present DNS and the CLES of Xia et al.
(2016).

separated shear layers, the frequency St = 0.4 represents the fluctuating frequency

of the separated shear layers. At higher frequencies, harmonics are observed. As the

frequency increases, the spectrum exhibits a broadband nature with a decrease in
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magnitude. Fig. 3.4 compares the present wall pressure coefficient on the cylinder

surface with that obtained from the CLES at Re = 40, 000 and Ma = 0.9 performed

by Xia et al. (2016). It is observed that Cp decreases from the front stagnation point

until it reaches a minimum value between 90◦ and 100◦. In the favourable pressure

gradient region, although there is an order of magnitude difference between Reynolds

numbers (still in the subcritical range), the prediction of Cp in the present DNS

agrees well with that obtained in the CLES of Xia et al. (2016). After the minimum

value, Cp increases slightly then remains constant until it reaches the rear stagnation

point. However, in the adverse pressure gradient and detached region, the pressure

coefficient in the present DNS is larger than the one in CLES, which was also observed

in the comparison of Cp between DNS and LES of cylinder flows at Ma = 0.2, as

presented in Fig. 2.6 of Chapter 2.

3.4.2 Far-field sound propagation
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Figure 3.5: PSD of pressure fluctuations at four far-field positions with a same dom-
inant peaks around St = 0.4.
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Fig. 3.5 shows the PSD of pressure fluctuations at 4 far-field positions ranging

from 140◦ to 170◦ on the outer half circle as shown in Fig. 3.1. The PSD is computed

at each sampled position and averaged in the spanwise direction. It is clear that all

four spectra have a peak value around St = 0.4 which is the fluctuating frequency

of the separated shear layers. In addition, a valley of spectra is observed between

St = 0.16 and 0.17. Unlike the subsonic cases (Khalighi et al., 2010; Guo et al., 2016;

Liu et al., 2019) in which far-field sound has a dominant frequency at St = 0.2, no peak

of spectra is observed at St = 0.2 in the present case, suggesting that the dominant

sound field generated by a circular cylinder under the present transonic condition is

different, in nature, from that under subsonic conditions. The quadrupoles, rather

than dipoles, are the dominant sound field in the current condition (Curle, 1955). At

higher frequencies (St > 2), the larger the distance from the cylinder wake centreline

is, the more rapidly the spectrum decreases.

In order to have an understanding of sound generation and propagation in a

transonic flow past a circular cylinder, the pressure fluctuations in both near field

and far field are first studied in Fourier domain. Fig. 3.6a and b show the SPSL at

St = 0.2 and 0.4 respectively. The SPSL is defined as

SPSL = 10 log10

(
PSD ·∆fref

p2
ref

)
, (3.7)

where ∆fref = 1Hz and pref = 2 × 10−5Pa are the reference frequency and the

reference pressure respectively. As can be seen in Fig. 3.6, the curved normal shock

waves act as noise barriers that prevent the sound from propagating upstream because

of the supersonic flows in the upstream of the shock waves. This is also in consistence

with Tamura and Tsutahara (2010). In the upstream of the normal shock waves,
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the SPSL is significantly lower, making the upstream region a region of ‘silence’. In

the downstream of the normal shock waves, the SPSL is high at both St = 0.2 and

0.4, with the one at St = 0.4 being higher. For St = 0.4, the SPSL is highest in

the region of the fluctuating separated shear layers. As the radial distance from this

region increases, the SPSL decreases due to the decaying of the propagating sound

waves.
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Figure 3.6: Contours of the SPSL in decibel at (a) St=0.2 and (b) St=0.4.

The far-field SPSL directivities at St = 0.2 and 0.4 are shown in Fig. 3.7 for

different polar angles at a radial distance r/D = 16.8 from (3.3D, 180◦). In contrast

to subsonic regimes in which sound pressure directivities exhibit doublet-like shapes
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Figure 3.7: Directivities of the SPSL along a circle centered at (3.3D, 180◦) with a
radius of 16.8D at (a) St=0.2 and (b) St=0.4.

(Inoue and Hatakeyama, 2002; Khalighi et al., 2010; Lysenko et al., 2014), the di-

rectivities under the present condition have significantly higher pressure levels in the

downstream region and much lower levels in the upstream region. This is because

quadrupole noise plays a more important role than dipole noise at this Mach number

(Curle, 1955). At both St = 0.2 and St = 0.4, abrupt changes in SPSL are found at

120◦ and 240◦ which correspond to the curved normal shock waves as shown in Fig.

3.2a and Fig. 3.6.

3.4.3 Wavelet decomposition of near-field pressure fluctua-

tions just behind the normal shocks

The PSD of pressure fluctuations at four different positions on the wake centreline

behind the cylinder are presented in Fig. 3.8. All four spectra exhibit a consistent

trend. Namely, the spectra are relatively flat in the lower frequency range (i.e.,

St < 1) and then decrease slowly in the middle frequency range (i.e., 1 < St < 3). At
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Figure 3.8: PSD of pressure fluctuations at four positions on the centreline of the
wake behind the cylinder.

higher frequencies (i.e., St > 3), the spectra decay rapidly. In terms of magnitude,

the PSD at x/D = 6.6 has largest magnitude. This is probably because the position

(6.6D, 180◦) is the closest to the most fluctuating part of the separated shear layers.

Conversely, the PSD at x/D = 10.7 is the farthest and has smallest magnitude.

In order to quantitatively assess the sound source and pseudo-sound in the near

field, we isolate the radiating component of near-field pressure fluctuations from the

non-radiating component. Two instantaneous pressure fluctuation signals at posi-

tions A and B just behind the normal shocks are decomposed into acoustic and hy-

drodynamic components using the aforementioned wavelet decomposition technique

(Mancinelli et al., 2017). Fig. 3.9 shows variations of the acoustic and hydrodynamic

cross-correlation coefficient peaks between either the near-field separated acoustic or

hydrodynamic component and three far-field pressure fluctuations respectively. It is

evident that the acoustic cross-correlation coefficient peaks increase gradually until
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Figure 3.9: Cross-correlation coefficient peaks between the far-field pressure fluctua-
tion at three different locations and the near-field separated acoustic (hydrodynamic)
component at positions (a) A (6.6D, 170◦) and (b) B (8.6D, 160◦). ‘Acoust.’ repre-
sents acoustic cross-correlation coefficient peak and ‘Hydrodyn.’ represents hydrody-
namic cross-correlation coefficient peak. The angles 150◦, 160◦ and 170◦ represent
that the pFF is selected at (31.2D, 150◦), (31.6D, 160◦) and (31.9D, 170◦) respec-
tively. The iteration at which the threshold is selected for the wavelet decomposition
procedure is highlighted with a vertical dashed line.

they reach the maximum after which they diminish as the threshold decreases by 1%

after each iteration. At the optimal iterations, the cross-correlation coefficient peaks

between the acoustic and far-field pressure fluctuations are at a higher level than

the ones between the hydrodynamic and far-field pressure fluctuations, as a result

of the fact that acoustic pressure fluctuations radiate to the far field and thus cor-

relate well with the far-field sounds whereas hydrodynamic pressure fluctuations do

not radiate to the far field. Although the cross-correlation levels are somewhat dif-

ferent because of a different selection of far-field pressure fluctuations for the wavelet

decomposition procedure, it has to be noted that the maximum values of all the acous-

tic cross-correlation coefficient peaks are reached around the 84th iteration at which
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the threshold is selected for the wavelet decomposition. In other words, the wavelet

decomposition procedure is independent of the selection of far-field pressure fluctua-

tions. In the following decomposition procedures, the far-field position (31.6D, 160◦)

is selected.
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Figure 3.10: PSD of the near-field pressure fluctuations and their separated acoustic
and hydrodynamic components at positions (a) A (6.6D, 170◦) and (b) B (8.6D, 160◦).
The spectra are bin-averaged over 1/6 octave. A Hann window is adopted to avoid
spectral leakage.

Fig. 3.10 shows the PSD of the near-field pressure fluctuations and their sepa-

rated acoustic and hydrodynamic components at positions A and B just behind the

normal shocks. At position A, the hydrodynamic pressure fluctuation dominates over

the acoustic counterpart at most frequencies, with the disparity being larger in the

frequency range St > 0.5. At the fluctuating frequency of the separated shear layers

St = 0.4, the acoustic pressure fluctuation dominates over the hydrodynamic one.

Thus, the pressure fluctuation at position A consists more of non-radiating pseudo-

sound and less of radiating sound source at most frequencies while the situation is

inverse at the fluctuating frequency of the separated shear layers. At position B, it is

evident that the acoustic pressure fluctuation dominates over the hydrodynamic one
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at most frequencies including the fluctuating frequency of the separated shear layers.

This is because, position B is relatively far away from the fluctuation of the separated

shear layers and the hydrodynamic pressure fluctuation generated in the nearer field

decays rapidly as the distance from this field increases (Suzuki and Colonius, 2006).
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Figure 3.11: Kernel density estimated PDF of the near-field pressure fluctuations
and their separated acoustic and hydrodynamic components at positions (a) A
(6.6D, 170◦) and (b) B (8.6D, 160◦).

Fig. 3.11 shows the kernel density estimated PDF of the near-field pressure fluc-

tuations and their separated acoustic and hydrodynamic components at positions A

and B. Given that the present variables are in a wide range while most values are

concentrated around some specific values (e.g. the origin), neither large nor small

bins are appropriate for the histogram. Here, the KDE produces smooth estimate

of the PDF. Two important parameters of the non-parametric KDE are the kernel

type and the bandwidth which influence the smoothness of the resulting distribution.

In the present analysis, we adopt a Gaussian kernel and a bandwidth based on the
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minimization of the mean integrated squared error (Scott, 1992)

H = σ(4/3)(1/5)N (−1/5)
s , (3.8)

where σ is the standard deviation of the pressure fluctuation time series. According

to Fig. 3.11, for both positions, the normalized hydrodynamic pressure fluctuations

have a single peak around zero whereas the normalized acoustic pressure fluctuations

have two peaks, one on the negative and the other on the positive axis. For the

hydrodynamic pressure fluctuations, the single peak around zero is an evidence of the

intermittent nature of hydrodynamic pressure fluctuations. This is because largest

possibility around zero suggests that there is no hydrodynamic pressure fluctuations

during much of the time. For the acoustic pressure fluctuations, the two distinct peaks

in the PDF are evidences of the propagating acoustic waves: the pressure fluctuations

switch to positive and negative values whose magnitudes are nearly the same. These

peaks in the PDF are related to the dominant tone of the acoustic pressure fluctuation

at the fluctuating frequency of the separated shear layers. The stronger the tone is,

the further from the origin these peaks will be.

3.4.4 Wavelet decomposition of pressure fluctuations in the

regions of expansion fans and fluctuating separated shear

layers

In this subsection, the pressure fluctuations at two near-field positions, one in the

region of expansion fans and the other in the region of the fluctuating separated

shear layers, are decomposed through the same procedures as described in the Sect.
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Figure 3.12: PSD of the near-field pressure fluctuations and their separated acoustic
and hydrodynamic components at positions (a) C (2.5D, 160◦) and (b) D (4.6D, 170◦).
The spectra are bin-averaged over 1/6 octave. A Hann window is adopted to avoid
spectral leakage.

Fig. 3.12 shows the PSD of near-field pressure fluctuations and their separated

acoustic and hydrodynamic components at positions C and D. At position C in the

region of expansion fans, the hydrodynamic pressure fluctuation is negligibly weak

in comparison to the strongly dominant acoustic pressure fluctuation in the whole

frequency range, namely, the pressure fluctuation is nearly an acoustic one. This is

because, at position C in the region of expansion fans, the flow has not yet become

turbulent. For the acoustic component, although a local peak of the PSD of acoustic

component at St = 0.4 still occurs, the magnitude of the PSD is much larger at lower

frequencies (i.e., St < 0.1). Thus, pressure waves in the region of expansion fans are

principally low-frequency acoustic waves.

At position D in the region of the fluctuating separated shear layers, the acoustic
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and hydrodynamic pressure fluctuations show comparable strengths at most frequen-

cies except at the lowest frequencies and the frequency of the fluctuating separated

shear layers. At the frequency of the fluctuating separated shear layers St = 0.4, the

radiating acoustic component significantly dominates over the non-radiating hydrody-

namic counterpart, which is intuitively reflected by the observation in Fig. 3.6b that

the level of pressure fluctuation still remains very high in the downstream far field due

to the strong radiation of the acoustic component. It is thus clear that, although the

pressure fluctuation at position D consists of comparable amount of radiating acous-

tic sound source and non-radiating hydrodynamic pseudo-sound at most frequencies,

it mainly consists of radiating acoustic sound source at the fluctuating frequency of

the separated shear layers. In addition, the level of acoustic pressure fluctuation is

higher at position D than at positions A, B and C, suggesting that sound pressure

waves are generated primarily by the fluctuation of the separated shear layers.
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Figure 3.13: Kernel density estimated PDF of the near-field pressure fluctuations
and their separated acoustic and hydrodynamic components at positions (a) C
(2.5D, 160◦) and (b) D (4.6D, 170◦).

Fig. 3.13 presents the kernel density estimated PDF of the near-field pressure
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fluctuations and their separated acoustic and hydrodynamic components at positions

C and D. At both positions, the hydrodynamic pressure fluctuation has a single peak

of PDF around zero. These peaks are higher than those at positions A and B because

the intermittent hydrodynamic pressure fluctuations occur less frequently at these

locations than in the highly turbulent near-field region behind the normal shocks.

In addition, it is found that the PDF distribution of acoustic pressure fluctuations

are flatter and the two peaks are further away from the origin at positions C and

D than at positions behind the normal shocks. This is because, the low-frequency

components of the acoustic pressure fluctuation signals at both C and D are more

energetic than the high-frequency components, as also demonstrated by the PSD

of acoustic pressure fluctuations in Fig. 3.12. In other words, the more energetic

components occur less frequently, which results in further and shorter peaks of the

PDF of the acoustic pressure fluctuations.

3.4.5 Wavelet multiresolution analysis of acoustic and hydro-

dynamic pressure fluctuations

In order to quantitatively assess the sound and pseudo-sound signatures related to

different scales of turbulent structures, the acoustic and hydrodynamic pressure fluc-

tuations at position A in the region just behind the normal shocks and position D

in the region of the fluctuating separated shear layers are analyzed using the wavelet

multiresolution technique. Here, the signals are decomposed into 17 wavelet levels

in which higher levels correspond to larger scale structures (lower frequency bands)

while lower levels correspond to smaller scale structures (higher frequency bands).
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The central frequencies of different wavelet components of the acoustic and hydro-

dynamic pressure fluctuations are summarized in Table 4.1. Such central frequencies

represent various scales of turbulent structures. According to the central frequencies

listed in Table 4.1, the frequency band of the 9th wavelet component contains the

fluctuating frequency of the separated shear layers St = 0.4.

Table 3.1: Central frequencies of the wavelet components of acoustic and hydrody-
namic pressure fluctuations.

A (6.6D, 170◦) D (4.6D, 170◦)
Level fA fH fA fH
1 99.7302 99.7302 101.2309 101.2309
2 54.9461 54.9461 53.6518 53.6518
3 26.2540 26.2540 26.6639 26.6639
4 14.0981 12.9987 14.3048 14.4003
5 6.2552 6.5114 6.5173 6.4448
6 3.4229 3.1864 3.4252 3.4025
7 1.7129 1.8172 1.7289 1.7297
8 0.9147 0.8452 0.7914 0.9056
9 0.3948 0.3956 0.3948 0.4866
10 0.3041 0.2316 0.3685 0.2151
11 0.1441 0.1419 0.1198 0.1121
12 0.0546 0.0629 0.0734 0.6921
13 0.0301 0.0326 0.0332 0.0333
14 0.0163 0.0162 0.0170 0.0170
15 0.0089 0.0075 0.0106 0.0106
16 0.0049 0.0040 0.0040 0.0040
17 0.0016 0.0023 0.0016 0.0016
Note: The frequencies are normalized by D and u∞.

We assess the sound and pseudo-sound signatures related to different scale struc-

tures by computing the OASPL of each wavelet component of the acoustic and

hydrodynamic pressure fluctuations. The OASPL is used as an indicator of the

sound strength and has been defined in many references (Grizzi and Camussi, 2012;
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Figure 3.14: OASPL of different wavelet components of the acoustic and hydrody-
namic pressure fluctuations at positions (a) A (6.6D, 170◦) and (b) D (4.6D, 170◦).

Mancinelli et al., 2017). Similarly, we defined the OASPL of the ith wavelet compo-

nent (OASPLi) of an acoustic or hydrodynamic pressure fluctuation as

OASPLi = 20.0 log10

(
p′i,rms
pref

)
, (3.9)

where p′i,rms is the root-mean-square of ith wavelet component of acoustic or hydrody-

namic pressure fluctuations and the reference pressure pref = 2× 10−5Pa. Fig. 3.14

shows the OASPL of different wavelet components of the acoustic and hydrodynamic

pressure fluctuations at positions A and D. At both positions, it is found that the 9th

wavelet component of both acoustic and hydrodynamic pressure fluctuations, whose

frequency bands contain the fluctuating frequency of the separated shear layers, con-

tributes the most to the OASPL. This suggests that the vortical structure induced

by the fluctuation of the separated shear layers is most closely related with the sound

and pseudo-sound signatures. At position A, the hydrodynamic wavelet components
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have higher OASPL than the acoustic ones with the disparity being larger for compo-

nents at lower wavelet levels (higher frequency bands), as also suggested by the PSD

in Fig. 3.10a.

At position D, larger scale structures contribute more significantly to the acoustic

OASPL than to the hydrodynamic OASPL while smaller scale structures contribute

more to the hydrodynamic OASPL than to the acoustic OASPL. For the acoustic

wavelet components, an increase of OASPL at the 16th wavelet component reveals

an important contribution to the sound generation from large scale structures which

are probably related to the low-frequency expansion and compression waves. It should

be noted that, for the hydrodynamic wavelet components, the 9th wavelet component

and the 11th wavelet component contribute equivalently to the OASPL. However, at

the central frequencies of the 9th and 11th wavelet component of the hydrodynamic

pressure fluctuation, the PSD values differ. This is because the frequency band of

the 11th wavelet component is narrower than that of the 9th. Namely, the higher the

wavelet level is, the narrower the bandwidth is.

3.5 Conclusions

The vortex shedding behind a circular cylinder ceases at Ma = 0.9. This chapter ex-

plores the sound and pseudo-sound generated by various flow features in the absence

of detectable vortex shedding, as well as the sound and pseudo-sound signatures re-

lated to various scales of turbulent structures. First, we performed DNS of transonic

flow past a circular cylinder at Re = 3900 and Ma = 0.9. The flow contains complex

features, i.e., formation of oblique shocks, expansion fans, compression waves, fluc-

tuating separated shear layers, suppressed vortex shedding and quasi-steady normal
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shocks. In the far field downstream of the normal shocks, a dominant tone at the

fluctuating frequency of the separated shear layers is observed. Second, to quantita-

tively assess the radiating acoustic sound source and the non-radiating hydrodynamic

pseudo-sound generated by various flow features, the wavelet decomposition technique

is applied to decompose the near-field pressure fluctuations, generated by various flow

features, into the radiating acoustic pressure fluctuations and non-radiating hydrody-

namic pressure fluctuations. In the near-field region just behind the normal shocks,

as the distance from the fluctuating separated shear layer increases, the acoustic

pressure fluctuation takes the place of the hydrodynamic pressure fluctuation as the

dominant component of pressure fluctuations. In the region of expansion fans, the

pressure fluctuation is principally a low-frequency acoustic pressure fluctuation. In

the region of fluctuating separated shear layers, although the pressure fluctuation

consists of a comparable amount of radiating acoustic and non-radiating hydrody-

namic components at most frequencies, the pressure fluctuation mainly consists of

radiating acoustic component at the fluctuating frequency of the separated shear lay-

ers. Overall, although expansion waves, compression waves and their interactions

with the normal shocks and the wake produce acoustic waves in the near field, the

dominant acoustic waves are generated primarily by the fluctuation of the separated

shear layers. Finally, we conduct a wavelet multiresolution analysis of the acoustic

and hydrodynamic pressure fluctuations at two wake positions, one in the region just

behind the normal shocks and the other in the region of the fluctuating separated

shear layers. It is found that, among the various-scale structures, the vortical struc-

ture induced by the fluctuation of the separated shear layers is most closely related
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with both sound and pseudo-sound signatures. These findings provide valuable in-

sight into noise control in aeronautical applications. This way focus of noise control

can be given to the radiating acoustic component of pressure fluctuation and the most

strongly radiating sound source region.
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Chapter 4

Wavelet multiresolution analysis of

subsonic turbulent near wakes

behind a circular cylinder

This unsubmitted work was done as part of the present research.

4.1 Introduction

In engineering, the oscillating turbulent wake behind a circular cylinder induces un-

even pressure distributions on the upper and lower surfaces of the cylinder, generating

strongly radiating sound sources as well as vibrations on the cylinder itself. A study of

different-scale vortex structures in turbulent cylinder wakes provides insight into con-

trolling the undesirable aeolian noise and vortex-induced vibration (VIV) in practical

engineering applications.

In the past several decades, a number of methods have been proposed to study
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the large-scale vortex structures, such as the vorticity-based techniques (Hussain and

Hayakawa, 1987; Zhou and Antonia, 1993), the window average gradient method (An-

tonia and Fulachier, 1989; Bisset et al., 1990; Zhang et al., 2000), the proper orthog-

onal decomposition (Neumann and Wengle, 2004; Sullivan and Pollard, 1996), etc.

However, these methods were only applicable to detect large-scale vortex structures.

The investigations of structures at other scales were therefore rare.

Only in the recent two decades, the orthogonal wavelet multirosolution analysis

has been broadly used to study the vortex structures in incompressible turbulent

cylinder wakes. Rinoshika and Zhou (2005) applied an orthogonal wavelet multiroso-

lution technique to the velocity data measured in two orthogonal planes in the cylinder

turbulent near wake at Re = 5600 using cross-wires. They first observed a secondary

spanwise structure near the saddle point at the vortex-shedding frequency, whose

vorticity is opposite-signed to that of the Kármán vorticies. Later on, Zhou et al.

(2006) examined the characteristics of the vortical structures in cylinder turbulent far

wakes at three Reynolds numbers Re = 2000, 4000, and 6000 using the wavelet mul-

tiresolution technique. They found that the dominant contributions to the vorticity

variances are from the intermediate- and relatively small-scale structures, and that

the contributions from the large- and intermediate-scale structures to the vorticity

variances decrease as the Reynolds number increases. In addition, they found that

the contributions from the small-scale structures to the streamwise, crosswise and

spanwise vorticity variances jump significantly as the Reynolds number changes from

Re = 2000 to 4000, reinforcing the conception that turbulence ‘remembers’ its origin.

Razali et al. (2010) studied the three-dimensional velocity and vorticity characteris-

tics in the near wake of a stationary circular cylinder at Re = 7200 with an inclination
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angle αin = 0◦, 15◦, 30◦ and 45◦ respectively. They found that large-scale structures

are the dominant contributors to the Reynolds stresses at all inclination angles, and

that the wake vorticity is mostly dominated by the small- and intermediate-scale

structures and has the smallest values at large-scale structures.

Despite the numerous studies on various-scale vortical structures in incompressible

turbulent cylinder wakes, there has been no study on the characteristics of vortex

structures at a broad range of scales in compressible turbulent cylinder wakes in which

intermittent turbulent events are often accompanied by the generation of acoustic

waves and pseudo-sounds. In addition, a study of compressible turbulent wakes, in

both the near and far field, goes a long way towards understanding the acoustic and

pseudo-sound generation related to different-scale vortex structures. As a first step,

the present study aims at investigating the characteristics of vortex structures at

different scales in turbulent cylinder wakes with the fluid compressibility effect taken

into account.

In this chapter, the signals of velocity and vorticity fluctuations, obtained from

DNS of a circular cylinder at Re = 3900, Ma = 0.2 and 0.4, are decomposed using the

wavelet multiresolution technique described in Sect. 3.3.3. We present results on the

characteristics of different-scale vortex structures in Sect. 4.2. More specifically, the

wavelet multiresolution analysis of crossflow velocity fluctuations in the far wake is

presented in Sect. 4.2.1. An analysis of the contributions to variances of velocity and

vorticity fluctuations from different-scale vortex structures is shown in Sect. 4.2.2.

The autocorrelation and intermittency of various-scale vortex structures are presented

in Sect. 4.2.3 and Sect. 4.2.4 respectively. Finally, the conclusions are summarized

in Sect. 4.3.
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4.2 Results and discussions

In the present study, the time resolution for both cases is ∆t = 9.8×10−3D/c∞ where

D is the diameter of the cylinder and c∞ is the speed of sound. This time resolution is

sufficient to resolve the full physical frequency range. The signals are decomposed into

17 wavelet levels in which higher levels correspond to larger-scale structures (lower

frequency bands) while lower levels correspond to smaller-scale structures (higher

frequency bands). Given that the contributions to the sampled signals from very

low and high levels are sufficiently small, we only consider 10 consecutive wavelet

components (i.e., wavelet levels i = 7 − 16 for Ma = 0.2 and wavelet levels i =

6−15 for Ma = 0.4) in a frequency range between 1/40fshedding and 10fshedding where

fshedding is the vortex shedding frequency. Wavelet components 1 and 2 represent

small-scale structures, components 3 and 4 represent intermediate-scale structures,

component 5 represents the organized large-scale structures located in the vortex

shedding frequency band, and components 6-10 represent large-scale structures.

4.2.1 Spectra of crossflow velocity fluctuations and their wavelet

components

Figure 4.1(a) and (b) show the spectra of the crossflow velocity fluctuations at x/D =

32 for Ma = 0.2 and 0.4. The spectra associated with both cases exhibit a dominant

peak around St = 0.2, which is due to the large-scale Kármán vortex structures.

Figure 4.1(c) and (d) show the spectra of various wavelet components of the crossflow

velocity fluctuations at the same location x/D = 32 for Ma = 0.2 and 0.4. It is

evident that the 5th wavelet components for both Ma = 0.2 and 0.4 contain the
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Figure 4.1: (a) and (b): Comparison between spectra (φv) of the crossflow velocity
fluctuations at x/D = 32 for Ma = 0.2 and 0.4, respectively; (c) and (d): spectra
of various wavelet components the crossflow velocity fluctuations at x/D = 32 for
Ma = 0.2 and 0.4, respectively.

dominant peaks at St = 0.2. Other wavelet components also reproduce the spectra of

the signals within their respective frequency bandwidth, hence validating the present

wavelet multiresolution decomposition of the crossflow velocity fluctuations. The

central frequencies of the 10 consecutive wavelet components are presented in Table

4.1. Here, the central frequency is the geometric mean of the lower and upper cutoff

frequencies at which a spectrum is decreased to a value of 3 dB below the peak of the

spectrum.
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Table 4.1: Central frequencies of wavelet components 1–10 of the crossflow velocity
fluctuations at x/D = 32 for Ma = 0.2 and 0.4.

Central Frequency Central Frequency
Component Ma = 0.2 Ma = 0.4 Component Ma = 0.2 Ma = 0.4

1 2.0318 2.1297 6 0.0705 0.0870
2 1.1960 1.2395 7 0.0399 0.0494
3 0.5751 0.5720 8 0.0185 0.0216
4 0.2669 0.2882 9 0.0111 0.0085
5 0.2078 0.2030 10 0.0049 0.0054

Note: The frequencies are normalized by D and u∞.

4.2.2 Contributions to velocity and vorticity variances from

different-scale vortex structures

Figures 4.2(a-c) present the variances of wavelet components (ui, vi, wi) of streamwise,

crosswise and spanwise velocity fluctuations at (2.48D, 0.45D) in the cylinder near

wake for Ma = 0.2 and 0.4. In the streamwise direction, the energy distributions

among different-scale vortex structures for both Ma = 0.2 and 0.4 are identical. In

the crosswise direction, the energy distributions are essentially identical except at the

5th wavelet component where there is a small difference between Ma = 0.2 and 0.4.

This suggests that the fluid compressibility has little influence on the energy distri-

bution among different-scale vortex structures in the streamwise direction and has

only small influence on the energy contained in the organized large-scale structures in

the crosswise direction. Besides, the 5th wavelet components in the streamwise and

crosswise directions, which correspond to the organized large-scale vortex structures,

make the highest contribution (about 50%) to the variances of streamwise and cross-

wise velocity fluctuations. For the variances of spanwise velocity fluctuations, the 3rd

wavelet component for Ma = 0.2 and the 4th wavelet component for Ma = 0.4 are
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Figure 4.2: Variances of wavelet components of (a–c) velocity and (d–f) vorticity
fluctuations at (2.48D, 0.45D) for Ma = 0.2 and 0.4, normalized by the original
velocity (u0, v0, w0) and vorticity (ωx,0, ωy,0, ωz,0) fluctuations.

most energetic, indicating that the most energetic scale of vortex structures becomes

smaller in the spanwise direction as the fluid compressibility decreases.

Figures 4.2(d-f) show the variances of wavelet components (ωx,i, ωy,i, ωz,i) of vor-

ticity fluctuations at (2.48D, 0.45D) for Ma = 0.2 and 0.4. It is observed that small-

scale vortex structures have highest magnitude while large-scale vortex structures

have lowest magnitude in the variances of streamwise, crosswise and spanwise vortic-

ity fluctuations, suggesting that the dominant contributors to the three variances of

vorticity fluctuations are from small-scale structures in the cylinder near wake.
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Figure 4.3: Autocorrelation coefficients of the crossflow velocity fluctuations and their
various wavelet components at (2.48D, 0.45D) for Ma = 0.2 and 0.4.

4.2.3 Autocorrelation coefficients of various-scale vortex struc-

tures

The autocorrelation coefficient is defined as

R = 〈vi(t)vi(t+ τ)〉/〈vi(t)2〉, (4.1)

where vi is the ith wavelet component of the crossflow velocity fluctuation and τ is a

time delay.

Figure 4.3 presents the autocorrelation coefficients of the crossflow velocity fluctu-

ations and their various wavelet components at (2.48D, 0.45D) for Ma = 0.2 and 0.4.
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The autocorrelation level of the original crossflow velocity fluctuation for Ma = 0.2 is

slightly lower than that for Ma = 0.4 after tu∞/D = 50. However, at the dominant

scale, namely, at the scale of the organized large-scale vortex structures, the autocor-

relation level for Ma = 0.2 is much lower than that for Ma = 0.4 after tu∞/D = 50,

suggesting that the organized large-scale vortices shed from the circular cylinder tend

to better remember their initial characteristics as the fluid compressibility increases.

At scales smaller or larger than the organized large-scale vortex structures, there are

no significant differences in magnitude between Ma = 0.2 and 0.4.

4.2.4 Intermittency of various-scale vortex structures

The energy E(s)(n) of a wavelet coefficient can be approximated by the square of the

wavelet coefficient (Wu et al., 2013):

E(s)(n) = |w(s)(n)|2, (4.2)

The total energy at scale s is then computed as

E(s) =
∑
n

E(s)(n), (4.3)

The intermittency factor (IF) at scale s is defined as the ratio between the number

of wavelet coefficients with greater energy than an energy threshold and the length

of time series, as follows:

IF (s) =

∑Ns

n=1 I
(s)(n)

Ns

, (4.4)
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Figure 4.4: (a) Intermittency factor and (b) intermittency energy of wavelet compo-
nents of crossflow velocity fluctuations at (2.48D, 0.45D) for Ma = 0.2 and 0.4.

where

I(s)(n) =


1, E(s)(n) > T (s);

0, else.

(4.5)

and the threshold T (s) is twice the average energy of that scale (Hajj, 1999; Wu et al.,

2013).

The intermittency energy (IE) at scale s is defined as the ratio between the sum

of energies greater than the energy threshold and the total energy at that scale:

IE(s) =

∑N
n=1E

(s)(n)I(s)(n)

E(s)
, (4.6)

Figure 4.4 presents the intermittency factor and intermittency energy of vari-

ous wavelet components of the crossflow velocity fluctuations at (2.48D, 0.45D) for

Ma = 0.2 and 0.4. It is observed that large-scale structures are slightly more intermit-

tent than small-scale structures, because stronger intermittency leads to larger-scale

structures (Wu et al., 2013). However, the difference in intermittency factor between
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different wavelet components is still small. Although the influence of fluid com-

pressibility on the intermittency factor is somewhat apparent for large-scale vortex

structures, such influence is negligibly small for small- and intermediate-scale vortex

structures. In terms of the intermittency energy, there is a remarkable disparity be-

tween different-scale vortex structures. It is evident that most intermittency energy

is contained in small-scale vortex structures. Conversely, the organized large-scale

vortex structure contains the least intermittency energy. In addition, the fluid com-

pressibility has an influence on the intermittency energy of large-scale structures, as

suggested by the higher-level intermittency energy for Ma = 0.2 at large scales.

4.3 Conclusions

In this chapter, we investigate the characteristics of vortex structures from small to

large scales in subsonic turbulent cylinder wakes. We performed DNS of a circular

cylinder at Re = 3900, Ma = 0.2 and 0.4. In the cylinder near wake, it is found

that the organized large-scale vortex structures make the highest contribution (about

50%) to the variances of streamwise and crosswise velocity fluctuations, and that the

most energetic scale of vortex structures becomes smaller in the spanwise direction as

the fluid compressibility decreases. The dominant contributors to the variances of all

three vorticity fluctuations are from small-scale structures in the cylinder near wakes,

indicating that the longitudinal, lateral and spanwise vorticities reside in small-scale

structures. In addition, it is found that the organized large-scale vortices shed from

the circular cylinder tend to better remember their initial characteristics as the fluid

compressibility increases.

In the cylinder wakes, vortex structures at all scales are intermittent. Large-scale
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structures are slightly more intermittent than small-scale structures, due to the fact

that stronger intermittency leads to larger-scale structures (Wu et al., 2013). It is

found that most intermittency energy is contained in small-scale vortex structures,

and that the organized large-scale vortex structure contains the least intermittency

energy. Besides, the fluid compressibility has an influence on the intermittency energy

of vortex structures, but mainly on that of large-scale structures.
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Chapter 5

Synthesis and outlook

5.1 Synthesis

The detailed findings of each study have been summarized in the preceding chapters.

This chapter aims at providing a synthesis of the key findings in this thesis as well as

a discussion of future work that is closely related to this research project.

The overall goal of this thesis is to identify sound sources, isolate the radiating

components from the non-radiating counterparts, assess their propagating capacities

and to quantify the radiating acoustic sound sources versus the non-radiating hy-

drodynamic pseudo-sounds on and around a circular cylinder in the subsonic and

transonic regimes. This goal is accomplished by: (i) assessing the propagating ca-

pacity and quantifying the radiating acoustic sound sources versus the non-radiating

hydrodynamic pseudo-sounds of two sound sources in subsonic cylinder flows, i.e., one

on the cylinder surface and the other in the oscillating near wake just behind the cylin-

der (Inoue and Hatakeyama, 2002; Tamura and Tsutahara, 2010; Oguma et al., 2013;
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Zhang et al., 2019a,b); and (ii) by investigating the relative importance of the radi-

ating acoustic sound sources versus the non-radiating hydrodynamic pseudo-sounds

generated by various flow features, i.e., normal shocks, expansion fans and fluctuating

separated shear layers, and the dependence of the acoustic sound sources and hydro-

dynamic pseudo-sounds on the various-scale structures in a transonic regime where

detectable vortex shedding ceases.

Here, three DNS of sound generation and propagation in flows past a circular cylin-

der at Re = 3900, Ma = 0.2, 0.4 and 0.9 are performed. In the subsonic regimes, we

report on observations that in a slender region surrounding the oscillating near wake

just behind the circular cylinder, the sound pressure levels are found to be almost

as high as those on the cylinder surface itself. In contrast to the pressure fluctua-

tions generated on the cylinder surface, the pressure fluctuations in this oscillating

near-wake region hardly radiate to the far field. Rather, they decay rapidly with the

distance from the near-wake region. In the transonic regime, the flow contains com-

plex features, i.e., formation of oblique shocks, expansion fans, compression waves,

fluctuating separated shear layers, suppressed vortex shedding and quasi-steady nor-

mal shocks. These flow features contribute to the sound generation.

Prior to applying the technique of Mancinelli et al. (2017) to separate the cylin-

der near-field pressure fluctuations, rigorous independence and convergence analyses

of the wavelet decomposition procedure are performed for the subsonic cases. We

demonstrate that separation of near-field pressure fluctuations does not depend on

the selection of pressure fluctuation at a far-field position as the input for the wavelet

procedure, and that the present sampling time series of pressure fluctuations are

sufficiently long that the statistical convergence criterion is satisfied. This confirms
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the reliability of applying such a wavelet-based technique to the separation between

acoustic and hydrodynamic pressure fluctuations in the present study.

In the subsonic regimes, the hydrodynamic pressure fluctuations are found to

be negligibly weak compared to acoustic pressure fluctuations at near-field locations

above and upstream of the cylinder. In the oscillating near wake just behind the

cylinder, however, the hydrodynamic pressure fluctuation dominates over the acous-

tic pressure fluctuation at most frequencies, except at the vortex shedding frequency

where they exhibit comparable strengths. Thus, the oscillating near wake just behind

the cylinder consists more of the non-radiating pseudo-sound and less of the radiating

sound source, which explains why very high-level pressure fluctuations are observed

in the near-wake region just behind the cylinder but do not radiate as strongly as

the high-level pressure fluctuations generated on the cylinder surface itself. Second,

it is found that, along the angular direction, the cylinder near field can be divided

into three sectorial zones according to the changes in the acoustic and hydrodynamic

pressure fluctuation levels. The zone less than approximately 25◦ from the upstream

centreline (Zone I) is a zone of ‘silence’ at the vortex shedding frequency, because

the levels of both pressure fluctuations are significantly low. The zone from 25◦ to

approximately 135◦ (Zone II) is a strongly radiating zone and the pressure fluctua-

tions generated on the cylinder surface in this zone are the main sound sources. The

zone from 135◦ to the downstream centreline (Zone III), including the oscillating near

wake just behind the cylinder, consists more of non-radiating pseudo-sound and less

of radiating acoustic pressure fluctuation. Third, it is found that, within the region

surrounding the oscillating near wake just behind the cylinder, the OASPL of the hy-

drodynamic pressure fluctuations exceeds that of the acoustic pressure fluctuations.
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Away from this near-wake region, however, the hydrodynamic pressure fluctuations

decrease dramatically while the acoustic counterparts decay slowly as the distance

increases, suggesting that the hydrodynamic pressure fluctuation does not propagate

to the far field, and that the acoustic pressure fluctuation is the only component to

propagate to the far field. The decay of the OASPL thus also explains why high-level

pressure fluctuations are observed in the oscillating near wake just behind the cylinder

but hardly propagate to the far field. Finally, it is found that the use of pressure fluc-

tuation time series at a near-field position in place of a far-field position to carry out

the wavelet decomposition procedure generates essentially identical results as those

generated by the use of pressure fluctuation time series at a far-field position. This

suggest that the pressure fluctuation signal in the cylinder far field is not necessary

and thus the computational domain size can be greatly reduced.

In the transonic regime, it is found that, as the distance from the fluctuating sep-

arated shear layer increases, the acoustic pressure fluctuation in the near-field region

just behind the normal shocks takes the place of the hydrodynamic pressure fluctu-

ation as the dominant component of pressure fluctuations, due to the fact that the

hydrodynamic pressure fluctuation does not propagate but decay rapidly. Second, in

the region of expansion fans, the pressure fluctuation is found to be principally a low-

frequency acoustic pressure fluctuation. Third, in the region of fluctuating separated

shear layers, although the pressure fluctuation consists of a comparable amount of

radiating acoustic and non-radiating hydrodynamic components at most frequencies,

the pressure fluctuation mainly consists of radiating acoustic component at the fluc-

tuating frequency of the separated shear layers. Thus, the dominant acoustic waves

are generated primarily by the fluctuation of the separated shear layers. Lastly, it is
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found that, among the various-scale structures, the vortical structure induced by the

fluctuation of the separated shear layers is most closely related with both sound and

pseudo-sound signatures.

Overall, the success in separating near-field pressure fluctuations obtained from

DNS rather than microphone measurements shows the generality of the wavelet de-

composition technique of Mancinelli et al. (2017) in both experiments and numerical

simulations and in both jets and cylinder flows. The investigation of the acoustic

and hydrodynamic pressure fluctuations in the cylinder near field helps to identify,

localize and quantify radiating sound sources and non-radiating pseudo-sounds. The

separation between acoustic and hydrodynamic pressure fluctuations and the division

of the cylinder near field into three sectorial zones provide valuable insight into future

noise control in practical engineering applications. This way focus can be given to the

radiating acoustic component of pressure fluctuation and the most strongly radiating

sound source zone.

In compressible turbulent cylinder wakes, intermittent turbulent events are often

accompanied by the generation of acoustic waves and pseudo-sounds. A study of

compressible turbulent wakes, as a first step, goes a long way towards understanding

the acoustic and pseudo-sound generation related to various-scale vortex structures.

Here, the turbulent structures in the subsonic cylinder wakes are investigated using

the wavelet multiresolution technique. First, in the cylinder near wake, it is found that

the organized large-scale vortex structures make the highest contribution (about 50%)

to the variances of streamwise and crosswise velocity fluctuations, and that the most

energetic scale of vortex structures becomes smaller in the spanwise direction as the

fluid compressibility decreases. Second, it is observed that the dominant contributors
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to the variances of all three vorticity fluctuations are from small-scale structures

in the cylinder near wakes, indicating that the longitudinal, lateral and spanwise

vorticities reside in small-scale structures. Third, the autocorrelation coefficients

of crossflow velocity fluctuations show that the organized large-scale vortices shed

from the circular cylinder tend to better remember their initial characteristics as the

fluid compressibility increases. Finally, it is found that most intermittency energy is

contained in small-scale vortex structures, and that the organized large-scale vortex

structure contains the least intermittency energy. Due to the limited time, the much

more challenging issue on how the sound and pseudo-sound are directly or indirectly

generated by vortical structures in the turbulent cylinder wakes has not yet been

investigated in the present study and is left for future studies.

5.2 Outlook

In this thesis, the study of radiating acoustic sound sources and non-radiating hy-

drodynamic pseudo-sounds of pressure fluctuations on the cylinder surface and in

the oscillating near-wake region provides valuable insight into future noise control.

However, whether there is a connection/interaction between the acoustic and hydro-

dynamic components of near-field pressure fluctuations remains unclear and therefore

is a challenging question to be answered in the future work. Another future work is

to develop new techniques to effectively control the radiating acoustic component of

pressure fluctuation and the strongly radiating zones of sound sources. Recently, it

has been found that the porous surface of a circular cylinder suppresses the velocity

and pressure fluctuations, which is promising for significant noise reduction (Sueki

et al., 2010; Naito and Fukagata, 2012; Geyer et al., 2015; Arcondoulis et al., 2019;
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Geyer, 2020). It is thus meaningful to study how sound and pseudo-sound are sup-

pressed by the porous surfaces to get a better insight into controlling the radiating

acoustic pressure fluctuations. If the radiating acoustic sound sources are signifi-

cantly suppressed by the porous surface, then an application of porous surfaces only

to the strongly radiating zones of sound sources is expected to be an economic way

to achieve noise reduction.

In the transonic condition, although the sound and pseudo-sound generated by

various flow features (i.e., expansion fans, fluctuating separated shear layers and quasi-

steady normal shocks) and the sound and pseudo-sound signatures related to different

scales of turbulent structures are investigated in this thesis, more mechanisms remain

to be unveiled. For instance, immediately behind the cylinder, there is a region

of strong reversing flow. The reversing flow between the two elongated separated

shear layers produces pressure fluctuations that can propagate towards both upstream

and downstream directions. How these upstream and downstream traveling waves

interact with the supersonic separated shear layers and how these waves influence the

transition of the separated shear layers remain to be addressed in the future work.

Despite the progress made in understanding the near-wake vortex structures at

various scales using the wavelet multiresolution technique, there is still a great need

for future work to explore the process. It makes more sense to include one more

higher-Mach case at Ma = 0.6 or Ma = 0.8 in the presence of vortex shedding.

Another future work are to trace the acoustic and pseudo-sound signatures back to

the various-scale vortex structures generated in the compressible turbulent wakes

and to explain how sound and pseudo-sound are directly or indirectly generated by

turbulent structures.
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Appendix A

Governing equations and numerical

methods

A.1 Governing equations

The governing equations are the compressible Navier-Stokes equations corresponding

to the conservation of mass, momentum and energy. The dimensionless form of these

equations can be written in Cartesian coordinates (x1, x2, x3) as follows (Nagarajan

et al., 2003)

∂ρ

∂t
+

∂

∂xj
(ρuj) = 0 (A.1)

∂ρui
∂t

+
∂

∂xj
(ρuiuj + pδij) =

∂σij
∂xj

i = 1, 2, 3 (A.2)

∂E

∂t
+

∂

∂xj
[(E + p)uj] = − ∂qj

∂xj
+

∂

∂xk
(ujσjk) (A.3)
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where ρ, ui, p, E, σij and qi are the fluid density, velocity vector, pressure, total

energy, viscous stress tensor and heat flux vector, respectively. They are related to

each other by the following relations.

E =
p

γ − 1
+

1

2
ρukuk (A.4)

σij =
µ

Re
(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij) (A.5)

qi = − µ

RePr

∂T

∂xi
(A.6)

where Re = ρ0
∗c0
∗L0

∗/µ0
∗ is the Reynolds number based on the reference density ρ0

∗,

the reference speed of sound c0
∗, the reference length L0

∗ and the dynamic viscosity

µ0
∗ at the reference conditions. Pr = µ0

∗cp
∗/k∗ is the Prandtl number. An additional

equation which relates the density ρ, temperature T and the pressure p is the state

equation under the hypothesis of perfect gas.

p =
γ − 1

γ
ρT (A.7)

Equations (A.1) to (A.3) can be written in vector form as

∂U

∂t
+
∂Fi
∂xi

= 0 (A.8)
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where

U =



ρ

ρu1

ρu2

ρu3

E


, Fi =



ρui

ρu1ui + pδi1 − σi1

ρu2ui + pδi2 − σi2

ρu3ui + pδi3 − σi3

(E + p)ui + qi − ukσik


(A.9)

U is the vector of conserved variables and Fi is the flux vector in the xi-direction.

In curvilinear coordinates, Equations (A.1) to (A.3) can be recast into a weakly

conservative form which is written with the contra-variant components of velocity

and includes source terms such as those arising from grid curvature (Nagarajan et al.,

2003).

A.2 Numerical methods

In this in-house compressible code, sixth-order compact finite difference schemes are

used, except that lower-order schemes are used for the nodes at and near the bound-

aries. A general and complete discussion of these schemes were presented in Lele

(1992). For simplicity, one-dimensional grid for the compact finite-difference method

is used for discussions in this section. The first-order derivative of a function f can

be approximated as

βf
′

j−2 + αf
′

j−1 + f
′

j + αf
′

j+1 + βf
′

j+2 = c
fj+3 − fj−3

6h
+ b

fj+2 − fj−2

4h
+ a

fj+1 − fj−1

h

(A.10)



A.2. NUMERICAL METHODS 130

kh

k
’h

0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3 Exact

2nd explicit

4th explicit

6th explicit

8th explicit

4th compact

6th compact

8th compact

10th compact

(a)

kh

k
’2

h
2

0 0.5 1 1.5 2 2.5 3
0

2

4

6

8

Exact

2nd explicit

4th explicit

6th explicit

4th compact

6th compact

8th compact

10th compact

(b)

Figure A.1: Modified wavenumber versus wavenumber of the finite-difference approx-
imations for (a) first derivative and (b) second derivative.

Similarly, the second-order derivative of the function f can be approximated as

βf
′′

j−2 + αf
′′

j−1 + f
′′

j + αf
′′

j+1 + βf
′′

j+2 = c
fj+3 − 2fj + fj−3

9h2

+b
fj+2 − 2fj + fj−2

4h2
+ a

fj+1 − 2fj + fj−1

h2

(A.11)

By evaluating the truncation errors of these schemes, different orders of explicit and

compact/implicit schemes can be obtained with different values of the parameters

β, α, a, b, and c. Figure A.1 shows how the schemes of different orders represent

the Fourier modes at different wavenumber. It is apparent that compact schemes are

more accurate than explicit schemes for both the first and second derivatives. In the

present in-house code, the sixth-order compact scheme was therefore adopted.

In this code, staggered grid was used to improve the robustness of the schemes.

Figure A.3(b) shows the staggered arrangement of variables. Compared to the collo-

cated arrangement (Figure A.3(a)) in which all the fluxes are evaluated at the grid

nodes, in the staggered arrangement, all the fluxes are evaluated at the cell faces.
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Figure A.2: One dimensional collocated and staggered grid.

However, if fluxes are not located there, e.g., the advective terms in the momentum

equations, then interpolate them to the cell faces.

To illustrate the schemes in staggered arrangement, consider one-dimensional col-

located and staggered grids as presented in Figure A.2. A collocated scheme evaluates

the derivative of f at nodes with integer indices (i.e., nodes at the ticks) whereas a

staggered scheme uses function values at nodes with fractional indices (i.e., nodes

at the black dots). The approximation of the first derivative using the staggered

arrangement is given by (Nagarajan et al., 2003)

αf
′

j−1 + f
′

j + αf
′

j+1 = b
fj+3/2 − fj−3/2

3h
+ a

fj+1/2 − fj−1/2

h
(A.12)

which gives a sixth-order staggered compact finite-difference scheme for an approx-

imation of the first derivative with α = 9/62, a = 63/62 and b = 17/62. The ap-

proximation of the second derivative uses collocated grids, therefore, the sixth-order

scheme is given by Equation (A.11) with β = 0, c = 0, α = 2/11, a = 12/11 and

b = 3/11.

While the interior nodes use sixth-order schemes, the boundary nodes (see Fig-

ure A.4) use lower-order schemes. There are two kinds of nodes, the ρ-node at the

cell centers and the ρu-node at the cell faces. To clarify, the first boundary nodes

of the ρ-node are the nodes of j = 0 while the first boundary nodes of the ρu-node

are the nodes of j = 1/2, followed by the second and third boundary nodes. At both
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(a) Collocated arrangement (b) Staggered arrangement

Figure A.3: Two-dimensional arrangements of variables: (a) collocated; and (b) Stag-
gered. Black nodes: ρ; horizontal arrows: ρu1; and vertical arrows: ρu2.

x axis
j=0 j=1 j=2

j=1/2 j=3/2 j=5/2

Figure A.4: Boundary nodes of the ρ-node (black dots) and ρu-node (ticks).

ρ-node and ρu-node, the schemes for the first derivative are third-order for the first

boundary nodes and fourth-order for the second boundary nodes respectively. For

the third boundary nodes, the ρu-node uses a fourth-order scheme while the ρ-node

uses a sixth-order scheme. The schemes for interpolation are third-order for the first

ρ-node and fourth-order for the first ρu-node, respectively. For the second nodes from

the boundary, both ρ-node and ρu-node use fourth-order schemes. For more details

on the schemes, see Nagarajan et al. (2003).

The compressible solver uses a second-order implicit time marching method de-

veloped by Beam and Warming (1976) for the region near the wall and a third-order

explicit three-step Runge-Kutta scheme for the time advancement in regions far away
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from wall.

Inflow and outflow boundary conditions are required for the simulation of spa-

tially developing flows. The inflow boundary conditions are based on the family of

the linearized boundary conditions developed by Giles (1990). The outflow bound-

ary conditions are based on the Parabolized Navier-Stokes (PNS) equations (Collis,

1997). In addition, a sponge zone was added to damp the convected disturbances

at the outflow boundary. A detailed description of the inflow and outflow boundary

conditions was given by Nagarajan et al. (2003).

For high-Mach-number simulations involving shock waves, we adopt the shock

treatment of Mani et al. (2009a) in which unphysical sound-damping effects are re-

duced in the far-shock region by replacing the magnitude of the strain rate tensor

S =
√
SijSij in the artificial bulk viscosity of the shock treatment of Cook and Cabot

(2005) with the dilatation∇·−→u and by introducing the Heaviside function H(−∇·−→u )

to limit the damping effects into the shock-containing regions only. Therefore, in the

far-shock regions, the flow is hardly influenced by the artificially introduced numerical

dissipation.
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Appendix B

Spectral analysis

The DWT of a windowed signal p, sampled at Ns time steps with a time resolution

∆t, is given by (Press et al., 1992)

C(fk) =
Ns−1∑
j=1

pwinj e−2πijk/Ns k = 0, . . . , Ns − 1, (B.1)

where pwinj is the time signal windowed by a Hann window and fk = k/(Ns∆t). The

PSD is defined at Ns/2 + 1 frequencies as

Φpp(f0) =
∆t

Ns

[C(f0)C∗(f0)]

Φpp(fk) =
∆t

Ns

[C(fk)C
∗(fk) + C(fNs−k)C

∗(fNs−k)] k = 1, . . . , Ns/2− 1

Φpp(fNs/2) =
∆t

Ns

[C(fNs/2)C∗(fNs/2)]

(B.2)

where C∗(fk) is the complex conjugate of C(fk). Assume that the PSD of a time

signal Φpp(f) is a piecewise continuous function, the bin-averaged PSD is given by
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(Khalighi, 2010)

Φpp(fcen) =
1

fmax − fmin

∫ fmax

fmin

Φpp(f)df. (B.3)

where fcen, fmin and fmax are the frequencies at the centre, lower and upper bound-

aries of a bin, respectively. In this thesis, the octave bin-averaging is used. Each

octave band in the frequency is logarithmically spaced in n intervals and averaged,

which is called 1/n′th octave bin-averaging. PSD at each bin is presented in the cen-

tre frequency which is calculated as fcen =
√
fminfmax. As we have seen, the 1/6′th

octave bin-averaging is frequently applied to smooth the spectra in this thesis.

Figure B.1 shows a comparison between the raw PSD and the 1/6’th octave bin-

averaged PSD of a pressure fluctuation signal sampled at (-1.2D, 16.2D) in the flow

past a circular cylinder at Re = 3900 and Ma = 0.2. Although the sampling data

length is only 20 shedding cycles, the octave bin-averaging technique is able to capture

the essential spectral features (e.g., the fundamental peak and its harmonics) of the

original signal and smooth the spectrum.
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Figure B.1: Comparison of raw PSD and bin-averaged PSD. Red line: raw PSD,
black line: 1/6’th octave bin-averaged PSD.
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