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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 Curle’s solution of Lighthill’s acoustic analogy. Due to the fact
that the magnitude of the quadrupole noise source (O(M?)) for this type of flow
is much smaller than that of the dipole source (O(M?)) 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



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
values (Re < 1, where Re = 2u,.a/v, us 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-
Jation 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



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, (F}). 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



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. Weier 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



would not be valid if compressibility effects 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;; 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 Curle (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



in the flow field. Phillips, Lilley, 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 Moin (1996) studied sound generated during local laminar

breakdown in a low Mach number boundary layer using an acoustic analogy approach



and obtained results that were comparable with available experimental results.
Mankbadi et al. (1994) used LES and Lighthill'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 x —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 Moin (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 Méhring (1978), a modified form of
Lighthill’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 Moin (1995) also verified Lighthill’s acoustic analogy by comparing it with
DNS results for subsonic and supersonic axisymmetric jets. Colonius, Lele, and
Moin (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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Figure 1.1 Generation of aolian tones.[Howe, 1998]

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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Figure 1.2 Flow configuration and coordinate system in physical space

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 (M) 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 vorticity/stream
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 (ADI) 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 Curle’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 O(M*) on the radiated far-field noise
is negligible compared to that of the dipole source O(M?) at a low Mach number
M <« 1 (Curle (1955), Wang, Lele and Moin (1996), You et al, (1998)). To our
knowledge, the investigation of the far-field noise behind a circular cylinder using
Curle’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:

e 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.

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

Lighthill’s wave equation in the time domain.
e Comparison of the noise prediction results with previous numerical results.

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

and 160 with control.

e 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
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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 Lorentz 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:

du Ov

B + 3y 0 (2.1)
ou ou  Ou 10P ?u  Pu.  Fy
E+u—5§+?}é§ = “;—533_+V(8—372—+5??) -';- (22)
ov v ov 10P v 0% Fy
AT ] A 2.
Bt+u8x+v8y p8y+y(8x2+8y2)+ p (2.3)

where F, is the Lorentz force which results from the vector product of the current

density j (Amps/m?) and the magnetic induction B (Tesla)

F=jxB (2.4)

The 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:
j=0(E+U x B)

where o(S/m) denotes the electrical conductivity.

14
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Figure 2.1 Flow configuration and system of coordinates

In weakly conducting fluids like seawater, the induced electrical current (} =

oU x B ) is not noticeable compared to the current associted with the applied electric

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

1

—

z:aExB

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 (&, 7) defined by
r = e’

6 =2mn

where (r,6) are the polar coordinates (see figure 2.1).

After using non-dimensional variables,

W= wa U, U = U/auy, Uy = Uy Uoo,
Up = Up/Usos = tuy/a, " =6,
7‘*:7‘/&? B*:B/B(J? j*:j/O"LLOOBQ,

15
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where a is cylinder radius, u., is free stream velocity, By refers to the magnetic field
and o is the electrical conductivity, the dimensionless modified vorticity/streamfunction

formulations become

dw OUew)  OUw) = 2 0w Jw
B T o o - Relae Tap)
AT % BHH aFlr
+ NE (85 + 21 Fy 877) (27)
o*v 9%
(—9‘5—2""}”5}7—2 = —Fw (28)

where the new dependent variables, U, U,, and E. the interaction parameter N and

the Reynolds number Re are defined as:

1 ov
Ue = Eru = —
. 1 ov
DT] = E2U8 et —-55
E = Ax?ete
N - oBia _ JoBoa
) Plos  PUZ
Qoo
Re = 4 a.
v

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,

w =0, U = —2sh(27&)sin(2mn) for £>0,
and on the cylinder surface at ¢t = 0
1 6%0
W= ——— for £=0

E oe2
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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:

Outside the cylinder surface, £ = £
w =0, U = —2sh(2n€)sin(2mn)  for £ = oo,

and on the cylinder surface, where £ = 0,

1 0%

2.3 Applied Electro-Magnetic Forces

Exploring further the works of Weier 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:

1 5°<f<175°
F=eoUg@)e with gf)=1{ -1 185° <6 < 355° (2.9)

0 elsewhere

where a represents the electro-magnetic penetration parameter. Experimental
investigations have indicated that a reasonable value of o is a = 57/4. For further

details, see Weier et al., (1998) and Chen and Aubry (2000).
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Figure 2.2 Sketch of the cylinder consisting of electrodes and magnets
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2.4 Pressure and Force Coefficients
Pressure Coefficients

The pressure coefficient at any angle # is defined as:

P~ P
cl="2——=
P gpuk
that is
n Jw u, Q2
cf = 1+——~0 6£dn+4w7\f/ Egdn+47r/ e
o QJw
2/ l/ 2.1
+ : u9d£+R ; Bnd (2.10)

Force Coefficient

The nondimensional total drag and lift, or total drag and lift coefficients, are

defined as

Fia
Cy =

spud
G = 1w

spu.d

where d is the cylinder diameter. Then, the drag coeflicient is defined as:

F,.+ F,,
C;, = %__.
§puood
27 a l}2 2 2m
= #2 —“—)sm(-} df — 10 0 Fysinfdf + —1—/2——/ wsing df
2pu d 8?“ 5PUsod Jo 3pu.d Jo

1
- -}—%—;L (2rw — 55)52‘71(27(*77) dn — 27rN/0 Fysin(27n) dn (2.11)
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where C,q and C,4 are the pressure drag and friction drag coefficients respectively.

Using the same approach, the lift coefficient is defined as:

Foy + Fry

3pused
= Cp+Cy
2

1 O 1
_ w— 2% — 97N . .
Re/o (27w 85)(08(27”7) dn — 27 /o Fycos(2mn) dn (2.12)

C =

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 vorticity 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.



21

An ADI algorithm is implemented to solve the vorticity transport equation,

Eq. (2.7), leading to the discretized formulae:

n+— n . X . na i 1 ) n+i TH-—
gl Y (O ) gy = (Ug™ ) gy 2 Wiy ~ Wiy Wyt _
‘ SAt 2An Re An?
e inng) = U™ -1) | 2 Yoy ~ 2) T Wi-1y)
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where ¢, refer to the £, n direction respectively and Ug, U, are &£ 7 velocity

components which are calculated at the n'" time step.

The streamfunction was solved by adopting an efficient algorithm using Fast

Fourier Transforms (FFT) with second-order accuracy, as in Hockney (1970):

L) 2\1! +\I/,Z 1))
Ag? A§2

Wi =20+ o wi
(+14) =7 () (-1) + ( —“Ez“l’?i,j)

In this numerical scheme, the second-order accuracy to calculate the vorticity

flux in Eq. (2.7) can be obtained as follow:

Owloy) _ ~3%(0y) + W) — W)
oe AL
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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

1 foI %%Sm(%n)dn

 7Re [) Fysin(2mn)dn

N = (2.13)

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

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

1 6 —10°<6<175°
F=c U@  with g#)=<{ -1 185° <6< 370° — &' (2.14)

0 elsewhere

where ' 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

dp

or
1 Dp . )
;‘b? + V:(v) =0, (3.2)

where D/Dt = 0/0t +v - V.

When the flow is incompressible , the continuity equation becomes

Vv =0. (3.3)

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 tensor e;;, the pressure p, and body forces

F per unit volume.

pD U 8(’4 j 8]9

- — —— + '
Dt dy; Oy
apij
= - + F, 3.4
9y, (34)
where
pij = Poij — €ij (3.5)
Ou;  Ou; 2 Ouy
i = — Subia— . 3,
= (5%‘ N 5%) 3””?3?;1: (3.6)

Here p is the density; u; is the unsteady source velocity; p is the kinematic
viscosity; p;; is the compressive stress tensor; and e;; is the wviscous stress tensor

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,
p =p(p,s), (3.7)

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

p=p(p). (3.8)

For any fluid( liquid or gas), the general isentropic equation of state may be
expressed as, a Taylor series in terms of the condensation (p — p,)/p,, (Blackstock;

2000):

- B (p-— P p- p :

p:po+Ap p0+7<p p") +—,(p 0) +.. (3.9)
pO 2’ .00 3‘ pO

The coefficients A, B,C, ... 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 ¢, is defined as follows:

I

dp
2 _ PRI
‘ 1/ (8})) s=constant

dP
= | — . 3.10
(dp)s:constant ( )

The differentiation of Eq. (3.9) then leads to
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A Bp— o — Vo ?
= Pt © (p p) T (3.11)

¢'=—+— + 5
Po Po  Po 2lp, Po

Rewritting Eq. (3.11) in terms of the acoustic pressure (p—p,) and the acoustic

density (p — p,), it becomes

Bp=p,  C (p=po\°

2 — Fo ‘ — Fo

— Do) = — 1 +.p. 3.12
(p—po) =c"(p Po){ o o +SEA( Po ) } (3.12)
Using the linearized isentropic equation of state in order to simplify Eq. (3.12),

the acoustic pressure equation then becomes:

(P = po) = (p = po)- (3.13)

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. Lighthill’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

Opui | Opusu; - O(pdy — ey)
ot oy; Oy,

+F (3.14)
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The pu;u; term, or Reynolds stress, appears in this equation. At any point in
the flow, the order of magnitude of the Reynolds stress relative to the wiscous stress
e;; (3.6) is determined by the value of the Reynolds number 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

8pui 57‘1‘}'
T T & 3.15
where 7;; is the momentum flur tensor (Howe(1998)),
Tij = puitt; + (p — Po)diy; — €45, (3.16)

and p, is the uniform pressure at infinity.

In an ideal, linear acoustic medium and isentropic flow, it can be shown that
o= (- Po)di; = c2(p — po)dij, where p, and ¢, are the mean density and sound
speed. By eliminating pu; between Eq. (3.15) (where 7;; — 77 ) and the continuity
equation, the equations of linear acoustics for the perturbation density p — p, and

the perturbation pressure p — p, can be rewritten as

(2 = 2V2)(p — po) = 0, (3.17)
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and

1 82 2 &
‘Cg‘a?—v )(p—po) = 0. (3.18)

(

In the real fluid, the sound generation is equivalent to that produced in an ideal

acoustic medium that is forced by the stress distribution Tj; = 7;; — 77, that is

Ty = pusug + [(p = Po) = €5 (p = po)|6s; — €45 , (3.19)

where T;; is called the Lighthill stress tensor. The Reynolds stress pu;u; 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 p, and sound speed
¢o. The last term represents the wiscous stress tensor e;; that weakens the sound.
Linear 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,
conipared 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, T;;, is approximately equal to pu;u; inside the flow, and it

becomes
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Ti; = puu; (3.20)

Lighthill’s acoustic analogy equation for the aerodynamic sound generation is
obtained by adding and subtracting ¢29(p—p,)/dy; to Eq. (3.15), and then rewritting
the equation as the momentum equation for the mean fluid density p and sound speed

¢, under the externally applied stress T;;

Opui  0cglp—po)) _ 0Ty
ot ayi 5yj ‘

(3.21)

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 equation,

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

& _ 0Ty

(3.22)

Since Lighthill’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 Lighthill
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 7;.
The source term 0°T;;/0y;0y; 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,
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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 T;; based on the equation of motion of an incompressible
fluid. This incompressible flow approach is acceptable for low Mach number values
(M? <« 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 Lighthill’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 ¢ which moves with the mean flow of uniform velocity Uy, in the y; — direction

is introduced:

i =Y — 01 UseT (3.23)

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), Lighthill’s equation in the new coordinate

system reads:

» o, T
87,2""608,/'6( (p"po):'a“—fé*[a
Y/, vi0y,

where

Tj; = pui; + [(p = po) = colp — po))dij — €5

is Lighthill’s stress tensor in terms of the velocity,

! 7
U, = U; — 513' [Joo

determined in the moving frame of reference.

(3.24)

(3.25)

(3.26)

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

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

as

where

Using the same procedure, Eq. (3.21) can be written as follows:

D pu; N dcz(p—po) _"aTilj
Dr Oy a Oy;

(3.27)

(3.28)

(3.29)



32

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:

ZT/
. / - / Gr | 7.1 (-aip'@,r)) AS@)dr
- / /p ( G(U,Tlf,t)) dS)dr - (3.30)

where p' = (p — p,) and G(y,7 | Z,t) is any solution of the inhomogeneous wave

equation (B.2).

Expanding the first term of Eq.(3.30) and applying the divergence theorem,

Eq.(A.1), to change the volume integrals into surface integrals, it becomes:

I 0*G
@t = 5[ [ dijd
P (T ) 2 [m v 8y28yj yart

N ) #
T ./moo/sG(y’T Rl e (T3 + 20,0 (§.7)) dS(@dr

Lo L N\ 0G
- g/_w/snj (T3, + 26430 (7, 7)) a—y_d&y)d”r. (3.31)

where G = G(y, 7| Z,1).

By using Egs. (3.29), (3.25), Eq. (3.31) becomes:

oz t) = / / ”8 ay} dydr

+ / / 83/@}. i dSy)dr (3.32)
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where

i = —(p — po)ni + €51 (3.33)

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 7;; and J;, 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, T;; and F;. 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:

G| 2.t) = =6t =7~ =) . (3.34)

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.



Since G depends on ¥ and & through r =| £ — | , it follows that

oG 4G
Oy B Ox;

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

) = — -——-5 - T;. dyd
P 2 8&33 47rr t=7- co) j ayar
1
29
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(3.36)

Since the integration of the volume and surface integrals are independent of 7

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

becomes:

N | .. .

pEt) = 6281'23.%3/( 47*r0f T cO)T dT) 4y
1 0

- Egaa:i/s( ——6(t~—7—-—)}"dr) 5.

4rr

Carrying out the integrations over 7, it becomes

2
@D = oo [ 2] dg
ret

29, 3.
dret Oxi0x; Jv L r

1 0 Fi -
- 4ﬁcga—x;[;{7}retsﬁy)’

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

i

Tret =1 —
Co

(3.37)

(3.38)

(3.39)
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In the case when I > ¢ which is the case of the far-field sound, Eq. (3.38) can

be simplified further as follows:

1= :EZ:I"] 82 ! r -
1) = T —)d
p(E:1) dmedad 8Tm ¥ co) Y

(5.t = —)dS ). (3.40)

47TC3$2 / (’3Tm

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 ¢ by the free stream velocity Uy which is known as Mach number M

where M = Uy /cgy, Lighthill’s equation, Eq. (3.27) in its dimensionless form reads:

D? 1 o 0T},
2 a2 3.41
(5~ 3 ) = P9 = (3.41)
where
1 P 1
Ty = puiy +[(p=po) = 750 = po)ldij = €35 (3.42)
1 [oul 6u; 2 Ouj,
i = T l\ay — Sl 4
DO _ ), . a0
Dr —  or +L°O5y]’ (3.44)
U/; = ui—dliUoo. (345)

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
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evaluation, the dimensionless form of Eq. (3.40) becomes:

4‘7\{{4 .'I'@]?j o 82

-1~ Ky Py
p(ﬂ: ) I lf]2 0 BTTQEt FTJ(y T t)d yd&

17”3 xT; © A

- - Fil§f, Tret) dij d 3.46
27 |2l Jo OTper /ar (5 Trer) ( )

where
Fi = —(p—po)ni+eijn, (3.47)
Tret = t— M|x|coshE (3.48)

and [ and 0" are computational domain and cylinder surface respectively.

Equation (3.46) 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 O(M)
times larger than the surface dipole. Therefore, at low Mach number (M < 1), the

dominant term for the density fluctuation is the surface dipole.

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

dipole and quadrupole source functions, D, and Q,'j, are defined as follows:

o, = [F2 /Tw(* ) d*j dE (3.49)

g = o 87}231: . Y, Tret Y .

. ©  J

D = - | FiG. ) dijde (3.50)
0 aTret or

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

Equation (3.50) is partitioned into a number, Mterms, of subintevals. Eq. (3.49)
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and Eq (3.50) can be rewritten, as follows:

O, = /5’“‘” /T (§, Toey) d25 dE (3.51)
! o aTret ¢
. fmar 8
D, = — / Fii]. 7out) difd 3.52
o 9 Jar (7, Tret) Ay d€ (3.52)
with
Mterms = fmazg & . (3.53)

Because the influence of the quadrupole noise source (O(M?)) for the flow past
a circular cylinder is much less than that of dipole source (O(M?)) at low Mach
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;; 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 (CFD) 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 coeflicients, 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. Fiqure (4.1) 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 6t = 10. Early in the computation, the streamlines are symmetric, the bubble
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Figure 4.1 The grid used around the cylinder with 400 x 256 grid points
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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 ¢7"™ = 1.06 at time ¢ = 380 to the mean drag 7" = 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 ¢ = 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 (¢ = 400, 500, 600, 700, 800) are consistant with temporal changes in
the streamline patterns (Figure (4.2). 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.
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Figure 4.2 Streamlines of the flow at the Reynolds number value Re = 100 for the
time interval 760 < ¢ < 800
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Figure 4.3 Time history of the drag and lift coefficients at the Reynolds number
value Re = 100
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Figure 4.4 Variation of the drag and lift coefficients on the surface of the cylinder

at the Reynolds number value Re = 100
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Figure 4.5 Pressure coefficient of the flow on the surface of the cylinder at the

Reynolds number value Re = 100 at times ¢ = 400, 500, 600, 700, 800
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4.1.1.2 Computations at Re = 160. Figure (4.7) shows the drag and
lift coeflicients at Re = 160 obtained in this study. During the symmetry breaking
period, the sudden change in drag, known as the symmetry breaking instability,
increases by 47.2% from ¢ = (.89 to the mean drag ¢7¢" = 1.31 after t = 380.
The time duration over which this increase takes place is about 7' = 100. Comparing
the results between Figure (4.3) and Figure (4.7) shows that the intensity of the jump
increases at Re = 160 is higher than at Re = 100. In other words, the Reynolds
number increases, the intensity of the jump also increases. The results for time
average drag and lift coefficient in the asymptotic regime, shown in Figure (4.3) and

Figure (4.7), are in good agreement with those presented in previous works.

4.1.2 With Control

4.1.2.1 Computation at Re = 100. The feedback control is started at
time ¢t = 620 when the Karman vortex street has settled. Figure (4.10) presents
the visualization of the flow by means of the streamlines for the interval 620 <
t < 638, with a time step 0t = 2. It’s clearly shown that the vortex shedding
is suppressed after control. Figure (4.11) shows the drag and lift coefficients at
Re = 100 obtained after control. Figure (4.12) shows the drag and lift coefficients for
the time interval 760 < ¢ < 800. The drag coefficient undergoes a significant decrease
while the lift coefficient decays to zero in the presence of the control. Figure (4.13)
shows the pressure coefficient of the flow on the surface of the cylinder at times

t = 620,630,650, 750, and ¢ = 780, respectively.
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Figure 4.6 Streamlines of the flow at the Reynolds number value Re = 160 for the
time interval 760 < t < 800
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Figure 4.7 Time history of the drag and lift coefficients at the Reynolds number
value Re = 160



Drag

Lift

1.34

1.33

1.32

1.31

05

-0.25

-0.5

48

Re=160

3 (without control)
760 7'l/0 ’ } 7é0 l } 75'?0 A J 8(])0
Time
Re=160
(without control)
760 7"10 7;0 ’ ‘ 7;0 ‘ I ‘ 8(§O
Time

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 ¢ = 400, 500, 600, 700, 800
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Figure 4.10 Streamlines of the flow with control at the Reynolds number value
Re = 100 for the time interval 620 < ¢ < 638. The control is inserted at time
t =620
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Figure 4.11 Time history of the drag and lift coefficients at the Reynolds number
value Re = 100. The control is inserted at time t = 620
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Figure 4.12 Variation of the drag and lift coefficients on the surface of the cylinder
at the Reynolds number value Re = 100 with and without control for the time
interval 760 < { < 800. The control is inserted at time ¢ = 620
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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 ¢ = 620
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4.1.2.2 Computation at Re = 160. The feedback control starts at the
same as setting for the Reynolds number value Re = 100. The Karman vortex street
has already settled. Figure (4.14) presents the visualization of the flow by means
of the streamlines for the interval 620 < t < 638, with a time step 0t = 2. The
vortex shedding is suppressed after control. Figure (4.15) shows the drag and lift
coefficients at Re = 160 obtained after control. Figure (4.16) shows the drag and
lift coefficients for the time interval 760 < ¢ < 800. The drag coefficient undergoes
a significant decrease while the lift coefficient decays to zero in the presence of the
control. Figure (4.17) shows the pressure coefficient of the flow on the surface of the

cylinder at times ¢ = 620, 630, 650, 750, and ¢ = 780, respectively.

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. (3.50) can be separated into two terms for the dipole source function on each
axis, Dy and D,. 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



55

t=620 t=630

t=622 t=632

t=624 t=634

t=626 t=636

t=628 t=638

Figure 4.14 Streamlines of the flow with control at the Reynolds number value
Re = 160 for the time interval 620 < t < 638. The control is inserted at time
t =620
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Figure 4.15 Time history of the drag and lift coefficients at the Reynolds number
value Re = 160. The control is inserted at time ¢t = 620
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Figure 4.16 Variation of the drag and lift coefficients on the surface of the cylinder
at the Reynolds number value Re = 160 with and without control for the time
interval 760 < t < 800. The control is inserted at time t = 620
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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 ¢ = 620, 630, 650, 750, 780. The control is

inserted at time t = 620
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and normal to the mainstream, D; and D2 are also known as the drag and lift dipole,

respectively.

To compute drag and lift dipole source functions from Eq. (3.50), the surface

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

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

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

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

results

e 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

M = 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 Mterms. Figure (4.18) 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 (Mterms) 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 (Mterms) 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 Mterms = 5000 and Mterms = 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').
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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 Mterms =
500, 1000, 5000, 8000, 10000
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The convergence of the drag and lift dipole values at Re = 100 when choosing
the time interval dt,.; for calculating the retard time derivative in Equation (3.50)
has also been investigated. Figure (4.19) shows the convergence of the drag and lift
dipole results with dt,.; = 5 x 107°.5 x 107%, and 5 x 107'2, respectively, by using
Mterms = 5000 and 8000. In addition, some of the results from Figure (4.18) is
presented in these plots for comparison. The difference between the results using

dtree =5 x 107%,5 x 1078, and 5 x 1072, is slightly less then 2 x 1074,

The values of the drag and lift dipole source functions at a far field location
z; = —2000 and zo, = 2000, at the Mach number value M = 0.01, and at the
Reynolds number value Re = 100 are shown in Figure (4.20). 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 (4.21).

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. (1998), as also shown in Figures (4.20), (4.21).

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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Figure 4.19 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 Mterms =
5000, and 8000 and various time derivative increments dt,.; = 5x 107, 5x 1078, and
5x 10712
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Figure 4.20 Drag and lift dipoles at the Reynolds number value Re = 100 using the
number of subintervals in the integral of Equation (3.50), that is Mterms = 5000.
The results are compared with those of You ef al., 1998
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Figure 4.21 Acoustic density at the Reynolds number value Re = 160 using the
number of subintervals in the integral of Equation (3.50), that is Mterms = 5000.
The results are compared with those of You et al., 1998
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Figure 4.22 Drag dipole 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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Figure 4.23 Lift dipole at the Reynolds number value Re = 100 using the number of
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Figure 4.24 Acoustic density 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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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 (Mterms) as chosen for Re = 100. The difference between the drag
and lift dipole values for Mterms = 1000 and Mterms = 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 Mterms = 5000 and
Mterms = 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
dipole values for dt,,; = 5 x 107°,5 x 1078, and 5 x 107!2, at Re = 160 by using
Mterms = 1000 and 8000. The difference between these results is slightly less than
5x1075. 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 (4.28),
(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 (4.33) shows the contour of far-field acoustic density at the Reynolds number

Re = 160 for the far-field domain (—2000 < zy, z, < 2000).
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Figure 4.25 Contour of the acoustic density at the Reynolds number value Re = 100
using the number of subintervals Mterms = 5000 in the integral of Equation (3.50)

and the far-field domain (—2000 < z;, 2, < 2000)
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Figure 4.26 Drag and lift dipoles at the Reynolds number value Re = 160 using
various numbers of subintervals in the integral of Equation (3.50), that is Mterms =
500, 1000, 5000, 8000, 10000
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Figure 4.27 Drag and lift dipoles at the Reynolds number value Re = 160 using
various numbers of subintervals in the integral of Equation (3.50), that is Mterms =
5000 and 8000 for various time derivative increments dt,; = 5 X 107°,5 x 1078, and
5x 10712
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Figure 4.28 Drag and lift Dipoles at the Reynolds number value Re = 160 using the
number of subintervals in the integral of Equation (3.50), that is Mterms = 5000.
The results are compared with those of You et al., 1998
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Figure 4.29 Acoustic density at the Reynolds number value Re = 160 using the
number of subintervals in the integral of Equation (3.50), that is Mterms = 5000.
The results are compared with those of You et al., 1998
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Figure 4.30 Drag dipoles 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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Figure 4.31 Lift dipole at the Reynolds number value Re = 160 using the number of
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Figure 4.32 Acoustic density 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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Figure 4.33 Contour of the acoustic density at the Reynolds number value Re = 160
using the number of subintervals Mterms = 5000 in the integral of Equation (3.50)
in the far-field domain (—2000 < z, 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 difficluties
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
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Figure 4.35 Acoustic density at the Reynolds number value Re = 100 with and
without control
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Figure 4.36 Drag dipoles with and without control at the Reynolds number value
Re = 100 using the number of subintervals Mterms =
Equation (3.50) for various observer positions
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Figure 4.37 Lift dipole with and without control at the Reynolds number value
5000 in the integral of

Re

100 using the number of subintervals Mterms

Equation (3.50) for various observer positions
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Figure 4.38 Acoustic density 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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Figure 4.39 Contour of the acoustic density at the Reynolds number value Re = 160
using the number of subintervals Mterms = 5000 in the integral of Equation (3.50)
in the far-field domain (—2000 < zy, 2, < 2000)
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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 (4.42), (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 M = 0.01. The instantaneous
directivity in Figure (4.39) shows that sound wave propagates with a small angle
from the horizontal axis (x;). 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

In order to investigate the noise suppression by this control technique, sound pressure
level (SPL) was used to compare the results of noise generation before and after
control. In order to compare with the experimental results of Revell et al. (1977)
and Weier et al. (1998), the dimensional parameters were calculated based on the
Reynolds number values Re = 100 and Re = 160 with the cylinder diameter D =
0.02m, the flow Mach numbers M = 0.000215 and M = 0.000342, freestream speed
of sound 340 m/s. The air density (p,) and the air dynamic viscosity (u) used in
this study are 1120 kg/m? and 1.78 x 107> kg/m - sec repectively. The acoustic

pressures were obtained by using the equation of state (3.13).
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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 4.43 Lift dipole with and without control at the Reynolds number value
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Figure 4.44 Acoustic density with and without control at the Reynolds number
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Equation (3.50) for various observer positions.
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Figure 4.45 Contour of the acoustic density at the Reynolds number value Re = 160
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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 mean square (rms)
value. The rms pressure will then be used to calculate the sound pressure level in

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

Prms
Pref

where P,.s is the reference pressure.

The common reference pressure for airborne acoustic measurements is 20 x
10~ Newton/meter? (20uN/m?). 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 rms pressure is the same as the reference
pressure. However, the numerical rms pressures obtained in this study were below
the threshold of human hearing which resulted in negative decibel (dB). 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 1071 N/m?.

A list of pressures and the corresponding sound pressure level (SPL) in decibel
(dB), using 20 x 107°N/m? and 20 x 107'*N/m? as the reference pressures, is
presented in Table 4.1 (White, 1918). Table 4.2 (White, 1918) indicates approximate
decibel (dB) 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

decibel scale at the reference pressure P,.; = 20 x 107'°N/m?.
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Sound Pressure | Sound Pressure Level | Sound Pressure Level | Environmental
(N/m?) (dB, re:20 x 1079) (dB, re:20 x 1071%) | condition

20 x 1071 0

20 x 10713 20

20 x 10712 60

20 x 10710 100

20 x 1078 140

20 x 1075 0 180 Threshold of hearing

0.0002 20 200 Broadcasting studio

0.002 40 220 Library

0.02 60 240 Conversational Speech

0.2 80 260 Typical factory

2 100 280 Symphony orchestra

20 120 300 Aircraft takeoff

200 140 320 Threshold of pain

Table 4.1 Sound Pressure Level

Change in Sound Level

Change in Perceived ”Loudness’

?

(dB, re:20 x 107°)

(dB, re:20 x 1071°)

3dB
5 dB
10 dB
15 dB
20 dB

183
185
190
195
200

Just perceptible
Noticeable difference
Twice (or %) as loud

Large change

Four times (or 1) as loud

Table 4.2 Change in Sound Level
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4.3.1 Sound Pressure Level (SPL) at Re = 100

Figure (4.46) shows the directivity patterns for the overall sound pressure level with
and without control generated by the drag dipole (SPLp;) at Reynolds number
values Re = 100, Mach number M = 0.000215, and cylinder diameter D = 0.02
m. The observer is located at 128D from the cylinder. From the results, SPL was
suppressed by 98.97 dB* after control. From Table 4.2, it is about 27 times less
noise than in the flow without control. Figure (4.47) shows the directivity patterns
for the overall sound pressure level with and without control generated by the lift
dipole (SPLps). From the results, one can observe that SPL is suppressed by 137.64
dB* after control. From Table 4.2, it corresponds to about 37 times less noise than
in the flow without control. Figure (4.48) shows the comparison between the sound
pressure level generated by the flow with and without control. From the results, SPL
is suppressed by 125.22 dB* after control. This corresponds to about 33 times less
noise than in the flow without control. Notice that the directivity patterns for the
sound field without control tend to propagate in 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.

4.3.2 Sound Pressure Level (SPL) at Re = 160

Figure (4.49) shows the directivity patterns for overall sound pressure level with
and without control generated by the drag dipole (SPLp;) at the Reynolds number
Re = 160, Mach number M = 0.000342, and cylinder diameter D = 0.02 m. The
observer is located at 128D from the cylinder. From the results, one observes that
SPL is suppressed by 95.56 dB* after control. From table 4.2, this corresponds to

about 26 times less noise than in the flow without control. Figure (4.50) shows



95

the directivity patterns for overall sound pressure level with and without control
generated by the lift dipole (SPLps). 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, SPL is suppressed by 116.65 dB* after control. This corresponds to
about 31 times less noise than in the low 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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SPL (Without Control)

Figure 4.46 Directivity patterns for overall sound pressure level with and without
control generated by the drag dipole (SPLp;) at the Reynolds number Re = 100,
Mach number M = 0.000215, and cylinder diameter D = 0.02 m. The observers
locations are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x
10715 )
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_ SPL (Without Control)
Re 100 3

r/D = 128 sPL. (With Control)

Figure 4.47 Directivity patterns for overall sound pressure level with and without
control generated by the lift dipole (SPLp,) at the Reynolds number Re = 100, Mach
number M = 0.000215, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 107%%)
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Figure 4.48 Directivity patterns for overall sound pressure level with and without
control generated by the total dipole (SPLp;2) at the Reynolds number Re = 100,
Mach number M = 0.000215, and cylinder diameter D = 0.02 m. The observers

locations are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x
10——15 )
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Re = 160 SPL. (Without Control)
D1

r/D = 128 ™ sPL (With Control)

160

Figure 4.49 Directivity patterns for overall sound pressure level with and without
control generated by the drag dipole (SPLp;) at the Reynolds number Re = 160,
Mach number M = 0.000342,, and cylinder diameter D = 0.02 m. The observers
locations are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x
10719)
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Figure 4.50 Directivity patterns for overall sound pressure level with and without
control generated by the lift dipole (SPLp,) at the Reynolds number Re = 160, Mach
number M = 0.000342,, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 1071% )
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(Without Control)
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160
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Figure 4.51 Directivity patterns for overall sound pressure level with and without
control generated by the total dipole (SPLp;;) at the Reynolds number Re = 160,
Mach number M = 0.000342,, and cylinder diameter D = 0.02 m. The observers
locations are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x
10*15 )



CHAPTER 5

CONCLUSIONS

In this study, Lighthill’s acoustic analogy approach has been applied to compute the
noise source functions and acoustic density fluctuation. Laminar 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 (You et al. (1998)).

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, electro-magnetic
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 M = 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

102
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al. (1977) and Weier et al. (1998), 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 Mach number values M = 0.000215 and M = 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
magnetohydrodynamic (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 Weier et al. (1998) 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 S/m, 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 fliud 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 ¢, be any two functions defined on V. Then, the

divergence theorem applied to the vector ¢V, gives

[V @V di= [(e:90) - nds() (A1)

After expanding the divergence in Eq. (A.1), and rewritting Vs -7 to Oy, /0n
where dw,/0n is the derivative in the direction of the positive normal, the well-known

Green’s first identity is obtained:

3(,02 )
I . { i { 2/ —‘:: { —_— 7 A1,
/vvﬁl Vs dy‘f‘/v‘f?lv 0o dy /5191 n dS(y). (A.2)

Let ¢; = 9 and @, be a solution of Laplace’s equation. Eq. (A.2) becomes

.~ 0 . ‘
[V di= [ 052 dS(@). (4.3)

By interchanging the roles of the functions ¢; and ¢, in Eq. (A.2), it can be

obtained:

P 8(,01
09 - Vo dif V20, dij = | wy—— dS(7). A4
/stOz 1 y+/vsoz pray = | Paps (%) (A4)

Subtracting Eq. (A.4) from Eq. (A.2), the well-known relation between a

volume integral and a surface integral is obtained:

105



' : _, (o5 1 -
Zf _— 2 fonand —_— PR
/V(ng w9 — wa V1) dy /;(gol on P2 o ) dS(7), (A.5)

known as Green’s second identity or, frequently, as Green’s theorem.

If Vg(g}', t) denotes the velocity at any point ¢ of the surface S, Leibniz’s rule

shows that

d o dp S SN
%Lwdy_ﬁ—%dy+/;ﬁs ne dS(7), (A.6)

where the function ¢(7,1) 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

(5505~ V0 = 5x(F.7) (B.1)

-

in terms of a fundamental solution G(,7 | 7,t) of the wave equation:

for a point source x (¢, 7) where

D() _a() ., a()
Dr 97 * L“ayl (B:3)
and
DG
fort < 1.

Then applying Green’s theorem to p/ and G and integrating both sides with

respect to 7 from —oc to +oc, it becomes:

[5G ) asir = [ [i6¥ = s i
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- gL (55 -5
+[ f(—GX—y—’—)dng

+/ / (7 — P)6(F— 7)) djdr . (B.5)

Expanding the integrand of the left hand side;

D* DG o ( Dy DG 0 Dy DG
(GDT2”pDT2)——57—:(GDT pDT)+L 8 ( Dr pT)—T— - (B.6)

and applying Leibniz’s rule to the first term and the divergence theorem to the

second, it becomes:

[ {55 BE) o= [ (057 057 ) e 00

—

where Vi, =V, - 711

Substituting Eq. (B.7) into Eq. (B.5), and integrating over the delta functions

term, it can be obtained as:

. 1 e . . .
Pz t) = —;/_ /x(y,T)G(y,’rl:mt)dydT

o (2t R
[

o + 2 Dr ) (¢, 7)dSg)dr

Vin .
J, T) (Z’% + - —1—)—) Gy, 7| Z,t)dSy)dr.  (B.8)

2
c2 Dt



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. (1977) 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 M =
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 6 = 0° to 6 = 120°
with a degree step 66 = 30° where angle direction shown in Figure 2.1
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Figure C.2 Acoustic Pressures generated by the drag 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
Mterms = 5000 in the integral of Equation (3.50) for observer positions at 128D
away from the cylinder. Acoustic Pressure calculated from degree § = 150° to
6 = 240° with a degree step 46 = 30° where angle direction shown in Figure 2.1
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Figure C.3 Acoustic Pressures generated by the drag dipole sources with and
without control at the Reynolds number value Re = 100, Mach number M =
0.000215, and cylinder diameter D = (.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 § = 270° to
6 = 360° with a degree step 06 = 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
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 Mterms = 5000
in the integral of Equation (3.50) for observer positions at 128D away from the
cylinder. Acoustic Pressure calculated from degree # = 0° to # = 120° with a degree
step 06 = 30° where angle direction shown in Figure 2.1
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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 Mterms = 5000 in
the integral of Equation (3.50) for observer positions at 128D away from the cylinder.
Acoustic Pressure calculated from degree § = 150° to # = 240° with a degree step
08 = 30° where angle direction shown in Figure 2.1
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Figure C.6 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 Mterms = 5000 in
the integral of Equation (3.50) for observer positions at 128D away from the cylinder.
Acoustic Pressure calculated from degree 8§ = 270° to # = 360° with a degree step
08 = 30° where angle direction shown in Figure 2.1
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Figure C.7 Acoustic Pressures generated by the total 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
Mterms = 5000 in the integral of Equation (3.50) for observer positions at 128D
away from the cylinder. Acoustic Pressure calculated from degree 8 = 0° to 6 = 120°
with a degree step 66 = 30° where angle direction shown in Figure 2.1
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Figure C.8 Acoustic Pressures generated by the total 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
Mterms = 5000 in the integral of Equation (3.50) for observer positions at 128D
away from the cylinder. Acoustic Pressure calculated from degree # = 150° to
6 = 240° with a degree step 06 = 30° where angle direction shown in Figure 2.1
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Figure C.9 Acoustic Pressures generated by the total 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
Mterms = 5000 in the integral of Equation (3.50) for observer positions at 128D
away from the cylinder. Acoustic Pressure calculated from degree 6 = 270° to
f = 360° with a degree step 06 = 30° where angle direction shown in Figure 2.1
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Figure C.10 Acoustic Pressures generated by the drag dipole sources with and

without control at the Reynolds number value Re

160, Mach number M =

0.000342, 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 6 = 0? to § = 120°
with a degree step 06 = 30° where angle direction shown in Figure 2.1
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Figure C.11 Acoustic Pressures generated by the drag dipole sources with and

without control at the Reynolds number value Re

160, Mach number M =

0.000342, and cylinder diameter I = 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 # = 150° to

f = 240° with a degree step 6 = 30° where angle direction shown in Figure 2.1
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Figure C.12 Acoustic Pressures generated by the drag dipole sources with and

without control at the Reynolds number value Re

160, Mach number M =

0.000342, 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 6§ = 270° to

f = 360° with a degree step 6 = 30° where angle direction shown in Figure 2.1
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Figure C.13 Acoustic Pressures generated by the lift dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, 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° to # = 120°
with a degree step 66 = 30° where angle direction shown in Figure 2.1
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Figure C.14 Acoustic Pressures generated by the lift dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, 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 § = 150° to
6 = 240° with a degree step 06 = 30° where angle direction shown in Figure 2.1
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Figure C.15 Acoustic Pressures generated by the lift dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, and cylinder diameter D = (.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 6§ = 270° to
6 = 360° with a degree step 66 = 30° where angle direction shown in Figure 2.1
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Figure C.16 Acoustic Pressures generated by the total dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, 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 6§ = 0° to 6 = 1207
with a degree step 00 = 30° where angle direction shown in Figure 2.1
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Figure C.17 Acoustic Pressures generated by the total dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, 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 # = 150° to
6 = 240° with a degree step 66 = 30° where angle direction shown in Figure 2.1
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Figure C.18 Acoustic Pressures generated by the total dipole sources with and
without control at the Reynolds number value Re = 160, Mach number M =
0.000342, 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 6 = 270° to
f = 360° with a degree step 06 = 30° where angle direction shown in Figure 2.1
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Figure C.19 Directivity patterns for overall sound pressure level without control
generated by the drag dipole (SPLp;) and lift dipole (SPLps) at the Reynolds
number Re = 100, Mach number M = 0.000215, and cylinder diameter D = 0.02 m.

The observers locations are at 128D away from the cylinder. Axes units are decibels
(dB, re:20 x 1071%)
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Figure C.20 Directivity patterns for overall sound pressure level without control
generated by the total dipole (SPLp;s) at the Reynolds number Re = 100, Mach
number M = 0.000215, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 107'%)
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Figure C.21 Directivity patterns for overall sound pressure level with control
generated by the drag dipole (SPLp,) and lift dipole (SPLps) at the Reynolds
number Re = 100, Mach number M = 0.000215, and cylinder diameter D = 0.02 m.
The observers locations are at 128D away from the cylinder. Axes units are decibels
(dB, re:20 x 10719)
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Figure C.22 Directivity patterns for overall sound pressure level with control
generated by the total dipole (SPLp;3) at the Reynolds number Re = 100, Mach
number M = 0.000215, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 1071% )
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Figure C.23 Directivity patterns for overall sound pressure level without control
generated by the drag dipole (SPLp;) and lift dipole (SPLp,) at the Reynolds
number Re = 160, Mach number M = 0.000342, and cylinder diameter D = 0.02 m.
The observers locations are at 128D away from the cylinder. Axes units are decibels
(dB, re:20 x 1071%)
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Figure C.24 Directivity patterns for overall sound pressure level without control
generated by the total dipole (SPLpi,) at the Reynolds number Re = 160, Mach
number M = 0.000342,, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 10715)
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Figure C.25 Directivity patterns for overall sound pressure level with control
generated by the drag dipole (SPLp;) and lift dipole (SPLps;) at the Reynolds
number Re = 160, Mach number M = 0.000342,, and cylinder diameter D = 0.02
m. The observers locations are at 128D away from the cylinder. Axes units are
decibels (dB, re:20 x 1071 )
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Figure C.26 Directivity patterns for overall sound pressure level with control
generated by the total dipole (SPLp;,) at the Reynolds number Re = 160, Mach
number M = 0.000342,, and cylinder diameter D = 0.02 m. The observers locations
are at 128D away from the cylinder. Axes units are decibels (dB, re:20 x 1071%)
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