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ABSTRACT

COMPUTATION AND CONTROL OF FLOW-INDUCED NOISE
BEHIND A CIRCULAR CYLINDER USING AN ACOUSTIC

ANALOGY APPROACH

by
Sirivit Taechajedcadarungsri

The computational aeroacoustics (CAA) research, which focuses on predicting

acoustics by means of advanced numerical techniques, has recently gained a great

deal of progress. In most applications, the prediction of both the sound source and

its far-field propagation is necessary as required by regulations. Recently, powerful

computers and reliable algorithms have allowed the prediction of far-field noise

through the use of Computational Fluid Dynamics (CFD) data as near-field sound

sources. One of the most useful analytical methods, used for the computation of

noise, is Lighthill's acoustic analogy. The latter will be used in the present study.

Lighthill's acoustic analogy, combined with the two-dimensional incompressible

Navier-Stokes flow computation at low Mach Number (M < 1), is used to predict the

noise generated by laminar vortex shedding from a circular cylinder at the Reynolds

number values Re = 100 and Re = 160. The computed velocity and pressure in the

flow field are used as input data for noise source functions. The noise prediction is

determined by using Curie's solution of Lighthill's acoustic analogy. Due to the fact

that the magnitude of the quadrupole noise source (0(21/ 3 )) for this type of flow

is much smaller than that of the dipole source (0(M 2 )) at low Mach Number, this

study concentrates on investigating only the effect of the dipole source on the flow

field.

The noise amplitude and frequency obtained by using Curle's solution agree

well with published data. For both values of Reynolds numbers Re = 100 and



Re = 160, the "lift" dipole source function, caused by the lift force acting on a

circular cylinder, is the dominant source term that affects the total acoustic density

fluctuation. The objective of this research is to study the suppression of flow-induced

noise behind a circular cylinder using a flow control method. The selected method is

the electro-magnetic feedback control method developed by Chen and Aubry (2000).

The results show that at Re = 100 and Re = 160 the nondimensional acoustic

density fluctuation is decreased by five orders of magnitude.
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CHAPTER 1

INTRODUCTION

The fundamental problem in aeroacoustics is to accurately predict the far-field sound

radiated in the flow field (e.g. Howe (1998), Zorumski (1993)). Recent developments

in computer technology and numerical techniques have allowed the prediction of

the sound from the flow field. Nonetheless, computing the far-field sound by direct

numerical simulation on a very large computational domain is very expensive and

extremely difficult, even for simple flows (Crighton (1993) and Lighthill (1992)),

Fortunately, with advanced computer technology and reliable numerical methods,

Computational Fluid Dynamics (CFD) is now capable of providing a reliable approx-

imation to all flow variables at any point in the flow field. Therefore, rather than

using direct numerical simulation for predicting the far-field noise, researchers have

developed the acoustic analogy, which utilizes the information from CFD results

as the near-field noise sources to compute the far-field noise. In this case, all flow

variables are determined using CFD methods such as Direct Numerical Simulation

(DNS) or Large Eddy Simulation (LES). The far-field noise can then be computed

using CFD results as the near-field noise source. Currently, many acoustic researchers

are using an acoustic analogy approach for noise prediction in many types of flow.

The objective of this study is to investigate the possibility of suppressing flow-induced

noise behind a circular cylinder at low Mach number numerically by using Lighthill's

acoustic analogy approach.

This chapter reviews both the control of the flow past a circular cylinder and

the sound prediction using the acoustic analogy approach. In other words, both the

development of the theory of aeroacoustics, initiated by the work of Lighthill in the

1
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mid-1950's, and the recent advances made in computing the sound radiated by a

wake flow will be discussed.

1.1 Background

1.1.1 Wake Flow Behind a Circular Cylinder and Its Control

While literature has long addressed the fundamental understanding of the flow

around a circular cylinder, it is only recently that the focus has shifted towards

the issue of flow control. It is well accepted that at very low Reynolds number

being the free stream velocity, a the

cylinder radius and v the kinematic viscosity), the flow is stable and symmetric both

upstream and downstream. As the Reynolds number increases over the critical value

(Re > 46), the flow becomes unsteady and a train of vortices, known as the Von

Karman vortex street, periodically sheds from the upper and lower surface of the

cylinder. Vortex shedding increases the drag force and produces a strong unsteady

force, or lift force, acting on the cylinder in the direction normal to the mainstream.

According to studies conducted by Williamson (1996) and Henderson et al. (1996)),

the flow becomes three-dimensional (3D) and 3D calculation is required at high

Reynolds number values (Re > 200).

The increased drag and lift forces caused by vortex shedding may lead to

some engineering issues, such as the vibration of structures and frames, and acoustic

problems. Therefore, controlling the wake behind a bluff body is an important issue

from a practical engineering point of view. Many researchers have recently focused

on controlling vortex shedding with either passive or active control methods.

Passive control techniques have been well accepted for many years as they

do not require any external energy input into the flow. Examples include the

works of Apelt and West (1975), Apelt. West, and Szewczyk (1973), Unal and



Rockwell (1988), Cimbala and Grag (1991). Recently Kwon and Choi (1996) have

studied the use of a splitter plate to control vortex shedding behind a circular

cylinder. The effect of base bleed to control the wake was also investigated by

Wood (1946), Bearman (1967), Schumn, Berger and Monkewitz (1994). There are

other passive control methods used to control vortex shedding, such as the use of a

small secondary cylinder placed in the flow field (Strykowski and Hannemann (1991)).

Besides passive control techniques, active control methods, applying some sorts of

energy into the flow, have also been well developed in order to solve vortex shedding

problems. Some of these active control techniques include the use of a rotary oscil-

lation of a circular cylinder (Kang and Choi 1999), the insertion of two small vortices

(Tang and Aubry 1998), the forced vibration of the cylinder (Wehrmann 1965), the

effect of sound (Blevins 1985), etc.

With the development of advanced control theory, feedback control methods

have been applied to control fluid flows. For example, Park, Ladd and Hendricks (1993,

1994) have presented a computational study of the feedback control of vortex

shedding behind a circular cylinder at low Reynolds number, using a single sensor

and a pair of blowing/suction actuators. They reported a complete suppression of

vortex shedding at the Reynolds number value Re 60. Gunzburger and Lee (1996)

have developed computationally an active feedback control of the lift. By means

of injection and suction of fluid through orifices on the cylinder, they could indeed

reduce the magnitude of the lift. Their results suggested that the application of their

feedback system caused an efficient reduction in the size of the oscillations. Min

and Choi (1999) developed a method of controlling vortex shedding behind a bluff

body using suboptimal feedback control theory. For this purpose, they defined three

different cost functionals, all related to the pressure distribution on the cylinder

surface. They reported that the minimization of the second cost functional which

consisted of the square of the difference between the target pressure and the real
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flow pressure on the cylinder surface provided the largest drag reduction for a given

magnitude of the blowing/suction system.

Among these control approaches, the use of electromagnetic forces to control

vortex shedding has been widely investigated over the past few years. Electro-

magnetic laws state that the cross product of magnetic and electric fields produces

an electromagnetic force known as Lorentz force, WO. The production of the Lorentz

force offers an alternative possibility for the control fluid flows. The influence of the

Lorentz force, however, greatly depends on the conductivity of the fluid. Highly

conductive fluids require only an external magnetic field for the generation of a

strong Lorentz force while weak electrolyte fluids require an additional electric field

in order to produce a Lorentz force that is suffciently large enough to be effective

in flow control. Therefore, flow control by electromagnetic force generated by the

application of electric and magnetic field can be applied to both strongly and weakly

conducting fluid flows.

Henoch and Stace (1995) have experimentally investigated the influence of an

applied streamwise electromagnetic force on a salt water turbulent boundary layer

over a flat plate. In their experiment, the Lorentz force was created by the inter-

action of a permanent magnetic field and an applied electric field from a magnet

and electrode array integral to the surface of the plate. Their results showed that .

the applied Lorentz force can decrease the boundary layer thickness and suppress

the intensity of the turbulent fluctuation across the boundary. Crawford and Karni-

adakis (1997) presented the numerical simulation of a channel flow subjected to an

electromagnetic force whose results agree with Henoch and Stace (1995)'s experi-

mental results.

Studying the cylinder wake in a magnetic field, Lahjomri et al. (1993) inves-

tigated experimentally the cylinder wake in a conducting fluid. They presented that
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the electromagnatic forces resulting from the action of a longitudinal magnatic field

were able to stabilized the flow and delay the appearance of the Von Karman vortex

street. Mutschke et al. (1997) studied two- and three- dimensional instabilities in the

wake of a circular cylinder subjected to an aligned magnetic field. By increasing the

magnitude of the magnetic field, they were able to suppress vortex shedding behind

the cylinder. NVeier et al. (1998, 2000) applied an active open loop control of wake

flow around a cylinder using electromagnetic forces. Both experimental and compu-

tational results were presented. Recently, feedback control of vortex shedding behind

a circular cylinder using Lorentz force was achieved by Chen and Aubry (2000).

1.1.2 Acoustic Background

Acoustic theory has been methodically developed since the pioneering works of

Rayleigh (1896) and Stokes (1868). Earlier theories were developed with an attempt

to provide basic understanding to the sound source and intensity in terms of the

details of the flow. However, flow generated noise was not well understood before

the work of Lighthill. In 1952, Lighthill introduced a theory of Aerodynamic Sound,

that is the sound generated by vorticity in an unbound fluid. His theory led to

significant developments in understanding noise generated by a flow field. Much of

Lighthill's work (1952, 1954, 1962, 1963) concentrated on developing a theory for

predicting jet noise, initially motivated by the need to reduce the noise generated by

jet engines in order to satisfy the commercial aircraft certification.

Lighthill's theory (1952) is based on the sound generated by a region of the

unsteady flow in a finite fluid domain. In his theory, Lighthill considers the sound

generated by a fluid flow in an infinite domain at low Mach number. Sound, once

generated, is expected to be a very small component of the whole fluid motion so

that its feedback on the fluid flow is assumed to be negligible. This assumption
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would not be valid if compressibility effect s were important when the same fluid was

coupled to a resonator or when bubbles were present in the case of liquids. Lighthill

reformulated the Navies-Stokes equations into an exact, inhomogeneous, linear wave

equation for the far-field acoustic density fluctuation and developed what is now

known as Lighthill's Acoustic Analogy. In this analogy, the governing equations of

fluid motion are rearranged in such a way that the left-hand side consists of a wave

function in an undisturbed medium, and the right-hand side consists of an acoustic

source term or, the externally applied stress, T 1 exerted onto the fluid (also refered

to as Lighthill's stress tensor). This external stress field is acoustically equivalent to

a distribution of quadrupole sources acting on the acoustic medium. After obtaining

the strengths of source terms in the flow regions where the latter are significant.

Lighthill's acoustic analogy allows the prediction of acoustic fluctuations radiated

in the flow. The derivation of Lighthill's acoustic analogy is discussed in detail in

Chapter 3.

Further developments in the acoustic analogy were done by Curdle (1955) who

extended Lighthill's theory to include the effects of solid boundaries in the flow.

Curle showed that sound generated by the influence of solid boundaries upon the

flow field was equivalent to a distribution of dipole sources and derived the equation

for predicting sound in the present of solid boundaries at low Mach number. Curle

presented the solution of Lighthill's acoustic equation included both dipole and

quadrupole sound sources.

Acoustic analogies have been developed for different applications by many

researchers (Howe (1975), Phillips (1960), Lilley (1974), Powell (1964). Ffowcs

Williams and Hawkings (1969)). Powell derived the equations relating vorticity

to sound generation in terms of the vorticity field. Once the vorticity field is

computed. using Powell's theory allows one to obtain the far-field sound generated
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in the flow field. Phillips, Gilley, and Howe derived the equations in the case

where the homogeneous part is a nonlinear wave equation. These acoustic analogies

are applicable to certain problems. but remain analytically and computationally

complicated. However, these pioneering works have driven the recent advances in

computational aeroacoustics.

In recent years, due to the advances in computer technology and mature devel-

opments in computational fluid dynamics techniques, many researchers have been

applying the concept of the acoustic analogy approach to solve acoustic problems in

turbulent flows. Since the radiated sound is often several orders of magnitude smaller

than the source fluctuations in the flow field, small errors in the source terms may

lead to large (relative) errors in computing acoustic fluctuations. Hence, the accuracy

of the unsteady source flow results from computational techniques or directly from

experimental data is crucial in this problem.

The following works have used the acoustic analogy approach to compute the

sound from turbulence and compare the acoustic analogy results with theoretical

or experimental solutions. Lilley (1993, 1994, 1996) applied the acoustic analogy

approach to calculate sound radiated by a turbulent flow; the sources were computed

using Direct Numerical Simulation (DNS)/ Large Eddy Simulation (LES). Lilley

derived an analytical equation for the numerical constant used to calculate the

acoustic power output, known as Proudman's constant a (1952), in terms of fourth-

order, space-retard time covariances. Sarkar and Hussaini (1993) computed sound

radiation using an hybrid method, which coupled the DNS results of the compressible

Navies-Stokes equations with the acoustic analogy. Their results agreed well with

the analytical solution.

Wang, Lele, and Coin (1996) studied sound generated during local laminar

breakdown in a low Mach number boundary layer using an acoustic analogy approach
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and obtained results that were comparable with available experimental results.

Mankbadi et al. (1994) used LES and Gighthill's acoustic analogy approach to

determine the sound radiated by a supersonic jet. Mankbadi presented that using

this method, the result agreed with experimental results. Bechara et al. (1995)

computed the sound from simple and coaxial free jets using the i - e turbulent model

to compute the sound source in the flow and predict the radiated sound by using

the acoustic analogies developed by Ribner (1969) and Goldstein and Rosenbaum

(1973). The result was similar to the experimental data presented by Lush (1971).

Recently, Mitchell, Lele, and Coin (1992) investigated the far-field sound

radiated from a compressible co-rotating vortex pair, which was computed by direct

computation of the unsteady compressible Navier-Stokes equations. After validating

their results with the noise prediction made by Mohring (1978), a modified form of

Gighthill's acoustic analogy (1952), and an acoustic analogy derived by Powell (1964),

they concluded that all three predictions agreed with the simulation. Mitchell, Lele,

and Coin (1995) also verified Lighthill's acoustic analogy by comparing it with

DNS results for subsonic and supersonic axisymmetric jets. Colonius, Lele, and

Coin (1994) studied the scattering of sound waves from a vortex and validated their

results. Whitmire (1995) validated Lighthill's acoustic analogy by comparing it with

the direct computation of the far-field sound for a three-dimensional broadband

turbulent flow. Lighthill's acoustic analogy, therefore, is now well accepted and

widely applied.

1.2 Motivation

The tremendous success of computer technology and computational fluid dynamics

techniques in the past decade has renewed and powered the concept of acoustic

analogy for a better understanding of flow-induced noise phenomena. Using CFD
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results as input to a computational acoustic theory is currently a useful and practical

technology. This leads to significant progress towards the understanding of noise

generation and the reduction of noise in the flow field. Noise pollution is a major

drawback of many hi-tech equipment and machinery. The advanced high speed fan

may cause a high noise level, which violates environmental regulations; the airport

curfews prohibit the night landing of large commercial aircrafts due to a serious

noise problem impacting residential and commercial localities. Many research studies

have been focusing on developing technologies for advanced, low-noise, and high

performance systems for some engineering applications. An increasing need for noise

reduction has generated many advanced noise-controlling techniques. The study

on controlling of noise generated by the flow past a circular cylinder may lead to

solutions to some engineering challenges such as aeolian tones (Howe, 1998; Phillips,

1956) which are the characteristic of sound production by flow across telegraph wires

or power lines (Figure 1.1), noise generation on aircraft landing gear, (composed

of some hydraulic circular cylinders or circular frame), structure noise, automobile

antenna noise, etc.

In general, there are three types of noise sources in fluid flow: monopole, dipole,

and quadrupole. The monopole source is caused by the movement and geometry

of the solid object in the flow field. The dipole source is important when mean
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mass density variations occur within the source region, while the strength of the

quadrupole source is determined by the unsteady Reynolds stress. In this study, the

dipole noise source is generated by the drag and lift fluctuations; the quadrupole

noise source is generated by the disturbed unsteady flow behind a bluff body. Thus,

in order to control the noise induced by a wake flow, reducing dipole and quadrupole

noise sources by using one of the CFD control technique is feasible.

1.3 Objectives

A primary objective of this research is to compute the aeroacoustic sound generated

by the flow past a circular cylinder at low Mach number (S) using Lighthill's acoustic

analogy. (see Figure (1.2) The computation and control techniques for the wake flow

behind a circular cylinder have been developed by our research team over the past

few years. The simulation results. created by Tang and Aubry (1997) and Chen and

Aubry (2000), will be used in this study as the input noise source in order to generate

the far-field noise of the same flow.
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Results of noise sources were obtained from the two-dimensional numerical

simulation of the Navier-Stokes (NS) equations in an exponential coordinate system

by Tang and Aubry (1997). In their work, the non-dimensional vortieity/streain

function formulation of the NS equations is solved by computational fluid dynamics

techniques. In addition, an exponential mapping is used to deal with a very large

physical domain, while the computational domain remains relatively small in order to

avoid the well-known blockage effect. The computation starts with the potential flow

as the initial condition and assumes the non-slip boundary conditions on the surface

of the body. An adaptive scheme is developed in order to increase the efficiency of the

numerical results. This scheme increases the size of the computational domain as the

vorticity moves away from the body. Two important numerical methods are used:

an alternating-direction-implicit (A DI) algorithm for solving the vorticity transport

equation and Fast Fourier Transform (FFT) for solving the Poisson equation with

second-order accuracy as in Hockney 1970. (See Tang and Aubry (1997) for more

details)

An approximate description of the acoustic source functions was obtained after

solving the incompressible NS equations numerically. The radiated far-field sounds

can then be computed based on Curie's theory, an extension of Lighthill's acoustic

analogy. This study emphasizes the evaluation of noise generated by dipole source

functions. The effect of the quadrupole source 0(S 4 ) on the radiated far-field noise

is negligible compared to that of the dipole source 0(S 3 ) at a low Mach number

S < 1 (Curle (1955), Wang, Gele and Coins (1996), You et al., (1998)). To our

knowledge, the investigation of the far-field noise behind a circular cylinder using

Curie's solution of the Lighthill's acoustic analogy has been performed only by You

et al., (1998). The results will be compared to You et al. work.
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The secondary objective is to apply the control technique developed by Chen

and Aubry (2000) to control the radiated noise behind a circular cylinder and explore

its efficiency in controling far-field noise. In order to meet the objectives, the following

tasks were performed:

• Computation of vortex shedding behind a circular cylinder at Reynolds

numbers of 100 and 160 by solving the unsteady two-dimensional incom-

pressible NS equations.

• Development of a numerical code based on a finite difference method to solve

Lighthill's wave equation in the time domain.

• Comparison of the noise prediction results with previous numerical results.

• Computation of flow behind a circular cylinder at Reynolds numbers of 100

and 160 with control.

• Investigation of noise radiation by using flow control.

The current work is unique in using active flow control to reduce the radiated

far-field noise in the flow behide a cylinder at. Reynolds number values for which the

uncontrolled flow consists of vortex shedding.

1.4 Dissertation Organization

The dissertation is organized into five chapters. Chapter 2 provides reviews of the

governing equations and numerical methods used in the flow simulation. The review

of active, feedback control used in this study is discussed in this chapter. The

derivation of Lighthill's acoustic analogy is summarized in Chapter 3. In chapter 4,

the numerical results for the flow field and the noise prediction are presented. The

investigation is performed in order to establish a better understanding of the noise



13

generation before and after applying the control technique at. Reynolds numbers of

100 and 160. A discussion of the results and conclusions are then given in Chapter 5.

Some integral formulae from vector analysis and the derivation of the inhomogeneous

wave equation for a uniformly moving medium are summarized in appendix A and B.

Finally, in appendix C. the numerical results in dimensional forms for sound pressure

level calculations are provided.



CHAPTER 2

REVIEW OF FLOW FIELD COMPUTATIONAL METHODS

2.1 Governing Equations

Following previous work, the two-dimensional Navier-Stokes (2D-NS) equations with

an additional term representing the applied Gorentz force, have been used to simulate

the flow field and near field acoustic source functions. The two-dimensional Navier-

Stokes (2D-NS) equations become as follows:

iThe current density .] is given by Ohm's law as the sum of the current due

to the presence of an electric field E and the current induced by the motion of the

electro-conducting medium at speed U in the magnetic field. That is:

where a- (S/m) denotes the electrical conductivity.

14



Figure 2.1 Flow configuration and system of coordinates

In weakly conducting fluids like seawater, the induced electrical current

is not noticeable compared to the current associted with the applied electric

field, and is thus neglected. The Lorentz force then becomes:

The two-dimensional Navier-Stokes (2D-NS) equations in terms of vorticity

and streamfunction, with an additional term representing the applied Lorentz force,

have been used to simulate the flow field. The modified vorticity/streamfunction

formulations are derived in an exponential-polar coordinate system (e, 7)) defined by

where (r , 0) are the polar coordinates (see figure 2.1).

After using non-dimensional variables,
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where a is cylinder radius, up° is free stream velocity, B o refers to the magnetic field

and a is the electrical conductivity, the dimensionless modified vorticity/streamfurictiori

formulations become

2.2 Initial and Boundary Conditions

The simulation starts initially with the potential flow for the whole domain, except

on the surface of the cylinder where the non-slip condition is imposed. Therefore, at

t = 0,
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Assumed that the flow satisfies no-slip boundary conditions on the surface of

the body and consists of potential flow at infinity, the boundary conditions can be

obtained as follows:

2.3 Applied Electro-Magnetic Forces

Exploring further the works of Wier et al., (1998), Chen and Aubry (200) apply the

same configurations into the simulation code in order to numerically control vortex

shedding behind a circular cylinder by means of electro-magnetic forces localized on

the cylinder surface. As shown on Figure (2.2), the cylinder consists of two half

cylinders mounted together, each half of cylinder consisting of a special array of

electrodes and permanent magnets. The electro-magnetic forces, known as Lorentz

forces, are defined as follows:
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2.4 Pressure and Force Coefficients

Pressure Coefficierits

The pressure coefficient at any angle 0 is defined as:

19
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where 6pd and 6Td are the pressure drag and friction drag coefficients respectively.

2.5 An Adaptive Scheme for the Vorticity

In order to increase the efficiency of this numerical program, an adaptive scheme was

developed by Tang and Aubry (1997). This scheme provides a moving boundary for

the vorticity transport equation, (Eq. (2.7)), which moves further and further away

from the body as the voracity is transported outward. From this adaptive scheme,

the amount of computational time is reduced and the evolution of the vorticity is

followed closely in such a way that it could not, move away to the external boundary

during the computational time. See Tang and Aubry(1997) for more details about

these numerical techniques.

2.5.1 Numerical Methods

The numerical method, used to solve the vorticity transport equation, Eq. (2.7),

consists of the Alternative-Direction Implicit (ADI) algorithm. The streamfunction

equation, Eq. (2.8), is integrated by means of a Fast Fourier Transform (FFT)

algorithm. Overall the accuracy of the numerical scheme is second order in space

and first order in time.
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An ADI algorithm is implemented to solve the voracity transport equation.

Eq. (2.7), leading to the discretized formulae:
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2.6 Feedback Control of Cylinder Wake

In this study, the feedback control technique developed by Chen and Aubry (2000) for

manipulating wake flows is used. Due to the fact that vortex shedding is accompanied

by flow separation from the solid body and by the asymmetry of the pressure on the

surface of the cylinder. Their technique is based on closed loop control using flow

information consisting of the detection of the separation point. Once sensors on

the surface of the body detect the occurance of the separation point, the actuators

(arrays of electrodes and magnets generating a Lorentz force) will be activated. The

activated actuators are used to suppress the total drag coefficient in order to control

the flow and supress vortex shedding. Using the suppression of the pressure drag

coefficient as an constraint, they derived the interaction parameter equation as

They selected the location of actuators to be 10° degrees upstream of the

separation point. The expression of the Lorentz force f then becomes

where 9' is the location of separation point detected at any time on the upper surface

of cylinder.



CHAPTER 3

LIGHTHILL'S ACOUSTIC THEORY

3.1 Analysis of Lighthill Equation

The analysis of the aerodynamic sound of fluid-structure interactions is embraced

in the consideration of the governing equation of fluid motion. First the governing

equations of fluid motion that is the conservation of mass and momentum are repre-

sented, and then Lighthill's equation is reviewed.

Equation of Continuity

Conservation of mass states that the time rate of change of fluid mass within a

fixed space V is equal to the net flux due to convection across the boundaries of V.

This is expressed in terms of the velocity v and the fluid density p by the equation

of continuity

23
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Equation of Momentum

The momentum equation expresses the time rate of change of momentum of a

fluid particle in terms of the viscous stress tDrisor Du , the pressure p, and body forces

F per unit volume.

Here p is the density; a, is the unsteady source velocity; ji is the kinematic

viscosity; ii  is the compressive stress terisor; and ii  is the viscous stress terisor

expressions.

Equation of State

In general, an energy equation and conservation equation should be considered

along with a thermodynamic equation of the state. However, in this study. the

assumption is made such that the energy is conserved and, therefore, a separate

equation for energy is not needed.
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The equation of state, needed in acoustic studies, relates the thermodynamic

properties of the fluid considered. In particular, pressure can be related to density

and entropy,

where s is the entropy per unit mass. When energy loss can be neglected, as it is

often the case of acoustics, the entropy remains constant. This is known as isentropic

process. The pressure is then a function of density alone, such that

For any fluid( liquid or gas), the general isentropic equation of state may be

expressed as, a Taylor series in terms of the condensation (B — po )I Bo , (Blackstock;

2000):

The coefficients A. B, 6,... are obtained from further analysis or from exper-

iments. In acoustics, the condensation is usually very small, and the first order term

becomes the dominant term. In order to determine the term A, the new thermo-

dynamic variable, sound speed c, is defined as follows:

The differentiation of Eq. (3.9) then leads to
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Lighthill (1952) considered the radiation of sound in a far-field/subsonic flow

without any solid boundaries. The back-reaction of the sound on the source flow

field was assumed to be negligible. Gighthill's equation was derived by rearranging

the governing equation of fluid motion.

By multiplying the continuity equation, Eq. (3.1). by v and adding to the

momentum equation, Eq. (3.4), the equation for the rate of change of the momentum

density pv is formulated as
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The puju  term, or Reyriolds stress, appears in this equation. At any point in

the flow, the order of magnitude of the Reyriolds stress relative to the viscous stress

Dips (3.6) is determined by the value of the RDyriolds riumber Re. In the flow region

where Re >> 1, the viscous transport of momentum is negligible compared with the

momentum transport due to turbulence convection.

Now consider the sound generated by a finite region of rotational flow in an

unbounded fluid flow. When body forces are neglected, the momentum equation,

Eq. (3.14), can be rewritten as

and Bo  is the uniform pressure at infinity.

In an ideal, linear acoustic medium and isentropic flow, it can be shown that

where p0 and c, are the mean density and sound

speed. By eliminating pub, between Eq. (3.15) (where T i —Tfj ) and the continuity

equation, the equations of linear acoustics for the perturbation density p — P0 and

the perturbation pressure B — 23 0 can be rewritten as
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where T is called the Lighthill strDss tDnsor. The Reynolds stress pujui is

nonlinear and is significant only within, the rotational source field. The second

term, caused by the nonlinearity of the wave amplitude and by the variation of the

mean density in the source flow, is the excess of momentum transfer by the pressure

compared with the momentum transfer in an ideal fluid density B, and sound speed

co . The last term represents the viscous stress terisor eia that weakens the sound.

Ginear in the perturbation quantities. it can be neglected for an approximation of

the sound in the radiation zone and when the Reynolds number in the source region

is sufficiently large.

From the assumption that the flow emanates from a region of uniform

temperature, the effect of heat conduction should be small and negligible. Therefore,

compared with the Equation of State, Eq. (3.12), the second term in the right hand

side of Eq. (3.19) is sufficiently small and negligible within the flow. Hence, the

Lighthill stress tensor. Tip , is approximately equal to puiuj inside the flow, and it

becomes



Gighthill's acoustic analogy equation for the aerodynamic sound generation is

obtained by adding and subtracting c0(p — p0 )lay i to Eq. (3.15), and then rewritting

the equation as the momentum equation for the mean fluid density p and sound speed

c, under the externally applied stress Ti

By differentiating the continuity equation, Eq. (3.1) with respect to t, taking the

divergence of equation Eq. (3.21), and subtracting the results, Lighthill's equatiori,

which is the exact, nonhomogenous counterpart of Eq. (3.17) is obtained:

Since Gighthill's equation is an exact consequence of the laws of conservation

of mass and momentum, no approximation is made in this equation. The study

of the aerodynamic sound, in many applications, consists in solving the Gighthill

equation for the radiation into an ideal, stationary fluid produced by a distribution

of sound sources whose strength per unit volume is the Lighthill stress tensor To .

The source term 02 Tia l3g i Oy3 represents not only the sound emission but also the

convection by the mean flow and refraction due to the sound speed, the scattering of

the sound by turbulence, and the viscous and thermal dissipation of the sound by the

flow. Nonlinear effects on propagation and dissipation are usually very small, and

will be neglected within the source region. From Lighthill's acoustic analogy (1952,



30

1954), the unsteady flow region is the aeroacoustic sound source, the compressibility

of which can be neglected. The predictions of aerodynamic sound are therefore

obtained by estimating Tip based on the equation of motion of an incompressible

fluid. This incompressible flow approach is acceptable for low Mach number values

(S 2 < 1) and when the wavelength of the sound is much larger than the dimension

of the source region.

3.2 The Solution of Lighthill's Equation for Stationary Solid
Boundaries and Uniform Moving Medium

In this section, the derivation of Lighthill's equation (3.22) for stationary solid

boundaries is represented. This was first derived by Curle (1955). First the solution

of Gighthill's equation in three-dimensional (3D) fields is presented. This formulation

will then be reduced to the two-dimensional (2D) case.

3.2.1 Three-Dimensional Fields

In this dissertation, the acoustic problem involving sound propagation in a uniform

flow past a circular cylinder is considered. Therefore, Lighthill's equation, Eq. (3.22),

must be transformed into the equation that represents an acoustic wave in a moving

medium. In order to utilize the same procedure that is used to solve the inhomo-

geneous, uniformly moving medium wave equation (see appendix B), a coordinate

system W' which moves with the mean flow of uniform velocity U in the y id— direction

is introduced:

-Using this new coordinate system, the acoustic equation in a uniformly moving

medium can be changed to an equivalent stationary-medium acoustic equation.
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Recalling that Lighthill's equation is obtained directly from the continuity and

momentum equations, and that these governing equations are invariant under the

coordinating transformation of Eq (3.23), Lighthull's equation in the new coordinate

system reads:

determined in the moving frame of reference.

Now introducing the fixed-frame coordinates yid into Eq. (3.24), and keeping the

moving-frame velocities, Eq. (3.24) in the stationary- coordinate system is rewritten

as
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Since Eq. (3.27) has the same form as Eq. (B.1) in Appendix B, it is also

expected to have the same solution. By applying the solution of the inhomogeneous,

uniformly moving medium, wave equation to the modified Lighhill's equation (3.27)

in the case of the flow past a stationary circular cylinder and a uniformly moving

medium, Eq. (B.8) is reduced to:
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is the i-th component of the force per unit area exerted by the boundaries on the

fluid.

Eq. (3.32) is the fundamental equation for the sound generation in the case of

fixed solid boundaries (e.g. a circular cylinder) and uniform flow. Provided the source

distribution Ti and the generation of sound from this fundamental equation can

then be determined.

The first term of Eq. (3.32) represents the generation of sound by quadrupole

sources. In other words, it corresponds to the solution of Lighthill's equation when

there is no solid boundaries in the flow. The second term represents the sound

generated by unsteady forces exerted on the fluid by the solid boundaries.

In any given problem, there are many possible choices for choosing the funda-

mental solution G in Eq. (3.32). However, it should be an optimal approximation

to the sound field from the known source terms, TZj and As discussed in the

literature ( Goldstein, (1974); Howe, (1998); etc. ), the fundamental solution G, or

the free-space Green's function. is chosen to be:

Note that the Green's function was chosen to have vanishing normal derivative

on the surface and was then obtained by using the expansion of Eq.(1.11.1) (Howe,

1998). See Howe (1998) for more details.
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Since G depends on g and .±? through r = 	 it follows that

aG 	OG

0y,	 0x,
(3.35)

The substitution Eq. (3.34) into Eq. (3.32) gives

13 	 1 fat — — 	 dCdB
Co XiOXj 	 47rr	 c0

10	 Mc 	1	 r	
S(g)d-7-

C20 axis J_ Js 47r-r
(5at r - 

C0
3.36)

Since the integration of the volume and surface integrals are independent of r

when the solid surface is fixed, the order of integration can be interchanged, it thus

becomes:

(1.

1	 02

p' (, t) c2 Ox0x0	 7 	 .7
1 0

- 	 axe

1
	(5(t, — B —
47rr

1
	(5(t — — —r )Ti dT
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Sag).	 (3.37)

Carrying out the integrations over 7, it becomes

t) —
1	 32

47,c'02	 f,[I	 et -#
1	  0  f [Tile s(0

4 02 3x S Bret
(3.38)

where the variables in the brackets is to be evaluated at the retard time:

Bret (3.39)
c0
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In the case when 1' >> C which i tile case of the far-field sound, Eq. a3.38) can

be simplified further as follows:

3.2.2 2-D Dimensionless Fields

To be able to compute the far-field acoustic density fluctuation at low mach numbers,

using the dimensionless-numerical information from the unsteady incompressible

near-flowfield, dimensionless form of Eq. (3.40) is considered. By keeping all dimen-

sionless parameters in the flow-field presented in Chapter 2, and non-dimensionalizing

the sound speed co by the free stream velocity Up which is known as Mach number S

where S = Upc /co , Lighthill's equation, Eq. (3.27) in its dimensionless form reads:

By using the same procedure as in the previous section and following the work

of Wang et al. (1996) which presented the simplified form suitable for numerical



evaluation, the dimensionless form of Eq. a3.40) becomes:
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and F and OF are computational domain and cylinder surface respectively.

Equation a3.46) expresses the fact that there are two types of non-dimensional

noise source functions: a volume quadrupole, generated in the entire flow domain

and a surface dipole, generated on the surface of the cylinder. Hereafter. those two

terms are referred as "quadrupole source" and "dipole source", respectively. From

Eq. (3.46), it can be observed that the magnitude of the volume quadrupole is 0(S)

times larger than the surface dipole. Therefore, at low Cach number aM < 1), the

dominant term for the density fluctuation is the surface dipole.

Using the notations, used by Wang et al. (1996) and You ot al. (1998), the

dipole and quadrupole source functions, Di and e)ij, are defined as follows:

For numerical simulations purposes, the interval of the outer integration of

Equation (3.50) is partitioned into a number, Storms, of subintevals. Eq. (3.49)



and Eq a3.50) can be rewritten, as follows:

37

Because the influence of the quadrupole noise source (0(1/ 3 )) for the flow past

a circular cylinder is much less than that of dipole source a0aS 2 )) at low Cach

Number. only the calculation of the dipole source term on the flow field will be

performed. By using Lighthill's acoustic analogy approach at low Much number, the

source terms are obtained from the unsteady, incompressible, flow simulation. In

this case, Eq. (3.47) is obtained by providing the pressure along the cylinder surface

as the results of the flow field computation (neglecting e ij terms). Finally, with the

known source functions, the acoustic density or acoustic pressure can be determined.



CHAPTER 4

COMPUTATIONAL RESULTS

4.1 Flow Field

Near-field flow simulations were computed at the Reynolds number values Re =

100 and 160, respectively, with and without applying flow control. The numerical

results from the computational fluid dynamics aCFD) code had been validated by

comparison with previous works. Without any further validation, the flow numerical

results are used as input for the acoustic calculations. The obtained acoustic calcu-

lations will be validated against others' results.

The convergence of the CFD flow results (e.g. vorticity distribution, drag and

lift coefficients, pressure coefficient) with spatial and time resolution were achieved

with reasonable accuracy. It had been reported that the refinement of both the

numerical mesh and the time step by a factor of 2 changed the vorticity distribution

on the body by less than 2.5%. A good agreement was found between the flow field

results obtained by using a 400 x 256 grid and a finer grid. The 400 x 256 grid is then

used for flow field computations in order to minimize data storage and computational

time for calculating the sound field results. Figure a4.1) shows the 400 x 256 grid

used in the dissertation.

4.1.1 Without Control

4.1.1.1 Computations at Re = 100. The simulation of the flow at

Re = 100 shows that the flow becomes asymmetric after a certain time, which then

develops into a Karman vortex street. Figure (4.2) presents the visualization of

the flow by mean of the streamlines for the interval 760 < t < 800, with a time

step of = 10. Early in the computation, the streamlines are symmetric, the bubble

38
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grows becoming more and more elongated. After a certain time, the growing bubble

becomes unstable and undergoes an oscillatory motion in which one of the vortices

becomes larger than the other one. As shown in Figure (4.2), at t = 750, the upper

vortex sheds away from the body while the lower vortex is still attached to the

cylinder. Later, the lower vortex becomes larger than the upper one, and then sheds

away downstream. The phenomenon of vortex shedding occurs in a cycle as upper

and lower vortices periodically shed away from the cylinder.

Figure (4.3) shows the drag and lift coefficients at Re = 100. In between the

symmetric bubble and the vortex shedding regime, the drag increases significantly

from eT in = 1.06 at time t = 380 to the mean drag c:71 2"" = 1.31 after t = 490 in the

oscillatory regime. The relative jump is thus about 23.6%. Choosing the period of

time, Figure (4.4) displays the variations of drag and lift coefficient from t = 760 to

t = 800. Drag and lift oscillations play the major rule here as it will be shown later

that they are the major causes of sound generation.

As it is well-known, drag and lift oscillation are due to the pressure fluctuation

in the separated zone of the flow. During the symmetry breaking events, the

increase of drag and lift coefficients corresponds to the increase of pressure on the

cylinder surface. Figure (4.5) shows that the variations of the pressure coefficient

at various time at = 400, 500, 600, 700, 800) are consistent with temporal changes in

the streamline patterns (Figure a4.2). For example. at t = 800, one observes that

the upper vortex has shed downstream and that a new vortex is generated on the

lower half-plane, thus causing a higher pressure on the lower part of the body.



41



42



790 800780

-0.5
770760 780

	
790
	

800

rn
CD

1.33

1.325

1,32

1.315

1.31

1.305

1.3

1.295

1.29
770760

Re=100
(without control)

Time

Re=100
(without control)

0.25

0

-0.25

Time

Figure 4.4 Variation of the drag and lift coefficients on the surface of the cylinder
at. the Reynolds number value Re = 100

43

0.5



44

1.8 — 	 Re=100
1.6 	 (without control)
1.4
1.2

1 	 ..

▪ 0.8 =I-
0.6

▪ 0.4CDo
o 0.2
92 	 0
u)

• 

-0.2
a. -0.4

-0.6
-0.8

-1
12-

0

.

t=400
t=500
t=600
t=700
t=800

100
	

200
	

300
Angle

Figure 4.5 Pressure coefficient of the flow on the surface of the cylinder at the
Reynolds number value Re = 100 at times t = 400, 500, 600, 700, 800



an



46



47



48

Figure 4.8 Variation of the drag and lift coefficients on the surface of the cylinder
at the Reynolds number value Re = 160
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Figure 4.9 Pressure coefficient, of the flow on the surface of the cylinder at the
Reynolds number value Re = 160 at times t = 400, 500, 600, 700, 800
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Figure 4.13 Pressure coefficient of the flow on the surface of the cylinder at the
Reynolds number value Re 100 at times t = 620,630,650,750,780. The control is
inserted at time t = 620
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4.2 Acoustic Field

4.2.1 Without Control

As discussed in the previous chapter, at low Mach number, the acoustic dipole, as the

noise source, is the most dominant term that increases the sound level in presence of

the solid boundaries. For the sound generated by the flow past a circular cylinder, the

temporal variations of the drag and lift acting on the surface of the cylinder are the

major noise sources due to the presence of solid boundaries. The volume quadrupole

noise, corresponding to turbulent stress distributions has a negligible effect to the

total acoustic density propagation.

Neglecting the volume quadrupole sources, the total acoustic density fluctuation

can be determined from Eq. (3.46) by using the results of the surface dipole source

function Eq. (3.50). In the 2D-Cartesian coordinate system, the results from

Eq. a3.50) can be separated into two terms for the dipole source function on each

axis. D 1 and D2. Because the surface dipole sources of the flow-generated noise

behind a bluff body are from the drag and lift fluctuations in the direction of parallel
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Figure 4.17 Pressure coefficient of the flow on the surface of the cylinder at the
Reynolds number value Re = 160 at times t = 620,630.650,750,780. The control is
inserted at time t = 620
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and normal to the mainstream, D I and D2 are also known as the drag and lift dipole,

respectively.

To compute drag and lift dipole source functions from Eq. a3.50), the surface

integral, as a function of retarded time and surface source position is carried out

• by using the pressure fluctuations, obtained from solving the unsteady, incom-

pressible Navier-Stokes equations, as an input to the function

• by numerically taking the retarded time derivation from the surface integral

results

• by carry out the outer integral in order to obtain the dipole source results

The Reynolds number used in the study are Re = 100 and 160 at Mach number

Al = 0.01. The results will be presented next.

4.2.1.1 Computation at Re = 100. 	 For numerical simulations

purposes, the interval of the outer integration of Equation (3.50) is partitioned into

subintevals , called Sterms. Figure a4.18) shows the convergence of the drag and lift

dipole results at the Reynolds number value Re = 100 as the number of subintervals

of integral term increases. The numbers of subintervals aSperms) that are considered

here are 500, 1000, 5000, 8000. and 10000, respectively. As shown in Figure (4.18),

the solution converges as the number of subintervals (Sperms) becomes 1000 or

higher. For example; the difference between the values of drag and lift dipoles for

Mterms = 1000 and Mterms = 5000 at each observer time is slightly less than

0.003 in both the drag dipole and the lift dipole. The difference between the drag

and lift dipole values for Sperm = 5000 and Sterms = 10000 at each observer

time is slightly less than 0.0003 in drag dipole and 0.0001 in lift dipole. Hereafter,

Mterms = 5000 is used to compute the acoustic density fluctuation (p').



785770 775 795790765 780
Time

60

0.02
Re=100

(without control)
x(-2000,2000)

dtret=5E-8
0.015

0.01

M=500
- M.1000

M=5000
M=8000
M=10000

0.0050

-0.005

-0.01

-0.015

-0.02

-0.025
760 800795790785775770765 780

Time

0.025

0.5

Re = 100
(without control)

x(-2000,2000)
dtret= 5 E-8

M=500
M=1000
M=5000
M=8000
M=10000

800

-0.2

-0.3

-0.4

-0.5
760

Figure 4.18 Drag and lift dipoles at the Reynolds number value Re = 100 using
various numbers of subintervals in the integral of Equation (3.50), that is Sperm =-
500, 1000, 5000, 8000, 10000

0.4

o.

0.2

0.1

0.
a

-0.



61

The convergence of the drag and lift dipole values at Re = 100 when choosing

the time interval dt ret for calculating the retard time derivative in Equation a3.50)

has also been investigated. Figure (4.19) shows the convergence of the drag and lift

The values of the drag and lift dipole source functions at a far field location

x i = —2000 and x 2 = 2000, at the Mach number value S = 0.01, and at the

Reynolds number value Re = 100 are shown in Figure a4.20). The results show that

the amplitude of the lift dipole is much larger than the amplitude of the drag dipole.

Therefore, the lift dipole is the major of the total dipole and causes most of the

acoustic density fluctuation whose results are shown in Figure a4.21).

Figure (4.21) shows the results of the acoustic density fluctuations at the

Reynolds number Re = 100. Comparing the results of the dipole source function with

the acoustic density fluctuations clearly shows that the lift dipole source function is

the major contributor to the variation of the acoustic density. The same frequency is

obtained for both the lift dipole source function and the acoustic density fluctuation.

The results obtained for the drag and lift dipole source functions, and acoustic density

fluctuation are in good agreement with the results presented by the work of You, et

al. a1998). as also shown in Figures (4.20), a4.21).

The investigation has been carried out further by changing the observer

positions as shown in Figures (4.22), (4.23) and (4.24). When the observer position

is closer to the cylinder, the lift dipole source function at each location is still the

main contributor to the total dipole, and the amplitude of both drag and lift dipole

source functions become larger. Notice that both drag and lift dipoles have the
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same frequency as the drag and lift in the near-field flow. The same frequency are

obtained for both the lift dipole source function and the acoustic density fluctuation

as moving the observer positions.

Figure (4.25) shows the contour of the far-field acoustic density at the Reynolds

number Re = 100 and the Mach number M = 0.01. The contour results agree well

with those of You el at.

4.2.1.2 Computations at Re = 160. The same procedure is used for

investigating the results at the Reynolds number Re = 160. Figure (4.26) shows the

convergence of the drag and lift dipole values using the same set of the numbers of

the subinterval aMterms) as chosen for Re = 100. The difference between the drag

and lift dipole values for Sperm = 1000 and Sperms = 5000 at each observer

time is slightly less than 0.014 for the former and less than 0.007 for the latter.

The difference between the drag and lift dipole values for Sperm = 5000 and

Sperm = 10000 at each observer time is slightly less than 0.002 in drag dipole

and 0.007 in lift dipole. Figure (4.27) shows the convergence of the drag and lift

at Re = 160 by using

Sterns = 1000 and 8000. The difference between these results is slightly less than

5 x 10 -5 . A good agreement with the work of You et al. is obtained for the drag and

lift dipole, as well as for the acoustic density fluctuation, as shown in Figures a4.28),

(4.29). Notice that the acoustic results presented at the Reynolds number Re = 160

have higher amplitude and frequency than those at the Reynolds number Re = 100.

Figure a4.33) shows the contour of far-field acoustic density at the Reynolds number

Re = 160 for the far-field domain a-2000 < x i , x 2 < 2000).
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4.2.2 With Control

4.2.2.1 Computations at Re = 100. The investigation is performed

to show whether it is possible to suppress the generation of sound in the same

flow. Figures (4.34), (4.35) show the drag dipole, lift dipole, and acoustic density

fluctuation at the Reynolds number Re = 100 with and without applying flow control.

After control, the drag and lift dipole are decreased significantly and so is the acoustic

density fluctuation. The results show that the non-dimensional acoustic density

fluctuation is decreased by five orders of magnitude after control.

Figure (4.36), (4.37) and (4.38) show the control results as the observer moves

toward the cylinder. The suppression of the acoustic density flucation is obtained at

every location. Figure (4.39) shows the contour of the far-field acoustic density at

the Reynolds number Re = 100 and the Mach number M = 0.01. After applying

feedback control, the drag and lift forces are significantly decreased and no longer

vibrated vertically along the horizontal axis. This phenomenon creates the difficulties

for the interpretation of the directivity patterns of sound generated by this control

technique. Figure (4.39) shows the instantaneous acoustic density contour. The

consideration of the acoustic density variation over a period of time will provide

more meaningful results. Later in this chapter, the sound pressure level (SPL), i.e.

the mean value of acoustic pressure over a period of time, will be calculated and will

give the overall directivity of sound after control. The instantaneous directivity that

occurred in Figure (4.39) with a certain angle was generated by the balance between

the drag and lift dipoles. This is due to the fact that the drag force in the flow field

increased by means of the Lorentz force causes the drag dipole to increase. The drag

dipole becomes noticeable after the control.
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Figure 4.34 Drag and lift dipoles at the Reynolds number value Re = 100 with and
without control



Figure 4.35 Acoustic density at the Reynolds number value Re = 100 with and
without control
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Figure 4.37 Lift dipole with and without control at the Reynolds number value
Re = 100 using the number of subintervals Mterms = 5000 in the integral of
Equation (3.50) for various observer positions
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4.2.2.2 Computations at Re = 160. The investigattion is performed

to show whether it is possible to suppress the generation of sound at the Reynolds

number Re = 160. Figures (4.40). (4.41) show the drag dipole, lift dipole, and

acoustic density fluctuation with and without flow control. After control, the drag

and lift dipole are decreased significantly and so is the acoustic density fluctuation.

The results shows that the non-dimensional acoustic density fluctuation is decreased

approximately by five orders of magnitude after applying control.

Figures a4.42), (4.43) and (4.44) show the control results as the observer moves

toward the cylinder. The suppression of the acoustic density fluctuation is obtained

at every location. Figure (4.45) shows the contour of the far-field acoustic density at

the Reynolds number Re = 160 and the Mach number S = 0.01. The instantaneous

directivity in Figure (4.39) shows that sound wave propagates with a small angle

from the horizontal axis (x 1 ). As the Reynolds number increases, the drag dipole

relatively increases and the lift dipole is no longer the dominant term.

4.3 Sound Pressure Level
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Figure 4.40 Drag and lift dipoles at the Reynolds number value Re = 160 with and
without control
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Figure 4.41 Acoustic density at the Reynolds number value Re = 160 with and
without control
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Figure 4.44 Acoustic density with and without control at the Reynolds number
value Re = 160 using the number of subintervals Mterms = 5000 in the integral of
Equation (3.50) for various observer positions.
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Because sound travels as a wave of compression and rarefaction (positive and

negative pressures) with respect to the steady state, the mean value of the sound

pressure fluctuation, in most practical situations, fluctuates evenly about zero. An

attempt at using a simple mean value conveys no useful information. Therefore, the

average of the acoustic pressure is obtained by using the root meari square (rams)

value. The rams pressure will then be used to calculate the sound pressure level in

the decibel scale. The sound pressure level (SPL) is defined as

The common reference pressure for airborne acoustic measurements is 20 x

10 6 Newpon meper 2 (204N/m 2 ). This reference pressure is the pressure that

approximates the threshold of human hearing and provides a positive set of decibel

(dB) values, started from 0 when the rams pressure is the same as the reference

pressure. However, the numerical rrn pressures obtained in this study were below

the threshold of human hearing which resulted in negative decibel adB). Therefore,

in order to obtain positive decibel (dB) values and be able to compare quantitatively

the level of sound with and without control, the reference pressure used in this study

is 20 x 10-15N/rri22.

A list of pressures and the corresponding sound pressure level (SPL) in decibel

as the reference pressures, is

presented in Table 4.1 (White, 1918). Table 4.2 (White, 1918) indicates approximate

decibel adB) values corresponding to perceived changes in loudness, as well as the

comparison of sound pressure levels (SPL). Later in this study, dB* refers to the
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the directivity patterns for overall sound pressure level with and without control

generated by the lift dipole aaSPLD2). From the results, one can observe that SPL is

suppressed by 120.91 dB* after control. From table 4.2, this corresponds to about 32

times less noise than in the flow without control. Figure (4.51) shows the comparison

between the sound pressure level generated by the flow with and without control.

From the results, SPG is suppressed by 116.65 dB* after control. This corresponds to

about 31 times less noise than in the flow without control. The directivity patterns

for the sound field without control tend to propagate in the vertical direction due to

the lift in the flow field. However, after a period of time, the directivity patterns for

the sound field with control tend to propagate in the horizontal direction due to the

action of the Lorentz force acting.
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CHAPTER 5

CONCLUSIONS

In this study, Lighthill's acoustic analogy approach has been applied to compute the

noise source functions and acoustic density fluctuation. Gaminar vortex shedding

of the flow past a circular cylinder at the Reynolds number values of 100 and 160

has been simulated by solving the unsteady two-dimensional incompressible Navier-

Stokes equations. Neglecting the volume quadrupole source functions, the acoustic

source functions have been obtained from the surface dipole source functions. Using

Curle's solution of Lighthill's acoustic analogy, the surface dipole source functions

have been determined from the computed near-field flow.

The drag and lift dipole source functions are the product of drag and lift forces

acting on the surface of the cylinder. At low Mach number, the lift dipole source

function is the main contributor to the total dipole source function, and causes the

majority of the acoustic density fluctuation. The results obtained in this study agree

well with those of previous work aYou et al. a1998)).

The noise generated by the flow past a circular cylinder mainly occurs due to

the variations of drag and lift in the near-field flow. Because variations of drag and

lift are caused by the pressure fluctuation generated by periodic vortex shedding,

This flow control technique that suppresses vortex shedding can also significantly

decrease noise generation in the flow field. In this particular study, electromagnetic

forces have been used for both flow and acoustics control. For the numerical results at

the Reynolds number values of 100 and 160 and Mach number values Al = 0.01, the

non-dimensional acoustic density fluctuation is decreased by five orders of magnitude.

In order to obtain quantitative values of sound generation, all parameters were

converted to the dimensional forms. Based on the experimental works of Revell et
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al. a1977) and Weier et al. a1998), the cylinder diameter was chosen to be 0.02 m.

The calculation was then performed at the Reynolds number values Re = 100 and

Re = 160, and the flow Cach number values M = 0.000215 and S = 0.000342.

The results showed that the sound pressure level for the flow with control were 30-

35 times lower than that without control. One of the control effects was to make

the directivity patterns of the sound field move outward along the horizontal axis.

The changes in directivity patterns are caused by the applied Lorentz forces along

the cylinder surface. To our knowledge, this is the first time that one was able to

demonstrate the suppression of flow induced noise in the flow past a circular cylinder

using active, feedback control.

The present work of applying electro-magnetic body forces for flow control

has been focused by many researchers in recent years. This control technique has

been practically used in some applications. Some examples of the application of the

Lorentz force to control fluid flows are the recent research and development (R&D) on

magnetohydrodynarnic (MHD) ship propulsion and drag reduction of marine vehicles

which will result in increased speed, lower fuel assumption, reduced signatures, etc.

The experiment work of Beier et al. a1998) has shown that the application of a

Lorentz force to wake flows can successfully result in the suppression of Von Karman

vortex street. Most applications, so far, have used "sea water" as the fluid medium.

The present control technique is efficient when the electrical conductivity of the

surrounding fluid is about 3-10 Sam, a level indeed reached by sea water. In other

words, this control technique can be applied to any weakly conducting fluid.

The present study has concentrated on air as the flied medium. There is, so

far, no application or experimental work performed using air as the fluid medium.

However, it has been possible to raise up the electrical conductivity of air to be at

least as high as the conductivity of sea water (Lu et al., (1999,2001)). This was
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achieved by adding alkali salt in air, using an organic carrier instead of alkali salt, or

spraying an ionized aerosal in the air. It may thus be feasible to apply the Lorentz

force as a way to control aerodynamics, as well as the sound it generates. Note that

not only electro-magnetic body forces, i.e. Lorentz forces, but also any form of body

force applied tangentially to the solid surface can be used to modify the boundary

layer around the surface in order to prevent the boundary layer from separating.



APPENDIX A

SOME INTEGRAL FORMULAE FROM VECTOR ANALYSIS

In this section, some useful integral formulae frequently used to derive acoustic

equations are presented. To this purpose let V be a closed region of space bounded

by a regular surface S, and and 2 be any two functions defined on V. Then, the

divergence theorem applied to the vector ( i1 V(i2 2 gives



Joi_iC72(,02 — (P2V 2 cP1)dC=
04cl 

)dS(0),an
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aA.5

known as Green's secorid ideritity or, frequently, as Green's theorem.

If Vs(y, t) denotes the velocity at any point of the surface S, Leibniz's rule

shows that

(,) di = • ficio dS(0, 	 (A.6)

where the function ,o(g', p) is defined on V.



APPENDIX B

DERIVATION OF THE INHOMOGENEOUS WAVE EQUATION FOR
A UNIFORMLY MOVING MEDIUM

In this section, the derivation of the inhomogeneous, uniformly moving medium,

wave equation is presented.

Considering the inhomogeneous, uniformly moving medium, wave equation
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APPENDIX C

THE NUMERICAL RESULTS IN DIMENSIONAL FORM FOR
SOUND PRESSURE LEVEL CALCULATIONS

The following sets of results were computed for sound pressure level (SPL) predictions

at different angles around the cylinder. The physical parameters were chosen to

match the parameters used in the experimental works of Revell et al. (1977) and

Weier et al. (1998). Revell et al. a1977) measured the SPL at several angles around

the cylinder for the Reynolds number value Re 90, 000 where the microphone

location was 128 cylinder diameters (128D) away from the center of the cylinder.

Weier et al. (1998) experimentally applied electromagnetic forces on the cylinder

surface at the Reynolds number value Re = 760. Both experiments used the same size

of cylinder diameter (D = 0.02 m). Finally, the plots of the directivity patterns for

overall sound pressure level with and without control are included in this appendix.
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Figure C.1 Acoustic Pressures generated by the drag dipole sources with and
without control at the Reynolds number value Re = 100, Mach number S =
0.000215, and cylinder diameter D = 0.02 m using the number of subintervals
Mterms = 5000 in the integral of Equation (3.50) for observer positions at 128D
away from the cylinder. Acoustic Pressure calculated from degree 0 = 0° to 0 = 120°
with a degree step (50 = 30° where angle direction shown in Figure 2.1
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Figure C.4 Acoustic Pressures generated by the lift dipole sources with and without
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Figure C.5 Acoustic Pressures generated by the lift dipole sources with and without
control at the Reynolds number value Re = 100, Mach number M = 0.000215, and
cylinder diameter D = 0.02 m using the number of subintervals Sperm = 5000 in
the integral of Equation (3.50) for observer positions at 128D away from the cylinder.
Acoustic Pressure calculated from degree 0 = 150° to 0 = 240° with a degree step
SO = 30° where angle direction shown in Figure 2.1
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