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Chapter 1

Introduction

In the field of underwater acoustics, composite materials are often used to coat
the hulls of platforms in order to reduce the sound radiated by vibrating surfaces,
and to isolate sonar arrays from near-field sound sources. Internal activity and
machinery inside the platform can drive vibrations on the hull, which in turn affects
externally mounted sonar arrays and hence causes unwanted noise and interference.
The noise detected by a hull mounted array can be reduced by placing the sensors
in front of a multi-layered cladding system, with the goal being to absorb the sound

and hence reduce the impact of the self-noise received by the hydrophones.

The structure of the composite material used to coat the hull of a platform
can be complex. The cladding materials can comprise layers with different elastic
properties, they can contain randomly distributed microspherical inhomogeneities
or contain macroscopic inhomogeneities, usually voids, arranged on a periodic
lattice (see fig 1.1). The latter are referred to as lattice materials.

The purpose of this thesis is to investigate some of the properties of the cladding
materials consisting of periodically arranged macroscopic axisymmetric inhomo-
geneities, where, for mid-range frequencies, the wavelength is the same size as a

lengthscale of each scatterer. A particular focus of this work is to understand how

24



25

‘ Internal Forcing

I N B
OOOOG

Cladding
Water

OO0 O
00 0

Figure 1.1: A schematic representation of a simple cladding layer containing macro-
scopic, axisymmetric inclusions (a) cross section and (b) from above.

the spacing and shape of the scatterers in a periodic array affects the reflection and
transmission of an incoming acoustic wave. This is an area of considerable interest
in the field of wave propagation, and the area is substantial both in content and
existing literature.

Since the outbreak of the second world war, rubber coatings containing air filled
cavities have been used to coat platform hulls in an attempt to make them anechoic
[45, p.287]. This has driven both theoretical and experimental research into the
area. Arrays of cylindrical inclusions in a viscoelastic host medium were analysed
using a one-dimensional model by Gaunaurd [24]. In this paper, Gaunaurd studies
the viscoelastic deformations of a rubber layer, containing short cylindrical cavities,
that is harmonically excited by an incident wave. Wave scattering from spherical
inclusions is a classical problem in applied mathematics, and has been studied
extensively by analytical methods, such as in [43], due to the simple geometry of
the scatterers.

Scattering by arrays of non-spherical scatterers has been studied extensively
by Ivansson [30], by using a semi-analytical method that was initially employed

to study band gaps in photonic crystals [41, 48]. The wave field scattered by each
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cavity is expanded in spherical wave functions, and an equation is obtained for the
coefficients, hence taking into account the multiple scattering effects. In particular,

[29] uses the method to optimize an elastic layer for maximum anechoic effect.

For the frequency regime considered in this thesis, the analytical study of pe-
riodically spaced inclusions would generally require a simplifying hypothesis that
restricts the geometry of the scatterers to a few simple shapes, or to consider small
scatterers. Contrary to this, the restrictions that must be imposed on the shape
and size of the scatterer are greatly reduced if one employs a numerical method.
Finite element methods have proved successful in determining the acoustic be-
haviour for the analogous two-dimensional problem; for example plane wave scat-
tering from a one-dimensional array of cylindrical scatterers in an infinite domain
was considered by Hennion [28]. The approach was then extended to the doubly-
periodic case [28] [19]. The approach required only a single cell to be meshed, due

to the geometrical periodicity and application of Bloch-Floquet conditions.

As an alternative numerical approach, reflection and transmission of a plane
wave by a doubly periodic array of spherical scatterers is solved using the boundary
element method by Achenbach [3]. In this paper, the author reformulates the
boundary value problem as an integral equation over the surface of each sphere
via the use of Green’s theorem. Taking advantage of the geometrical periodicity,
this is then reduced to an integral equation over a single representative sphere. The
cost of this manipulation is that the kernel of the integral equation now involves

a doubly-periodic Green’s function.

On the other hand, the boundary element method has several distinct advan-
tages over the finite element method. In the first instance, the dimension of the
problem is reduced by one; for the fully three dimensional problem, one is re-
quired only to discretise the two dimensional surface of the scatterer. Further

to this, since the scatterers are bodies of revolution, the sought-after boundary
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functions can be expanded in complex Fourier series with respect to the circum-
ferential direction. Each of the Fourier coefficients satisfies a boundary integral
equation that can be reduced to a line integral over the surface generator of the
body, and an integral over the angle of revolution. The advantage of this is that the
circumferential integrals can be evaluated simultaneously using the Fast Fourier
transform algorithm, while the integrals over the surface generator can be calcu-
lated by Gaussian quadrature. This significantly reduces the computational cost

involved in calculating the unknown boundary functions.

A second advantage of the boundary element method is the associated suit-
ability for solving problems on unbounded domains. This is a considerable simpli-
fication over the use of the finite element method. In addition to this, the Green’s
functions for both the two-dimensional and three-dimensional problems are well

known.

The use of the boundary element method introduces several non-trivial prob-
lems. Not least of these is the singular nature of the Green’s function when the
field point and integration variable of the integral equation coincide. In two di-
mensions, the resulting integral equation is shown to have a removable singularity,
and in three dimensions the singularity is weak. We discuss the singularities in

detail in this thesis, and explain how to effectively handle them numerically.

As mentioned above, a consequence of the boundary element method is that
the kernel of the integral equation involves a doubly periodic Green’s function.
Such functions have attracted great interest in recent years, due to the wide range
of applications in which they arise. An exhaustive review of periodic Green’s
functions for the Helmholtz equation is given by Linton [38], in which he discusses
the Ewald method of evaluating such functions. A recent paper by Arens et. al [6]
discusses this method further and discusses the convergence of such functions in

detail. A thorough review of the current literature on the area of periodic Green’s
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functions is given in later chapters.

In this thesis, we wish to determine a method for evaluating the periodic
Green’s function, in both two and three dimensions, that is easily implementable
into the numerical scheme arising from the boundary element method. To this
end, we wish to analyse the function and devise a semi-analytical method to both
improve the convergence of such function, and to reduce the amount of computa-
tional power required to evaluate it. To the author’s knowledge, the method that
in developed in chapters 4 and 6, for singly periodic and doubly periodic arrays

respectively, is original.

In order to make progress on the complex problem of modelling composite ma-
terials containing periodically spaced inhomogeneities, it is necessary to make some
simplifications. Firstl, we neglect the layering that is generally involved in such
materials, and consider the domain of propagation to be homogeneous and infinite.
Second, we treat the elastic domain exterior to the macro inhomogeneities as a
compressible fluid, and consider the acoustic case, but incorporate the complex-
ity associated with generally shaped, axisymmetric macro inhomogeneities. This
reduces the complexity introduced by the coupling of elastic shear and compres-
sional waves dramatically, and allows focus to be given to the numerical scheme
itself. One of the primary aims of this thesis is to develop a robust method that
can be extended in a straightforward fashion to solve for varying geometries and in
the elastodynamic case. In the conclusions chapter, we discuss how the methods
described in this thesis can be adapted to the elastodynamic problem, and the

complexities involved in this.

This thesis is organised as follows. In chapter 2, we outline the notation and
background material that will be relevant for the rest of this thesis. In addition,
this chapter serves to give a historical context to the problem, and further moti-

vation for the methods used.
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In chapter 3 we discuss wave scattering from cylinders with arbitrary cross-
section. In chapter 4, we build on the method outlined in the preceding chapter and
solve for the reflection and transmission coefficients through an infinite, periodic
array of two dimensional scatterers. In chapter 5, we solve for the field scattered
by a single axisymmetric, three dimensional scatterer, before extending this to an
infinite, two-dimensional array in three-dimensional space in chapter 6. Finally,
we conclude with chapter 7 and discuss how the work described in this thesis can

be extended in future work.



Chapter 2

Background

2.1 Background and notation

In this chapter we review the main ideas and concepts used throughout this the-
sis. We cover the fundamentals required to understand, formulate and solve wave
scattering problems by the boundary element method. This chapter also serves to
provide a historical overview of wave propagation in periodic media, to aid in the
illustration of the motivation of the thesis.

When an otherwise homogeneous domain contains a body with different physi-
cal properties, an incident plane wave will be scattered by the body. We begin this
chapter by setting up a basic scattering problem that can be applied to various
physical problems where the field variable for which we wish to solve is governed
by Helmholtz” equation. This serves as a base on which we develop the theory re-
quired for the more complicated problems considered in later chapters. We remain
as general as possible when formulating the problem so that in the subsequent
chapters we are able to refer back to this section. For the purposes of this back-
ground chapter, we refer to dimension d which can be either 2 or 3. In the case

where significant differences apply between two and three dimensions, we make

30
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this explicit. Throughout, the position vector x = (z1,x2) or (x1, z2, x3) describes
a rectangular Cartesian coordinate system in two or three dimensions.

It is assumed that the reader has undertaken an undergraduate course in wave
mechanics, and so will have already encountered acoustics and be familiar with the
governing equations. For an introduction to wave mechanics, the reader is directed
to [11], or for a text focused solely on acoustics we recommend [52]. The work in
this thesis can be extended to waves in linear elastic solids, and for comprehensive
texts on this the reader is referred to [36] and [2].

This section is also used to show how the governing equations of exterior wave
scattering problems can be reformulated as integral equations, and how such equa-
tions can be solved by the boundary element method. We describe only the con-
cepts of the boundary element method that relate directly to this thesis, but for
complete texts on the boundary element method see [23], [7] and [9], or for a text

that applies the boundary element method to acoustic problems directly see [17].

2.2 Acoustics

This thesis is concerned with the propagation of small disturbances in an inviscid,
compressible fluid that is otherwise at rest. Such disturbances are perturbations

of the fluid density p(x,t), pressure p(x,t), and velocity v(x,t), which we write as

p = po+p, p <po, (2.1)
p=po+D, P <po, (2.2)
v =", (2.3)

where the perturbations are denoted by variables with hats, and each of the acous-
tic variables are initially at a uniform, time-independent state given by p = py,

p = po and v = 0. In this case, the linearised continuity and conservation of
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momentum equations are

dp o
E+V~(/)0V)—O,

ov
— h=0.
oy +Vp

(2.4)

(2.5)

We assume that the fluid is barotropic, that is the density is a function of pressure

only p = p(p). Hence
po+p = ppo+ D).
Since [p| < po, Taylor series expansion of (2.6) yields

d

A ~ A_p
po+ p = p(po) +pdp (o),

which to leading order is

A

dp
P = P%(po),
since pg = p(po). Substituting this expression into equation (2.4) yields

opdp

@d—p(po) =-V- (/)oV%

which upon differentiation with respect to t and dividing by p, gives
1 dp 0?p 1 < 80) 1 o,
— L) ==V (o | = =V,

(po) Po "ot Po

using (2.5). Finally, define
p _
c= {d_g (pO)} )

and so we ultimately arrive at the d-dimensional wave equation

[SIE

19p(x,1)

VQp\(Xa t) = 2 O

The velocity also satisfies the wave equation:

i@\?(x, t)
2 o2’

V3V (x,t) =

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)
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and so each component of v independently satisfies the scalar wave equation.
Expressing the velocity vector as the gradient of a scalar field Qg(x) (the acoustic

velocity potential) then we have
v = Vo(x), (2.14)
and so the velocity potential also satisfies the scalar wave equation:

R 106
Vo) = 3 ag)'

(2.15)

Once ngS(x) is found, the pressure and velocity fluctuations can be found via the

relations (2.14) and

06
D= —po—-. 2.16
p=—po, (2.16)
Throughout this thesis, we consider monochromatic time-harmonic propaga-

tion and scattering, and so the total field can be written in the compact form

B(x,t) = R (p(x)e™") = |¢(x)] cos (arg((x)) — wt). (2.17)

where |¢(x)| is the amplitude of the pressure at a given position vector, arg(¢p(x))
determines the phase of the oscillation and w is the angular frequency of the waves.

Substituting equation (2.17) into equation (2.15) yields

V24(x) + K*¢p(x) =0 in D C R% (2.18)

Hence the time-independent acoustic potential satisfies the d-dimensional Helmholtz’

equation in the domain of propagation D. The wavenumber k is given by

k=

W
C

(2.19)

In all acoustics problems studied in this thesis, we focus on sound hard scat-

tering problems, where the scatterer surface has much higher acoustic impedance
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than the acoustic impedance of the host medium. This is modelled mathematically

by a Neumann boundary condition:

0
% =0 ondV, (2.20)

where 0/0n denotes the normal derivative on the boundary dV. A radiation

condition is also required, which will be introduced later in this chapter.

2.3 An exterior scattering problem

Wave scattering from bodies is ubiquitous in science and engineering. With appli-
cations in elastodynamics, electromagnetism, water waves and acoustics to name
but a few, such problems are well studied and form a broad and important section
of classical applied mathematics. In general, the mathematical formulation for
such a problem can be expressed as a boundary value problem. We begin this
chapter by formulating a basic boundary value problem, an exterior scattering
problem, before discussing existing methods of solution.

Consider a plane time-harmonic wave ¢™(x)e~ ! of angular frequency w, inci-
dent on a scatterer S located at the origin of a Cartesian coordinate system, O.
The region exterior to the scatterer, denoted D, comprises a wave medium that
extends to infinity in all spatial directions. The scatterer is of characteristic length
scale a and has a smooth surface denoted 0V. As already noted, the dimension d
of this problem is either 2 or 3. Note here that the notation has been chosen so as
to be consistent with the problems studied in later chapters, where the geometry
is more complicated.

The total wave field ¢(x) can be decomposed into the known incident wave

component and the scattered component:

P(x) = ¢™ (x) + ¢™(x), (2.21)
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Figure 2.1: Plane time-harmonic wave incident on a sound-hard body of revolution
with surface 0V'.

and we seek to find the scattered field. Under the assumption of linear acous-
tic theory which models pressure disturbances well in many important contexts
[11], the governing differential equation for the time independent wave potential

is Helmholtz’ equation,

V2(x) + k*¢(x) = 0, (2.22)

which must be satisfied in the domain D.

The incident plane wave is of the form
™ (x) = e (2.23)

which has been taken to be of unit amplitude due to the assumption of linearity,
where p is a two-dimensional or three-dimensional unit vector that defines the
angle of propagation of the incoming wave.

Boundary conditions on the surface 9V are in general of Robin’s form

ap(x) + 582(;() =~ x€IV, (2.24)
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where n is the inward pointing normal (pointing towards the interior of the surface)
on V', and 9/0n denotes n-V. Further, a, § and 7y are given constants, determined
by the physics of the problem. In general, we will be solving for sound-hard
scattering problems, in which case we assume the constants to take the following
values: a =0, 5 =1and v = 0.

Finally, we require a boundary condition at infinity so as to ensure that the
scattered field consists of only outgoing waves. Therefore, ¢*(x) must satisfy the
Sommerfeld radiation condition:

lim [x|7 (i - zk:) ¢*(x) = 0. (2.25)

|| =00 J|x|

The solution to the above boundary value problem exists and is unique, as
described in detail in [8]. The boundary value problem can easily be extended to
the case of multiple scatterers. In this case, the boundary 9V denotes the sum of
each of the individual scatterer surfaces, and a boundary condition is required on

the surface of each distinct body.

2.4 Methods of solution

Various well-known methods exist to solve the boundary value problem described
in the preceding section. In this section, we outline two methods of solution that
can be used to solve such wave scattering problems. The first is the method of
separation of variables, which provides an exact solution for scatterers with simple
geometries, i.e. those whose surfaces coincide with separable coordinate systems.
Although the solution for cylindrical and spherical scatterers is well known, we
describe the method here since it provides a useful means for comparison for any
numerical scheme. In the case where the surface of the body does not directly

coincide with a coordinate surface, the method can be generalised to the T-matrix
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method, which approximates non-circular/non-spherical shapes by circular/spher-
ical multipoles. In order to extend this method to multiple scatterers, we can
combine separated solutions for each obstacle using an addition theorem, leading
to a linear system of equations.

Secondly, we describe how wave scattering problems can be formulated as
boundary integral equations, using the so-called direct method, by applying Green’s
theorem to a bounded domain. The result of this is an explicit representation for
the solution in terms of the Green’s function and the values of the unknown and
its normal derivative on the surface V. Thus, once we know the value of the
wave variables on the boundary, we have an explicit formula for the potential at
any point in the field. The boundary values can be found by the boundary ele-
ment method (BEM), and this is the subject of section 2.5. The integral equation
method extends easily to multiple scatterers.

In this chapter we neglect to include any details of how each method can be
extended to solve the problems involving an infinite, periodic array of scatterers.
There are numerous implications involved in extending the problem to an infinite
array, and for this reason we dedicate a section to reviewing the current literature
on infinite periodic arrays (section 2.6). This section is intended to establish the
notation and fundamental integral equations used throughout this thesis, and will

be referred back to at various points throughout.

2.4.1 Separation of variables

The method of separation of variables dates back to Fourier’s paper [22], and since
then the method has been applied directly to Helmholtz” equation in numerous
books and papers. In particular, the method was applied to electromagnetism
by Jones [18], hydrodynamics by Lamb [37] and acoustics by Lord Rayleigh [49].

The method was first extended to multiple scatterers in the early part of the
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20th century by Muller [44], who used the method for solving wave scattering by
numerous circular cylinders. Since then, the method has been used to study a
variety of physical problems, such as considering the scattering by a finite number
of cylinders in a specific arrangement [20]. Hybrid analytic-numerical methods
have been developed to solve problems for non-circular cylinders based on the
method of separation of variables, such as [26] in which Helmholtz’ equation is
solved in the far field via separation of variables, and in the area local to the
boundary of the cylinders by finite element methods.

As mentioned above, methods based on separation of variables can be used to
solve wave scattering problems for a single scatterer, provided that the surface of
the scatterer coincides with a coordinate surface. The solution is written in terms
of special functions which can be computed easily by many mathematical software
packages to a high degree of accuracy. One of the main goals of this thesis is to
develop a method to calculate the field generated by an arbitrary shaped body,
the surface of which will not in general coincide with one of the eleven coordinate
systems into which Helmholtz’ equation separates [42]. However, the analytical
result generated by the method for circular and spherical bodies is simple, exact,
and numerically effective, making it a useful comparison to the numerical results

calculated later in this thesis.

Separation of variables for a single circular cylinder

Consider the boundary value problem described in section 2.3, in the case where the
surface OV represents a circular cylinder of radius a with axis of revolution aligned
with the z3 axis of a Cartesian coordinate system. The direction of propagation
of the incident wave is in the (x1,z2) plane, making the problem z3 independent
and hence two-dimensional, as shown in figure 2.2. An associated polar coordinate

system (7, 0) is related to the Cartesian system by z; = rcosf and x5 = 7sin 6.
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Figure 2.2: Plane time-harmonic wave incident on a circular cylinder.

The plane wave incident on the cylinder is
gbin(X) — e’ik‘(l‘l cos Op+xo Sin@o)’ (226)

for p = (cosfy,sinby) where 6y € [0,27] is the angle of incidence and k is the
wavenumber. Using the Jacobi expansion [1], the incident wave can be expanded
into an infinite series of cylindrical wave functions,

Pr(x) = Y "y (kr)em 0=, (2.27)

where J,(2) is the Bessel function of the first kind.

In polar coordinates, Helmholtz’ equation (2.22) has separated solutions
HW (kr)e™ (2.28)

where n is an integer and H(V(2) = JM(2) + 1Y,V (2), where Y, (2) is a modified
Bessel function of the first kind. H(Y(z) is a Hankel function of the first kind,

which satisfies the radiation condition at infinity due to the choice of sign of the
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temporal exponent chosen in (2.17). By the principle of superposition, the total

wave field takes the form

p(x)= > i"J(kr)em™@%) 4 N B, H®D (kr)e @) (2.29)

n=—o0 n=—o0
where the constants B,, are to be determined.

To complete the problem, we require a boundary condition. For the majority
of this thesis, we are concerned with Neumann problems, in which the normal
derivative of the unknown wave potential is zero on the boundary; that is, for the

circular cylindrical boundary,

0 0
a—z:a—fzo on r = a. (2.30)
Applying this condition to the surface OV using expression (2.29) yields

S° [B.HY (ka) + J),(ka))i"e™ = 0, (2.31)

n=—00
where the prime on the Bessel functions denotes differentiation with respect to its
argument. By orthogonality, the expression inside the square brackets must be

equal to zero and hence
B J! (ka)
H! (ka)

B, = . (2.32)

Separation of variables for a single spherical scatterer

Now consider a three-dimensional exterior boundary value problem for the case
where OV represents the surface of a sphere, located at the origin of a Cartesian co-
ordinate system (x1, z9, x3) related to a spherical polar coordinate system (7, 6, ¢),

via the equations

x1 = rsin 6 cos ¢, (2.33)
Ty = 7sin fsin @, (2.34)

x3 =1 cosb. (2.35)
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ov

Figure 2.3: Plane time-harmonic wave incident on a sphere.

The geometry is as shown in figure 2.3. We suppose, without loss of generality,
that the plane wave incident on the sphere is travelling in the direction of positive
x1, so that

o™ (x) = e, (2.36)

The plane wave can be represented as a series of spherical harmonics [42]

[e.9]

P (x) = Z(% + 1) jo(kr) Py(cos ), (2.37)

where 7, is the spherical Bessel function of the first kind and P, is the Legendre
function of order ¢ [1]. The outgoing scattered field ¢*°(x) can be expressed as
9™ (x) = > Ay hy(kr) Py(cos ), (2.38)
=0
where hy is the spherical Hankel function of the first kind and the coefficients
Ay are to be determined from the boundary conditions. For Neumann boundary

conditions, a little algebra reveals the constants A, to be

¢ lje—1(ka) — (04 1)je1(ka)
Chy_q(ka) — (04 Vhgyi(ka)

Ay = —(20+1)i (2.39)
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2.4.2 Integral equation methods

In this section, we first derive a boundary integral equation (BIE) for an interior
problem. Although previously stated that we are considering only unbounded, and
therefore exterior problems, we must first consider the bounded problem before
manipulating the domain in order to reformulate the exterior problem as a BIE.

All of the boundary integral equations derived in this thesis are obtained by
the direct method, that is applying Green’s theorem to a bounded domain. From
here, we are able to take the limit as the position of the point source tends to
infinity, to see that locally the fundamental solution behaves as a plane wave.

Reformulating a boundary value problem as an integral equation can be a
useful tool for solving wave scattering problems where the fundamental solution
is known. That is, we must know the explicit representation of the response to a
point, time-harmonic source in free-space.

For Helmholtz’ equation, the fundamental solutions are well known in both
two and three dimensions. For a point source located at the point x® in a two-

dimensional domain, the fundamental solution at a point x is
s i (1) s
Glox,x%) = = (k= 7)), (2.40)

where H(" denotes the Hankel function of the first kind of order n.

In three dimensions, the fundamental solution of Helmholtz’ equation is given

by
s|

elk\xfx

G(x,x%) = (2.41)

dnx - x|
For both the two-dimensional and three-dimensional fundamental solutions, the
solution is singular as the field point approaches the source point. When the
source point is sufficiently far away from the field point x, local to the field point

the fundamental solution behaves as a plane wave.
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Figure 2.4: Domain for an interior problem.

An Interior Problem

We consider the d-dimensional problem of computing the wave field ¢(x) in a
bounded, interior region. A plane, time-harmonic acoustic wave is propagating
in a closed region D € R? bounded by the surface V', to which some boundary
conditions are to be applied. The wave is due to a point source of strength x,
located at a point & = x® where & = (&1,&) for d = 2 and &€ = (&, &, &3) for d = 3.

The acoustic potential ¢ satisfies the d-dimensional inhomogeneous Helmholtz’

equation in the domain D; that is

Ved(€,x%) + (€, x°) = rd (€ — x°), (2.42)

where the subscript & indicates that the Laplacian is taken with respect to &.
Unusually, we choose to take a right hand side in equation (2.42) so that we can
easily extend the method to the exterior problem in the following section. In order
to apply Green’s theorem, we introduce a new variable x, located at some point
in the domain D but not on the boundary dV. The fundamental solution G(&, x)

satisfies

ViG(€,x) + K°G(€,x) = 0(€ — x). (2.43)
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Subtracting the product of ¢(&,x%) with (2.43) from the product of G(&,x) with
(2.42), and integrating over the region D yields

J[L V- [GEX)Ved(€.x) = 6(€. x)VeG(E, x)|AA(E) = RG(x",x) = d(x,X)
(2.44)

where G is symmetric and so
G(x%,x) = G(x,x°). (2.45)

Upon employing the divergence theorem, we see that this equation can be rear-

ranged to give an explicit formula for ¢(x, x%)

ol x) = wGlxx) - [ (GlE050E.) - ol x5 (€0 dse)

(2.46)

where n(x) is a unit normal pointing into the domain D and 0/0n =n - V. It is
to be understood that d.S is a line element when d = 2 and a surface element when
d = 3. This equation is valid for all x € D, providing x ¢ 9V and x # x®. For
interior problems, equation (2.42) is generally homogeneous, which would result in
the term kG(x,x%) of equation (2.46) disappearing. We have chosen to retain this
term in so as to simplify the extension to exterior problems in the next section. It
should be noted that the Green’s function is symmetric with respect to the field
and source points, that is G(x,x%) = G(x°, x).

The above equation is an explicit representation for the solution ¢(x) in terms
of the known fundamental solution, and the values of ¢ and its normal derivative
on the boundary 0V. Thus, if we are able to compute these boundary values, we
are able to use equation (2.46) to calculate the value of ¢(x,x®) at any point in
the domain D. Later on in this chapter, we illustrate how the boundary element
method can be used to calculate the boundary values, but first we must describe

how to derive an integral equation for the exterior problem.
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An Exterior Problem

In all subsequent chapters of this thesis, we are interested in studying exterior
problems, where the domain of propagation is bounded only by the scatterer (or

scatterers).

In order to derive an integral equation for the exterior problem, we must ma-
nipulate the boundary integral equation for bounded domains, i.e. equation (2.46).
To do this, we take the domain in which propagation occurs to be Dg, which is
the region enclosed by the surface of the scatterer OV and the surface 0V, where
OV represents the surface of the circle (d = 2) or a sphere (d = 3), centered at the
origin, and of radius R. We choose R to be sufficiently large that x® is contained
within Dy, and R > a, where a is the characteristic lengthscale of the scatterer.
The region Dp is as shown in figure 2.5. Since Dp is a bounded region, the integral

equation (2.46) holds, yielding

o) = w6, - [ (Gle052E ) - ol x) (€0 ds(E
- [, (6enghEx - oex) T € ) as@, 2an

where we have let & — é in the second integral, to indicate that the integration
variable is on the surface of OVg. Equation (2.47) holds for all x € D, providing
that x ¢ 0V, x ¢ OV and x # Xs.

Now in order to consider an infinite, exterior domain, we must take the limit as
R — o0 in the second integral of equation (2.47). In both the two-dimensional and
three-dimensional cases, we can show asymptotically that as R approaches infinity,
the integral over the boundary 0V vanishes. The exact details are included in the

main body of this thesis; for the two-dimensional result see chapter 3 and for the
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Figure 2.5: Domain for exterior problem.

three-dimensional result see chapter 5. It follows that

ol x) = G030~ [ (Gl 560 - olex) G0 dsie).

(2.48)

Finally, we take the limit as [x®| — oo. In this limit, local to the scatterer, the
fundamental solution behaves as a plane wave of frequency w, and choosing the
constant  to be such that kG (x5, x) = ¢™(x) the plane wave is of unit amplitude.
This is shown in figure 2.6. As a consequence, we arrive at the following boundary

integral equation for the exterior problem:

00 oG

o) =00 - [ (Glenghe - oo fiex)ase. @)

oV
where the argument, x®, of ¢ has been omitted by convention. No boundary
condition has been used in obtaining equation (2.49), indeed the integral equation
holds irrespective of what boundary conditions apply on 9V. It is a mathematically
equivalent representation of the boundary value problem described in section 2.3.
In the case where Dirichlet boundary conditions are applied to the surface of the
scattering body, the second term in the integral in equation (2.49) disappears,

whereas for the case where Neumann conditions apply, the first term vanishes.
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% ¢ (x)
o

Figure 2.6: Domain of propagation for the exterior scattering problem.

We now turn our attention to solving (2.49) by the boundary element method.

2.5 The boundary element method

Since the 1980s, the Boundary Element Method (BEM) has been used as a powerful
tool to solve problems in acoustics, electrodynamics and electromagnetism amongst
other fields. Many advances have been made in the area by mathematicians and
engineers alike, making the boundary element method an attractive tool for solving

complicated problems.

The BEM has been described as a semi-analytical method for solving physical
problems, since it relies on our analytical abilities in determining fundamental so-
lutions, effectively handling singularities and other various difficulties that require
analytical manipulation. In this section, we describe why the BEM is particularly
well suited to solving acoustics problems involving the particular length-scales and
scatterer shapes under investigation in this thesis, before continuing to describe
the mathematical principles involved in solving acoustic wave scattering problems

by the BEM.
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2.5.1 A brief history of boundary element methods

Up until 1977, the BEM was known as the Boundary Integral Equations Method
(BIEM), pioneered by the likes of Jaswon [31] and Rizzo [50]. The first article to
use the term ‘Boundary Element Methods’ was [13], which directly compared the
advantages and disadvantages of the use of boundary element methods to Finite
Element Methods (FEM). It was the following year that the first text book was
published in the area [14].

Since the late 1970s, there has been a steady stream of research into BEM,
studying complicated boundary value problems in a wide range of applications, and
there have been many text books published, aimed at mathematicians, engineers
and physicists. Although the advances in recent years are both interesting and
beneficial to a wide range of applications, we will not describe them in great detail
in this thesis. Instead we describe the main tools involved in the classical BEM
approach, which is sufficient for solving the problems we consider. For additional
details, we refer the interested reader to complete BEM texts, such as that by
Gaul [23].

2.5.2 Singularities of the integral equation

The integral equation of the form (2.49) returns the value of the potential ¢ in the
domain D when the solution on the boundary is known. To obtain an equation that
contains only boundary data, we must move the field point x onto the boundary
0V. The resulting equation is a boundary integral equation, which is then suitable
to be discretised and solved by the boundary element method.

The process of moving the field point onto the boundary requires careful at-
tention, since when r = |€ — x| — 0, the Green’s function, in both two and three

dimensions, becomes singular. We can handle such a singularity by analytically
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evaluating the integral over a small region of the boundary where the singularity
lies. Such a process is non-trivial, and although well known, it is instructive to
present the details of the two-dimensional singularity in section A.2, and for the
three-dimensional case in section 5.3.2.

In both the two-dimensional and three-dimensional cases, the result of moving

the field point onto the boundary is a so-called free-term of the form

cd(x). (2.50)

The coefficient ¢ is known as a free-term coefficient, and we show that for smooth
boundaries for both d = 2,3, ¢ is equal to 1/2. The result of this is a slightly

modified integral equation for a sound hard scatterer given by

6x) = 6700+, 6(6) 5 (6,X)AS(E) + 56(x), x €V, £€ AV, (25)

or

gb( — $i"(x +][ 5 X)dS(£), x €dV, £ €V, (2.52)

where the dash on the integral sign indicates that we have ‘cut out’ a small region of
the integration contour. Equation (2.52) is the boundary integral equation for the
unknown velocity potential ¢(x) in an infinite domain containing a rigid scatterer

with boundary oV'.

2.5.3 Discretisation

Boundary value problems that can be formulated as a boundary integral equation
with a known fundamental solution can typically be solved by the BEM. Both
two-dimensional and three-dimensional problems are tackled in this thesis, but in
each case the problems are reduced to a boundary integral equation where the

integral is over a one-dimensional curve. In two dimensions, the integral is over
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Figure 2.7: Two-dimensional (a) linear and (b) quadratic elements with inward
pointing normal.

the boundary of the cross-sectional shape, and in three dimensions we show how
exploiting the axisymmetry allows us to formulate a boundary integral equation
over the generating line of the three-dimensional body. For this reason, in this
section we will describe how the BEM can be used to solve problems with an
integral equation of the form of

Lox) =000 + £ 667 EH use) (2.53)

oV
where the boundary 0V can be described by a smooth curve. We divide the
boundary into N segments, denoted I';, so that
N
oV =>"T;, (2.54)
j=1
where each I'; is a smooth section of the curve V. With this discretisation of the

boundary, equation (2.53) can be expressed as

1 in al 0G(&,x)
3000 = 6"(x) + 3o, 0(&) =S (6) (2.55)

The idea of the BEM is to approximate both the solution of the equation
(2.55), on the boundary elements I';, and the shape of the element itself, by a set
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of shape functions, W*. These shape functions can be one of many different choices:
trigonometric functions, systems of eigenfunctions, polynomial functions to name
but a few. In this thesis we choose to represent our solution by a set of polynomial
shape functions of degree m. To do this, we express the unknown potential ¢; on
an element j in terms of a set of m + 1 interpolation (shape) functions U*(v) and
the value of the potential at a discrete set of nodes. For each element j, there are
m + 1 nodes. The continuous value over an element j can be expressed in terms

of a local parameter v € [—1, 1], in the following way

m+1

¢i(v) = D> UH(v)g), (2.56)
k=1

The value of the potential at the kth node of the jth element is qb;?, and it is this
discrete set of values that we seek to find. Once the nodal values are found, we can
use the shape functions to interpolate over the element and find the approximate

solution at any point on the boundary oV'.

Throughout this thesis, we use a quadratic interpolation to describe both the
shape of the element and the variation in the unknown. However, it is instructive
to first introduce linear elements to describe the method. In this section, we first
consider the case of linear before describing quadratic approximations, however the

method is easily extended to higher order polynomial approximations (see [23]).

The shape functions are determined such that for each node point (z%, %), we

chose a piecewise linear or quadratic function W*(v) whose value is 1 at (2%, 2%)

and 0 at the other node points.
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Linear elements

) V)

1 0 1 T 0 1

Figure 2.8: Linear shape functions.

In the case where we wish to assume a linear approximation, that is m = 1, the

shape functions are given by

Ul(y) = %(1 — V), (2.57)

P2(v) = %(1 +o), (2.58)

as shown in figure 2.8. By equation (2.56), the linear approximation to the poten-

tial ¢(x) on an element j is given by

¢;(v) = V' (v)¢; + T (v)g5. (2.59)

Substituting this expression into equation (2.55) yields the discretised boundary

integral equation

oG
on

S000) = 9" (x +z [, (V000 + P0)63) GrE xS @), (2600

where the solution is now determined by the discrete coefficients gbf In order to
map between the global coordinate system & = (£1,&2) and the local coordinate
v, we assume that the elements I'; are approximated by the same interpolation

functions as the unknown potential. In this case, the elements are referred to as
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isoparametric. With this assumption, on the jth element,
§i(vig) = fi,j\pl(V) + g%,j\Iﬂ(V)v (2.61)
&(vig) = 6,0 (v) + &,9%(v) (2.62)

where (ffj, fé“]) are the global coordinates of the kth node of element j. We can

therefore write

[ (w'0sl + \Iﬂ<u>¢2) %e,xm(e)

J

oG
= [ (B0 + V))& W 0w, (263)
where | J;(v)] is the Jacobian given by
N2 N2
T3 ()| = $ (W) + (W) : (2.64)
Introduce
1 G
W) = [ 005 (6500, x)1 50 (2.65)
then expression (2.60) can be expressed as
Lo(x) = " (x ivj( 8 + h2(x)?) (2.66)
5 2 7 :

When referring to the unknown coefficients qb;?, the superscript k refers to a

local system of notation, but since the following relation exists:

¢ = b51 = 05, (2.67)

we can relabel the coefficients in terms of a global labelling system ¢;, as shown

in figure 2.9. After doing this, we arrive at the following equation

5000 = 67 (0) + (hh(0) + Py (x )wz(hl JHh2,(0) 05 (2.68)
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0l =62 = 0,
Qb? = ¢]1'+1 = ¢j+1
CZ% = ¢:1«: = ¢3

Cb%:ﬁb%:%

Qﬁvzéﬂzﬁﬁl

Figure 2.9: The relationship between the local and global labelling system of the
unknown coeflicients when linear elements are assumed.
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Quadratic elements

1‘112(V)

W) W)

Figure 2.10: Quadratic shape functions.

In the case where we assume isoparametric quadratic elements, we require an extra

node at the centre of each element. The quadratic shape functions are given by

Ul(v) = %1/(1/ - 1), (2.69)
V() = (v+1)(1-v), (2.70)
Ui (v) = %1/(1/ +1), (2.71)

as shown in figure 2.10. The potential across an element j is now assumed to have

the following form,
¢;(v) = V' (v)p) + VP (v)d; + VP (v)¢, (2.72)
and the shape of the element is approximated on the jth element according to

G(vig) =&, 0 (v) + &, 02 (v) + &, (v), (2.73)

E(vi]) = &,V (v) + 6,7 (v) + &, 7°(v), (2.74)

where (ffj, fé“]) is the global coordinate of the kth node on the jth element. With

this discretisation, we have
oG
@)%, (€ x)as(e)

- /V1 (V' ()e) + V()] + ¥ (1) 55) g—f@j(u),x)m(u)uy. (2.75)

=—1
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As in the case of linear elements, let

W) = [ 0 0) T ), 150 (2.76)

and so the discretised boundary integral equation in local notation is given by
1 ‘ N 1 2 2
290 = 6" () + 3 (1} ()@ + 2(x)67 + B3(x)¢5) . (2.77)
=

Relabelling equation (2.77) in terms of a global labelling system is slightly
more complicated than in the linear case, since there are 2N nodes, and hence 2N

unknown values. We have the following relations
¢F =@y = baji, (2.78)
¢F = ; (2.79)

and so relabelling in an anti-clockwise fashion (as shown in figure 2.11), we arrive

at the following boundary integral equation

1 i 1 3 & 3 1 2l 2
50(x) = ¢m(X)+(h1(X) + hN<X>) P1+ z;} (h%(x) + h%(x)) ¢+ Z; W (x)o;.
]: J:
7 odd j even

(2.80)

2.5.4 The collocation method

Equations (2.68) and (2.80) represent two partially-discretised boundary equa-
tions, that are still functions of the continuous variable x. Each of these equations
can now be used to set up a system of equations to determine the unknown bound-
ary values. In this thesis, we describe the collocation method only, due to its versa-
tility and computational efficiency [23]. Alternatively, we could use the symmetric
Galerkin BEM, which involves a double surface integral, which for large problems
can dramatically increase the computational cost. For details of this method, the

reader is referred to [53].
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¢ = ¢3 = ¢s
¢f = ¢y = Poj 1

¢F = ¢

¢} = bj1 = P2j1

¢3 = b4
¢ = ¢y = ¢3
¢ = ¢»
N =1 =

Figure 2.11: Figure to show the relationship between the local and global labelling
system of the unknown coefficients when quadratic elements are assumed.
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In the collocation method, it is convenient to choose the field point x to be
at a discrete number of points around the boundary, and require that equations
(2.68) and (2.80) hold exactly at each of these collocation points. We choose these
points to be at the nodes so that no additional unknowns are introduced. We thus

require that, for linear elements
1 N
in 1 2 1 2 :
50 = O+ (hiy + iy ) 6 + 22 (h+ k2 )65 i=1..N  (281)
j=

and for quadratic elements

1 . 2N—-1 2N .

S0 = 0 (B b ) o+ 3 (B + s ) o+ X Wayos, =12,
jjj(fd jjgfgn

(2.82)

Equation (2.81) is a system of N linear equations for the NV unknowns ¢;, and

(2.82) is a 2N system for the 2N unknowns. In matrix form we can write this as
1 .
[51 — H] P =" (2.83)

where H is a dense matrix consisting of the integrals h¥;, I is the identity matrix,

ij>
® is the vector of unknown potentials ¢; and ®™ is the vector containing the
value of the incident wave at each collocation point. The diagonal elements of
the matrix H appear to be singular; however, in the two-dimensional case the
integrands are bounded and in the three-dimensional case the singularities are
logarithmic. These integrals can therefore be calculated numerically using typical

Gaussian quadrature, as can the off diagonal elements. Once the elements of H

have been calculated, the system (2.83) can be solved with a standard linear solver.
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2.6 Multiple scattering

The method of separation of variables can be used to solve wave scattering prob-
lems for a single obstacle, provided that its surface coincides exactly with a co-
ordinate surface. Such problems are solved in many text books, including [36].
When more than one obstacle is present, the separated solutions can be combined
by the use of appropriate addition formulae, which leads to an infinite system of
simultaneous equations [42]. This method is commonly referred to as the multi-
pole method, first proposed by Zaviska [61], and was extended by Twersky in [55]
and [56]. The method has subsequently been used by many different authors to
solve for problems involving a range of different configurations of scatterers, for
example [59] and [16]. The method has been applied to problems involving infinite
arrays of circular cylinders by Linton and Evans in the paper [40]. More recently,
Zalipaev et al [60] have used the method to study periodic arrays, and Parnell
and Abrahams [46] have used the method to obtain an homogenised governing
equation in the low frequency limit.

In this thesis, we are concerned with multiple scattering from an infinite array
of non-spherical shaped bodies, where both the characteristic length scale of the
scatterer, and the periodicity of the scatterers are of the same order of magnitude
as the wavelength of the incident wave. We are interested in deriving a method that
allows us to solve for the reflection and transmission of a plane wave from an array
of such bodies, regardless of the shape of the scatterer and for midrange frequencies.
The multipole method is particularly suited to regular shaped bodies, where the
distance between scatterers is large compared to the wavelength of the incident
wave. For this reason, we choose to adopt the method described in [4], which
takes advantage of the geometrical periodicity and formulates the boundary value
problem as an integral equation over a single representative cell, before solving the

resulting equation by the boundary element method. This provides us with no
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problem when considering irregular shaped bodies, nor the length scales involved.

Challenges arise when using the boundary element method for infinite arrays of
scatterers, the most significant of which is the resulting periodic Green’s function
that becomes the kernel of the integral equation when it is reduced over a single
cell. Such functions are difficult to evaluate numerically, due to the relatively low
convergence rate of the sum. In chapter 4, we consider the convergence of the
Green’s function for a one-dimensional array, and in chapter 6 we consider the

corresponding sum for a two-dimensional array in three-dimensional space.



Chapter 3

Scattering from two-dimensional

bodies

3.1 Problem statement

Referring back to the exterior scattering problem of section 2.3, in this chapter
we consider the case where the scatterer S is an infinite rigid cylinder, the cross-
section of which is of characteristic lengthscale a and the axis of revolution of
which lies along the z3 axis of a rectangular Cartesian coordinate system. Since
there is no variation in the out of plane direction, the problem is x3-independent,
and so the resulting problem is fully two dimensional in the (z1,z5) plane.

The incoming plane wave ¢"(x1,z5) is characterised by the angle 6y, and has

propagation vector

p = (cos by, sinby), (3.1)

in the (z1,z5) plane, and so by equation (2.23), the incident plane wave is of the

form

gbin(X) _ gbin(l‘l,l’g) _ e—ik(xl cos Og+x2 sineo)’ (32)

61
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Figure 3.1: Exterior scattering problem for a scatterer S with boundary oV.

Ty

Y

where 6y € [0, 27].

The problem is illustrated schematically in figure 3.1. We suppose that the
scatterer is sufficiently far away from other objects, so that it is suitable to model
the domain of propagation as being the entirety of R? that is D = R?\S, where
S is the scatterer domain, bounded by V.

The velocity potential ¢(z1,x2) is assumed to satisfy Helmholtz equation
— +—+k¢=0z€D (3.3)
x

subject to Neumann boundary conditions

%(azl, x9) =0 x € V. (3.4)

It should be noted at this point that the wave number k is non-dimensionalised

on the length-scale of the scatterer a.
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3.2 Boundary integral equation

In order to express the above boundary value problem as an integral equation,
we follow the method as described in section 2.4.2. This requires us to apply
Green’s theorem to the region bounded by the rigid surface of the two-dimensional
scatterer, V', and a large circle OV of radius R > a, that is centered at the origin
of the Cartesian co-ordinate system (x1, z5). This region is as shown in figure 2.5.
We take a source in the bounded domain D, then, as explained in Appendix A.1,
we let |x°| — oo with an appropriate choice of source coefficient so that we find
an incoming plane wave which has the form of expression (3.2). Following the

method outlined in Appendix A, we arrive at equation (A.23)

. oG
o) =+ [ (005 €x)asie) xgov ecov (9
In order to use the boundary element method on equation (3.5), both the field
point x and the integration variable & must lie on the boundary 0V. Due to the
singular nature of the Green’s function at the point where x — £, this requires
careful manipulation, and the details are shown in Appendix A.2. The result of

this is the derivation of a free-term, and the resulting integral equation is as follows

g0 =0+ f (s (€ x0)asie) xeov ecov. 6o

This is now in a suitable form to apply the boundary element method, and the

following section describes the discretisation process.

3.3 Discretisation

We choose to discretise equation (3.6) into quadratic isoparametric elements. Fol-

lowing the discretisation method described in section 2.5.3, the fully discretised
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Figure 3.2: The figure on the right shows the shape on the left discretised into
32 quadratic elements (each represented by a different colour), with 64 nodes
(represented by points).

form of equation (3.6), collocated at each node ¢ (1< i < 2N), is given by

1 _ 2N-1 2N

0= o'+ (hiy + hiy) 1+ > <h3% + hl%) Oj+ Y gy i=1,...2N.
j=3 J=1

j odd J even

(3.7)
Following the method in section 2.5.3, the fully discretised form of equation

(3.6), collocated at each node (i =1...2N) is given by

1 _ 2N-1 9N |
3= 0+ (b +hiy) o1+ 2 (hg’u + him) ¢j+ > B¢, i=1,...2N.
jjj(fd 2 2 jjgfgn 2
(3.8)
As a reminder of notation, we have
1 oG
hi; = /V:_l \Dk(y)a—n(gj(y),Xi)|;7j(7/)|d7/- (3.9)

In matrix form, the linear system we wish to solve is

EI — H] b =" (3.10)
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where I is the identity matrix, ®™ is a vector containing the value of the incident
wave at each of the collocation points, and H is the coefficient matrix containing
the integrals hf] We wish to solve the above system in order to find the discrete

boundary values at the collocation points.

3.3.1 Evaluation of coefficient matrix

The matrix H is a densely populated matrix, and so its components must be
evaluated carefully so as to ensure efficient and accurate evaluation. Each entry
hy; of H is an integral with respect to the coordinate v over the interval v € [—1,1].

The ith row of matrix H is of the form
(hiy +hiy) By (Rl 4 hi) by oo (B oy +hin) iy (3.11)

The point x; = (2%, x3) is the collocation point and &(v) = (&(v),&(v)) is in

terms of the local, homogeneous coordinate v, given by
v) =&,9(v) +&,9° () + &, (), (3.12)
&) = &,0' (V) + 6,0 (V) + &, 0 (). (3.13)

The normal derivative of the Green’s function can be calculated using the
identities (A.25)-(A.27), and the inward facing unit normal on an element j can

be calculated using (3.12) and (3.13) to be the following:

. o d J d J
n' = (ni,ny) = N (—%, %) : (3.14)

where N is the normalising factor

agf\* | (deh\*)
N:{<5> +(5> } | (3.15)

In terms of v, on an element j, the components of the gradient V¢G(&’(v), x;) are

given by
9G (& (v), xi)
7St

H{Y (ki ()

= ik(El(v) ) (3.16)
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&2

Figure 3.3: Figure to show the transformation of element j into a local co-ordinate
system v € [—1,1]. The point x; maps to the point v = v1.

9G (& (v), ;) H (ki (v))

= e — ) T T (3.17)
where
P () = (Elw) — o) + (E(v) — wh)2 (3.18)
Ultimately, we have
=S (B B ) T )

where the dependence on v has been suppressed.

For 2] # & and 23, # &), the above expression is non-singular and therefore all
entries to H where ¢ # j, are slowly varying, and can be evaluated using Gaussian
quadrature to a high degree of accuracy. In the case where ¢ = j, the integrals are

not simple to evaluate, and this is the subject of the next section.

Evaluation of Singular Integrals

In the case where ¢ = 7, we may expect hfj — oo due to the singularity of the
Hankel function for a zero argument. Contrary to this, the following analysis shows
that as the integration variable approaches the collocation point, the function
OG (&7 (v),x;)/0n(€) is bounded, and takes a finite value at the point where 2] = &

and 2} = €.
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Suppose that in the local co-ordinate system v, the collocation point x; is at

the point v = vy, so that in the global co-ordinate system (£, &) we have

x; = (&1(n), &(n)), (3.20)
as shown in figure 3.3. The bracketed term of equation (3.19) is therefore given by

Ez de 52 5]

2 = o)+ 2@ —23) = =2 )(E W) - 1) + 2 )& W) — ).

(3.21)
Suppose that v is a small distance € away from vy, so that
) =€ —o), (3.22)
which upon Taylor series expansion results in
. . dé‘j €2 dej
§v) =€) = Gd—;(’/) - 503721(’/) +0(e)?, (3.23)
and '
: dé} € d*¢3
j 3
Gw) - &) = EE(V) - EW@) +O(e)”. (3.24)
Substituting (3.23) and (3.24) into (3.21) yields
dg} dgi

-2 -dm) + @ - 8w) =

dgj (del e\ de [ dg @ d 3
—d—y<5—§m T\ Tage) tOO B%)

which upon simplification can be rewritten as

d&} d&f

— 2 = €lm) + 2 (@ - 8n) =
del d? del d2¢l
<did—§ - did—£> 0" (3:26)

Similarly, using expressions (3.23) and (3.24), the function 77 (expression (3.18))
can be expanded to give

o[- (5)

+ O(e)?, (3.27)
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and for small arguments, the Hankel function of the first kind, to leading order, is
given by
) A
Hy7(z) = —— + O(zlog ). (3.28)
Tz

Using expressions (3.27) and (3.28), we can write

HO ety 0 [(dg\* | (ag\T L
4r T 2rke? <E> + <E> Y (E) ' (3:29)

Substituting expressions (3.26) and (3.29) into (3.19) allows us to write the normal

derivative of the Green’s function as an expansion in terms of e,

0G (&, x;)
on(§)

RN AN AN AN
“m\avar awar)|\w) Tl

+0(e). (3.30)

W

Thus, as the integration variable approaches the collocation point, rather than
being singular, the normal derivative of the Greens function remains bounded,
and is finite. Ultimately, this means that G /0n in the integrand of hfj is smooth
and finite-valued over all elements, meaning that each integral entry to the matrix

H can be calculated using Gaussian quadrature.

3.4 Results

3.4.1 Convergence - L? norm relative error

In order to give confidence in the numerical results calculated using the boundary
element method for non-circular two dimensional shapes, we first compare the
numerical solution to the analytical solution for a circular cylinder, calculated in

24.1.
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Figure 3.4: Comparison between the numerical solution (blue) and analytical so-
lution (red) for the angular distribution of the modulus of the potential on the
boundary around the surface of a circular cylinder with varying frequencies.(a)

k=01, (b) k=1, (c) k=2, (d) k=5.
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In figure 3.4 we directly compare the numerical solution to the analytical so-
lution, where the angle of incidence of the incoming wave is 8 = 0, for increasing
values of k. It can be seen from the figure that the numerical solution closely
matches the analytical solution, for a relatively low number of elements. For
k = 0.1 and 1, 12 elements (24 nodes) are used, and for k£ = 3 and 5, we use 32
elements (64 nodes).

The rate of convergence with increasing number of elements can be quantified
by calculating the [>-norm relative error of the numerical solution. A rigorous
mathematical analysis of the convergence of the expected rate of convergence is
given in [21], and the paper [35] derives the same results from a more intuitive, less
rigorous standpoint. In this chapter, we have studied the case where the geometry
and the acoustic variables are described by their values at a discrete number of
nodes, and the discretised equation is collocated at the node points, resulting in a
system of linear equations. The integrals are calculated by Gaussian quadrature,
and the resulting linear system solved by use of the in-built Matlab backslash

operator. The above formulation results in four possible sources of error:
1. quadratric approximation of the acoustic variables,
2. quadratric approximations of the geometry,
3. the numerical integration scheme used to calculate the integrals hfj in the
matrix of coefficients,
4. errors in solving the system of equations (3.10).

The results of various studies into the convergence of numerical integration and
linear solvers (see for example [47] and [15]) suggest that the errors introduced by
the final two points are negligible. The effect of discretising the geometry brings
in significant errors for non-smooth shapes, where geometrical singularities occur
at corners. For this reason, for smooth bodies, we assume that the main source of

error is due to the approximations to the acoustic variables. For quadratic shape
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Figure 3.5: Error (3.31) as a function of the number of nodes M for quadratic
isoparametric elements. The blue line corresponds to a frequency of £ = 1, and
the red line corresponds to a frequency of k£ = 5.

functions, the above papers conclude that the solution is expected to converge
cubically as the number of elements increase.

We can test this by calculating the error F in the field scattered by a circular
cylinder, as defined below. The vector ¢*"* is the analytical solution at the nodal
points, and the vector ¢**™ is the corresponding vector of numerical values at the

nodes. The error is defined by

o $ I

3.31
SN (3:51)

Figure 3.5 is a log-log plot of the relative error E for £ = 1 and k = 5, as a function
of the number of nodes. It can be seen that the error at frequency corresponding
to k = 5 is higher than for £ = 1, with the same discretisation, meaning that more
elements are required for higher frequencies to obtain the same accuracy of result.
Both lines have approximate gradient -3, corresponding to a cubic convergence.

The gradient of the line corresponding to k = 5 is slightly steeper than that of the
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line corresponding to k& = 1, which we assume is caused by the numerical error

arising from the evaluation of the integrals.

3.4.2 Limit to concavity of the scatterer

Having established that the relative error is cubic, as stated in the literature, we
are now in a position to present results for various, non-circular shaped scatterers.
Up until this point, we have made no restrictions on the shape of the scatterer,
other than to state that the boundary must be smooth. Throughout the theory,
we have assumed that Rayleigh’s hypothesis is valid: the generating sources of
the scatterer lie inside the boundary (i.e. in S), and not in the acoustic domain
D. In this section, we describe how the relative error can be used to determine
whether or not the method described above is suitable for a given shape. We
also perform a numerical experiment to demonstrate that the method we have
described is suitable for solving shapes that are comparatively concave.

As a numerical investigation into the limit to concavity of a shape, we calculate
the acoustic potential at a discrete number of points around the boundary of a

‘peanut’-shaped scatterer with surface given by the following parametric equations:

2(8) = cos 6 <1_+Oj_<29>> L 6elo,2n] (3.32)
y(0) = sin 0 <1‘+02_(29)> . 0€0,2n] (3.33)

where o € [0,1] is a parameter that determines the concavity of the shape, as
shown in figure 3.8. The boundary element method was used to calculate the
boundary potential for the shape described above, with ¢ increasing in increments
of 0.1. The modulus of the boundary potential for successive values of ¢ up to
0.8 are plotted in figure 3.9, for an incoming plane wave at angle m/2. We can see

from these figures that the boundary potential increases smoothly from one value
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Figure 3.6: Change in shape of boundary 0V defined by (3.32) and (3.33) for o
increasing from 0 to 0.8. The typical length scale is the height of the scatterer.
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Figure 3.7: Values of the modulus of the boundary potential, defined by (3.32)
and (3.33) for the shapes corresponding to those in figure 3.8, for £ = 1 and o
increasing from 0 to 0.8, for 32 elements. The incoming wave is propagating at an

angle 0y = 7/2 from the horizontal.

of o to the next, indicating that the boundary element formulation is likely to be

working effectively.
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In order to quantify the effect of concavity on our ability to accurately compute

a numerical solution, we consider the relative error, defiend as

I8 = dval

& |64y

(3.34)

where ¢% is the value of the potential at a location i on the boundary for a given
number of elements V. We calculate this at a node corresponding to ¢ = 1, which is
the point at which the shape is most convex, and hence the place where we suspect
the lowest rate of convergence on the shape. The relative error was calculated for

increasing o, and for k =1 (fig 3.10) and k =5 (fig 3.11).

As expected, for ¢ = 1, corresponding to a ‘figure of eight’ shape, the numerical
solution does not converge, due to non-uniqueness problems and discontinuities of
slope at the point at which the boundary touches. For k£ = 1 and for all other
values of o considered in figure 3.10, the relative error decreases with gradient -3
on a log-log plot, indicating cubic convergence. One would expect this to be the
case for low values of o, but the plots show that the numerical method also works
for very convex shapes, up to and including ¢ = 0.9. Similarly, figure 3.11 show
that the same results apply taking k& = 5, the only difference being that for this
value the plots indicate that 40 elements are required for the relative error to reach

cubic convergence; this is not unexpected for larger values of the wavenumber.
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Figure 3.8: Change in shape of boundary 0V defined by (3.32) and (3.33) for o
increasing from 0 to 0.8. The typical length scale is the height of the scatterer.
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Figure 3.9: Values of the modulus of the boundary potential, defined by (3.32)
and (3.33) for the shapes corresponding to those in figure 3.8, for £k = 1 and o
increasing from 0 to 0.8, for 32 elements. The incoming wave is propagating at an

angle 0y = 7/2 from the horizontal.
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Figure 3.10: Relative convergence rate as concavity factor o increases from 0 to

0.9 for £ =1 for angle of incidence 6y = 7/2.
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Figure 3.11: Relative convergence rate as concavity factor ¢ increases from 0 to

0.9 for k& =5 for angle of incidence 6y = 7/2.
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3.4.3 Results for various shaped scatterers

In the previous section 3.4.2, the notion of relative error was introduced as a
method to determine whether the above formulation is suitable for any given
shape. In this section, we first present the relative error convergence plots for
two different shapes; an ellipse and a ‘boomerang’ shape, for increasing frequency
(k =0.1,1,2,5) with an incoming plane wave of angle 7/2 and the point corre-
sponding to § = 0. Having determined that the relative error converges cubically
for each shape, the boundary element method is used to solve for the acoustic po-
tential at a discrete number of points around the boundary for increasing values of
k. Finally, the known boundary values can be substituted back into the boundary
integral equation, and hence used to obtain the field in a square region a distance
of 5 wavelengths away from the origin. We can use these plots to compare the

scattered field between non-circular and circular shaped bodies.

Ellipse

The first shape considered is an elliptical scatterer with boundary given by the

following parametric equations:

x = 2cost, (3.35)

y=sint, te€0,2n], (3.36)

i.e. eccentricity v/3/2. Figure 3.12 shows that the relative error is converging
cubically, indicating that the boundary element solution is working as we would
expect. Having confirmed this, the acoustic potential is calculated numerically for
wavenumbers k£ = 0.1,1,2,5. The boundary values are plotted against polar angle
0 in figure 3.13, and we can clearly see that as k increases, the ‘shadow’ region
around the back of the cylinder becomes more pronounced, and in figure 3.14 we

start to see more complicated diffraction patterns for increasing k.
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Figure 3.12: Figure to show the relative error for an ellipse, for £ = 0.1,1, 2,5 for
an angle of incidence 6y = 7/2.
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Figure 3.13: Boundary values (modulus of potential) for an elliptical scatterer for
frequencies (a) k = 0.1, (b) k=1, (¢c) k =2 and (d) k = 5 for an incoming angle
0p = 0. For figures (a), (b) and (c), 40 nodes we used, whereas for (d) 100 nodes

were used.
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Figure 3.14: Density plyots of the total acoustic velocity field in the neighbourhood

of the elliptical cylinder for increasing values of frequency (k = 0.1, 1,2, 5 from left

to right, starting in the top left). The angle of incidence is /2, and 16 quadratic

elements were used in the numerical calculation.




3.5. CONCLUSIONS 83

‘Boomerang’

We repeat the computations but now with a boomerang shape described by the

following parametric equations

r = %(2 cos(t) — cos(2t)), (3.37)
y = gsin(t). (3.38)

Boundary plots for increasing k are shown in figure 3.15, and similar to the elliptical
scatterer, the scattering patterns become more complicated for increasing k. The
density plots 3.16 show how the far field is affected for increasing k. As in the case

of the elliptical scatterer, the convergence of the numerical scheme is cubic.

3.5 Conclusions

In this chapter, we have formulated the problem of wave scattering from a two-
dimensional, general shaped scatterer in an infinite wave field, subject to an in-
cident plane wave. We first use Green’s theorem to express the boundary value
problem as an integral equation, before using the boundary element method to
solve for the resulting field on the boundary. We were able to show that the nu-
merical solution converges cubically, as expected, for smooth shapes. Further to
this, the method is accurate for convex shapes that would prove difficult to solve
for analytically, particularly for higher frequencies.

This chapter has served as an introduction to the techniques used throughout
this thesis, and in the next chapter we extend the method to solve for an array
of two-dimensional scatterers, before investigating the problem of scattering from

three-dimensional bodies.
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20 20

Figure 3.15: Boundary values (modulus of potential) for a ‘boomerang’ shaped
scatterer for varying frequencies (a) k = 0.1, (b) k =1, (¢c) k =2, (d) k =5 for an
incoming angle 6, = /pi/3. For figures (a), (b) and (c), 40 nodes we used, whereas
for (d) 100 nodes were used.
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Figure 3.16: Density plots of the total acoustic velocity field in the neighbourhood
of the ‘boomerang’-shaped cylinder for increasing values of frequency (k=0.1,1,2,5
from left to right, starting in the top left). The angle of incidence is 7/2, and 16
quadratic elements were used in the numerical calculation.



Chapter 4

Scattering from a one-dimensional

array of cylindrical scatterers

4.1 Introduction

We consider the reflection and transmission of acoustic waves by an array of iden-
tical cylindrical scatterers of arbitrary cross section, that are periodically spaced
in an infinite domain of fluid. The longitudinal axes of the cylinders are perpen-
dicular to the plane of propagation of the incident wave, and so the x3 dependence

can be factored out and the problem posed is entirely two-dimensional.

86
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Figure 4.1: Harmonic wave, with propagation angle ¢, incident on a periodic array

of parallel equally-spaced cylinders.

The approach taken is the theory initiated by Lord Rayleigh [49]. The bound-
ary value problem is formulated as an integral equation which, as a consequence
of the periodicity of the geometry, can be reduced to an integral equation over a
single cell, the kernel of which is an infinite sum of Hankel functions, which we refer
to as a periodic Green’s function. The normal derivative of the periodic Green’s
function is slowly convergent, and to take effective advantage of the benefits pro-
vided by reducing the problem to a single cell, we must be able to evaluate such
functions accurately and efficiently. Periodic Green’s functions are encountered in
various areas of applied mathematics, such as in the study of diffraction gratings
[58] and the study of photonic crystals [32]. As a result, they are the focus of
numerous papers in the literature. A detailed review of the history and the effi-
cient evaluation of periodic Green’s functions in both two- and three-dimensions is
given by Linton [38]. In this chapter, we present a new way to evaluate the periodic
Green’s function effectively, which is easily implemented into the numerical scheme

described in the previous chapter. We truncate the sum and analytically derive an
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asymptotic expression for the infinite ‘tails’. We further verify that this method
dramatically improves the rate of convergence of the periodic Green’s function,
with very little effect on the computation time.

The reduced integral equation is solved numerically by the boundary element
method, using quadratic isoparametric elements. The reflection and transmission
coefficients are calculated by an application of Green’s theorem to the total field,
following the steps in [4]. We use this paper to verify our results for an array of
circular cylinders, before presenting the reflection and transmission coefficients for
arrays of non-circular cylinders.

This chapter is arranged as follows: we first set up the boundary value prob-
lem and define the reflection and transmission coefficients that we wish to calculate
before expressing the problem as a boundary integral equation over a single cell
of the array. We then go on to discuss the convergence of the periodic Green’s
function and derive a first order correction term for the truncated sum, present-
ing results to confirm the improved convergence rate. We then describe how to
calculate the reflection and transmission coefficients, before briefly describing the
numerical method used to solve the integral equation. Finally we present results

for the reflection and transmission coefficients and conclude the chapter.

4.2 Problem statement
A plane time-harmonic wave of the form
" (z,y) = e P (4.1)

is incident on an infinite array of rigid cylindrical rods in an acoustic medium. The

vector p is the propagation vector

p = (cosby,sinby), 0<6y <27 (4.2)
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where 6, is the angle of incidence of the incoming plane wave. The longitudinal
axis of each of the cylinders is parallel to the x3-axis, and they are equally spaced
with distance d along the xj-axis of a Cartesian coordinate system. As in the
previous chapter, the depth dependence is factored out and the resulting problem
is fully two-dimensional. The radius of each of the cylinders is characterised by
a typical length scale a, and the mth cylinder is denoted S™. The surface of
the scatterer S™ is denoted V™, and so the infinite domain D is bounded by
oD = J,,0V™,¥Ym € Z. The geometry of the problem is shown in figure 4.1.
The total field, ¢(z1,z2) can be written as the sum of the incident wave field

and the scattered field ¢*°(z1, x2) in the usual way

$(x) = ¢ (x) + ¢*(x) (4.3)
and the boundary conditions to be applied are

0¢ .
6_n_0’ x € V™ Vm € Z. (4.4)

The acoustic field ¢(x) satisfies Helmholtz equation in the region exterior to

the scatterers,

V2o (x) + k*¢(x) = 0, (4.5)

where V? is the two-dimensional Laplacian.

By equations (4.1), (4.3), (4.5), and the periodic geometry of the scatterers, it is
evident that the scattered field ¢*°(x) also satisfies the two-dimensional Helmholtz
equation, which can be solved by separation of variables to give

0 . . i
(bsic(X): Z (I)ie*wnrljFl(kQ*’Y%)Qm’ (4.6)

n=—oo

where the upper and lower signs =+ refer to the transmitted/reflected field respec-

tively, and the quantities ,, are to be determined. The quantities @’} are constants
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related to the reflection and transmission coefficients, and we discuss this later in

this chapter. The scattered field can be simplified by writing

G0 = PE(x)e e, (47)

where we have explicitly factored out the phase factor in common with the incident
wave. As a consequence of (4.7) and the geometrical periodicity of the array, the

following relation holds
O (21, 72) = G5 (21 + md, 22). (4.8)

Expression (4.8) can be used to determine the quantities v, in equation (4.6) as

2
Yn = k cos Oy + %n (4.9)
and so
qﬁf(x) _ Z (Drzzte—i(kcoseo—i—%Tn)ml:Fiommz’ (410)
where we have defined «,, by
92 2
o =k — (k cos By + %n) : (4.11)

where «,, is taken to be positive if it is real, and to have positive imaginary part
if not.
Now, by equations (4.1), (4.3) and (4.10), for z5 < 0, the total transmitted
field can be expressed as
¢(X) _ (1 + @i)e—ikcoseoxl—iksingoxg + Z (I)iefi(kcoseoJrQ"T")mlfianxQ’ (412)
Tnt0

and for x5 > 0 the total field, including the reflected component is

gb(X) — e—ikcosgoml—iksineoxz + (D(le—ikcoseoml—l—iksineoxg (413)

%
+ Z (I)nefi(kCOSGOJrQWT"):BlJrianmg
n=-—00

n#0
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From equations (4.12) and (4.13), it is evident that the total field consists of an
infinite discrete set of wave modes; for a given frequency only a finite number of
these modes will be propagating. As the frequency increases to make a2 > 0,
the nth wave mode will cut-on and convert from a evanescent wave mode to a
propagating mode. From the above expression, it is evident that the cutting on of
a higher order mode is equivalent to the cutting-on of a plane wave, propagating
at an angle different to that of the incident wave. The zeroth order wave mode is
always propagating (since af > 0 Vk), and as the frequency increases more modes

will cut on. This is discussed further in section 4.7 of this thesis.

4.3 Boundary integral equation

To formulate an integral equation representation of this problem, we follow the
method described in chapter 2.4.2. The region Dy to which we apply Green’s
theorem is enclosed within a large circle, with boundary 0Sg, and is exterior to a

finite number of cylinders

M
> ovm, (4.14)
=—M

where M is such that the array is contained inside 0Vg, as shown in figure 4.2.
We later take the value M — oo. Note that x® lies in Dpg.

From equation (2.47) we have
B(x,X°) = KG ; [ oex) 0 (€ x)ase)
-/ (G(é >a¢<sx> o @f@ >)ds<é>, Eeove  (415)

where we have applied the boundary condition (4.4) on the surface of the cylinders,
and the hat notation indicates that the variable é is on the boundary 0Vy. If we

follow precisely the same procedure as used in chapter 3, then we see that the
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Figure 4.2: Region to which Green’s theorem is applied to derive the boundary
integral equation representation of the boundary value problem described in section
4.2.
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integral over the large circle Vi will tend to 0 as the radius R — oo. Similarly, if

we take the point x° to a point at infinity and choose the value of k to be

=2(1 —i)y/me *R [kaR,, (4.16)
as described in Appendix A.1, then we yield a boundary integral equation
M oG m m
(4.17)

for a finite number of cylinders, insonified by a plane wave. We can now allow

M — o0, so that the integral equation (4.17) becomes

b(x) = Z /avm< g x)> S(€) x¢ ovm, g€ oV

(4.18)
As in the single scatterer case, the Green’s function G(x, €) is a Hankel function
of the first kind,
C(x, &) = " (Kg — x]). (4.19)
Now define a cell AP by

d d
pd—§ <z Spd+§, (4.20)

and let x° = (29,29) and €° = (£9,£9) be points in the zeroth cell A°. For two
arbitrary points xP = (2f, 25), €™ = (£, &%), the following relations can be used

to relate the coordinates in the p and mth cell to those in the zeroth cell:
=2+ pd, b =2, (4.21)
G'=&+md, &' =&. (4.22)
By these relations, the incident field (4.1) can be written as
¢in(xp) _ e—ikcoseo(x(l)—l—pd)—iksin@oxg’ (4.23)

_ ¢in (XO)e—ikpdcos 00. (424)
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The form of the incident wave and the periodic geometry now suggests, as discussed

in section 4.2, that the total field will be of the form
gb(XP) — gb(XO)e—ikpdcosGO. (425)

We can therefore write

r=¢&m—xP, (4.26)
so that by relations (4.21) and (4.22) we have
vl = [(a) +d(p = m) — €0 + (a5 = E)") = 1. (4.27)
Substituting p — m = m and dropping the hat notation yields
rn = (4 dm — €)° + (a5 — )], (4.28)

Using expressions (4.19), (4.24), (4.25) and (4.28), the integral equation for the
infinite problem (4.17) can be reduced to a boundary integral equation on a single
cylinder OV°,

0 in/_0 0 aGP 0 &0 0 0
B0 =) + [ GE) T (0,648, x¢ OVO, g oV, (429)

where GT'(x9, £€9) is the periodic Green’s function

GP(XO,gO):—i S eikdmeosto gV oy (4.30)

m=—oo

The above analysis has shown that using the periodicity of the geometry and
the incoming wave, rather than integrating over each of the cylinder surfaces, we
are able to integrate over the surface of a single reference cylinder, 9S°. As a
consequence, the kernel of equation (4.29) is a sum of Hankel functions, which we
refer to as a periodic Green’s function. In order for the reduction to a single cell
to be advantageous, we must be able to evaluate the summation (4.30) quickly
and efficiently. In the following section, we investigate the convergence properties

of the sum, and describe a novel way of evaluating the periodic Green’s function

that can easily be implemented into the numerical scheme.
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4.4 Convergence of the periodic Green’s func-
tion

The normal derivative of the periodic Green’s function can be calculated using the

identity
oG*
on

where n is the unit normal pointing into the body and VgoGP (x9, £9) represents

(x°,£%) = n - VoG (x°,£9), (4.31)

the gradient of the periodic Green’s function with respect to £€°2, the components

of which are

P . 00 ikdm cos 6o ( .0 _ oy gD
8;;0 (x°, £0) = _% Z € (27 + im &) H, (k”“m)’ (4.32)
1 m=—o00 m
oGP ik oo pikdmcosfo (0 _ 50 H(l) ko,
agg (XO,EO) _ _Z Z ( QT 2) 1 ( )’ (433)
where
rm = (2 + dm — €0)? + (23 — €))7 (4.34)

To calculate the rate of convergence of the summations, let
u=ay ¢, (4.35)
v=ay - &, (4.36)

where we assume u and v are O(1) quantities. Substituting this into expression

(4.34) yields

2u  (u®+v?) :
kry, = kd l+—+—= . 4.37
r |m\< +dm+ (dm)? (4.37)
and the series expansion for large m yields
1
kv, ~ kd|lm| + k sgn(m)u + O <E) : (4.38)

The far field expansion of H\"(z) is given by [1],

2 3
HY(2) ~ ,/Ee@@*%). (4.39)
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By substituting expressions (4.38) and (4.39) into equation (4.32), we can see that

for large m,
oGr (XO 60) _% gikdm cosfo (u + dm) 2 z‘(kd|m|—3f")6iku sgn(m)
2/ . 4 kd|m]| wkd|m| '
(4.40)

Similarly, by expression (4.33) we have
P . ikdm cos 0y 9
0G (x0,¢°) ke )
0&; 4 kdlm| wkd|m|

It is evident from the above two expressions that the derivative of the Green’s

ei(kd\m\—%)eiku sgn(m). (441>

mth term

function with respect to & decays as |m|~!/2

, and so dominates the convergence
of OGP /On, since the derivative with respect to &, converges more quickly in m (as
O(m~%)). The convergence of OGF /On is therefore comparatively slow, and for
numerical purposes we seek a representation of the Green’s function that converges
at a faster rate.

The approach generally taken in the literature to evaluate periodic Green’s

function is that due to Ewald [39] and [6]. Given a slowly convergent sum over an

array A,
> O(Rm), (4.42)
A

the idea of the Ewald summation is to introduce the function F'(R,,), which tends

rapidly to zero as |Ry,| — 0, and write the slowly convergent sum as

XA: P(Ry) = XA: O(Rpm)F(Rm) + XA: O(Ry) (1 — F(Rm)), (4.43)
so that the first sum on the right hand side can be easily computed, and the
second sum, although still slowly convergent, can be calculated by application of
the Poisson summation formula. For further details of this method, the reader is
referred to the comprehensive review by Linton [39)].

In this chapter, we present an alternative approach to calculating a faster
converging representation of the periodic Green’s function, whereby we truncate

the summation and asymptotically calculate a first order correction term.
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We begin by truncating the sum of expression (4.32) at the Mth cylinder, and

define o; and o9 to be

Ty eMm s (2 + dm — &) Hy” (krn) (4.44)
4 ’ '

m=M+1 T'm

g1 =

and
.7, —(M+1) _ikdm cos 1
0y = —% (Z+ e+ dm = EHL ), (4.45)
T'm

m=—0oQ

so that the total sum can be expressed as

lels ik M gikdmcosto (xo +dm — SO)Hl(l)(krm)
(X0’€0) = Z : :
0&; 4

m=—M

+ 01 + 09. (446)

Tm
The aim of this section is to calculate an asymptotic approximation for the sums

o1 and o9 for sufficiently large M.

For large m, we can use expressions (4.39) and (4.38) to write

ik & ekimeostodm 3 L,
~— Mg 4.47
1 4 2 d|m| ﬂkrme ’ (447)

m=M+1
and i)
ik IR etkdmeostoqy [
Oy~ —— Y - ethrm =5 (4.48)
4 m=—o00 d|m‘ Trkrrh
Writing m = —m in the second summation, and adding o, to oy, results in
ik ami 9 00 eikdm(cos Oo+1)+iku __ eikdm(l—cos 00)—iku>
01+ 09~ ——e 44— Z ( . (4.49)
4 mkd | 7 vm

Now let m = M + 1 + p, and after some rearranging equation (4.49) becomes

jus}

_ [e'¢) ikdp(cos Op+1
ke 2 |:eikd(M+1)(1+coseo)+iku e/kpl )

0'1—|—0'2 =~ —

4V rkd p=0 (M +1 +p)%

' ' 00 eikdp(l—coseo)
. elkd(MJrl)(lfcos@O)flku Z — (450)
p=0 (M +1+p)?
The first summation of equation (4.50) can be written as
00 ikdp(cos 6p+1) ) 1
e = b [ezkd(coseo-i-l)’ -, M+ 1] ’ (451)
p=0 (M + 1+ p)> 2
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where @ [z, s,a] is the Lerch transcendent, a generalisation of the Hurwitz zeta-
function and the poly-logarithm, which admits the following integral representation

[25]

1 00 ts—le—at
- dt 4.52
B[z, 5, 0] IKs)MA — (4.52)

and so the summation (4.51) can expressed in integral form as

00 tkdp(cos 0p+1) 1 00 = L (M)t
™JOo

=0 (M +1 +p)% 1 _ ikd(cos o+ 1)t

Making the change of variable t = ¢/(M + 1), we have

A 1
e oy = — M s
o (M+14p)3 VTl q (1 - etdteostoneariz ) (M +1)

As M — oo, eI — 1, and so for sufficiently large M

) eikdp(COSGOJrl) 1 1 1 00 o4
E T~ = : dQ7
(M +1)+p)?  VIVMFT(L—ehkdeoshoil)) Jo /g

and the integral on the right hand side of this expression can be evaluated as \/,

(4.55)

and so ultimately

() 6ik:dp(cos Oo+1) 1 1

- ' : 4.56
p=0 ((M + 1) ~|»p)% M+1 (]_ — elkd(cos%-{-l)) ( )
The same procedure can be followed to show that
00 tkdp(1—cos o) 1 1
6 (4.57)

(1) +p)F VAT (L= ey
Therefore, if we truncate the normal derivative of the periodic Green’s function at
m = £M, the first order correction term is found by substituting equations (4.56)
and (4.57) into (4.50):

_mi 5 1 [eikd(MJrl)(lJrcos o) +ik(z—E1)

e 4
(]_ — gtkd(cos €0+1))

e T R AT 11
eikd(M—l—l)(l—cos90)—ik(a}—§1)‘| < 1 )
(

< 4.58
(1 _ ezkd(lfcos%)) M+ 1)% ( )
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With this first order correction, the periodic Green’s function can be expressed

as

aG" ik o ehimeost (g 4 dm — &) Hy (ki)
a—n(xoaﬁo) =-m ;

Tm

m=—M 'm
et [ 2 1 pikd(M+1)(1-+cos 00) +ik(z—&1)
ny (_ 4 \ wkd/M+1 l (1 — eikd(cos fo-+1))
pikd(M-+1)(1—cos o) —ik(z—&1) ]
T (1 ekd(oost)) D +0 (m> - (4.59)

By adding in the correction term we are able to calculate the Green’s function
with error (M +1)~%/2. Although, as previously mentioned, such summations have
already been studied in various literature, adding such a simple correction term

allows for the Green’s function to be calculated easily and efficiently numerically.

4.4.1 Numerical verification

We are able to qualitatively show the effect of the correction term on the truncated
sum by considering the periodicity of OGT /dn as z; varies, with and without the
correction term. It is clear from the form of the periodic Green’s function that
the value of 9GT /On is periodic with period d, where 9/dn denotes the directional
derivative on the boundary of the scatterer. Figure 4.3 shows the effect of adding in
the first order correction term on the periodicity of the function. For 101 cylinders
(corresponding to a value of M = 50 in equation (4.59)), the plots show the
absolute value of the periodic Green’s function as x; increases, with source points
located a distance d/a = 5 apart, and random values between -1 and 1 are chosen
for n; and ny. The blue plot corresponds to the value of the uncorrected sum,
truncated at M = 50. It is obvious that the sum is far from having converged,

and has the form of an amplitude modulated wave. The error is calculated by
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estimating the values at the maxima, and subtracting the least from the greatest;
it is found to be O(1072). In contrast, the red plot has the addition of the first
order correction term, given explicitly in equation (4.59). It is clear from this plot
that the Green’s function displays more closely periodic peaks and troughs, and
the error is calculated to be O(1073), agreeing with the error predicted by the

correction term.

We can quantify the effect of the correction term by investigating the value of
the uncorrected sum compared with the corrected sum for increasing values of M.
The plots shown in figures 4.4, 4.5, 4.6 and 4.7 display the absolute value of the
normal derivative G* /On for M increasing from 60 to 600, for the uncorrected
truncated sum (blue) and corrected (red). For each plot, the values of k, d and
0y are given, and all other parameters of equation (2.59) are chosen to be random
numbers between 0 and 1, so as to show representative results. The dramatic
increase in the rate of convergence indicates that for all frequencies considered in
this thesis, the correction term (4.59) provides an efficient and accurate way to

accelerate convergence.
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Figure 4.3: Absolute value of the uncorrected (blue) and corrected (red) normal
derivative of the periodic Green’s function for 101 circular cylinders with a spacing

of k =5, as a function of z;.
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Figure 4.4: Figure, for M increasing from 50 to 600, indicating the convergence of (a) the uncorrected periodic
Green’s function, (b) the Green’s function including the correction term and (c) a direct comparison of the two.

Note the different vertical scales in (a) and (b). The parameter values were set to ka = 0.1, d = 3 and 6, = 7/3.

c01

SAVHHY TVNOISNHINIA OML 'V H4LdVHO



(a) 228 (b)
s |
22840
22855
zzzzzz
500 o M ® o w  ao o e M

| I I I I |
100 200

Figure 4.5: Figure, for M increasing from 50 to 600, indicating the convergence of (a) the uncorrected periodic
Green’s function, (b) the Green’s function including the correction term and (c) a direct comparison of the two.

Note the different vertical scales in (a) an

d (b). The parameter values were set to ka =1, d = 5 and 6y = 7/4.
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Figure 4.6: Figure, for M increasing from 50 to 600, indicating the convergence of (a) the uncorrected periodic
Green’s function, (b) the Green’s function including the correction term and (c) a direct comparison of the two.
Note the different vertical scales in (a) and (b). The parameter values were set to ka = 2, d =5 and 6, = 7 /5.
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Figure 4.7: Figure, for M increasing from 50 to 600, indicating the convergence of (a) the uncorrected periodic
Green’s function, (b) the Green’s function including the correction term and (c) a direct comparison of the two.
Note the different vertical scales in (a) and (b). The parameter values were set to ka =5, d = 10 and 6y = /2.
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Figure 4.8: Unit cell for application of the reciprocal identity.

4.5 Reflection and transmission coeflicients

To quantify the energy transmitted through the array, compared to the energy

reflected by it, we determine the reflection and transmission coefficients, which we

define to be
To =1+ @Y, (4.60)
T, =%, forne {Z/0}, (4.61)
R,=®", fornelZ, (4.62)

where the quantities @} are as defined in (4.6).
In order to numerically determine the reflection and transmission coefficients,
we follow the approach taken by Achenbach [4], which is to express T,, and R,

as integrals over the surface of the central cylinder. This approach requires that
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the acoustic potential on the surface of the central cylinder is known, which we
calculate later in this chapter numerically using the boundary element method.

From equations (4.12) and (4.13), in the region x5 < 0 the total field is given
by

¢(X) — (1 + (I)(J)r)e—ikcoseoml—iksineoxg + Z (I)iefi(kCOSGOJrQ’rT")xlfianmg’ (463)

n=—00
n#0
and in the region x5 > 0
(b(X) — e*lk cos Qpx1—ik sin Opxo 4 (I)(leflkcos Oox1+ik sinfgxo (464)

i . 2mn .
+ Z (I)rie—z<kcoseo+7)x1+zanar2.

i
where
9 9 2mn\ 2
a, = k7 — (k cos By + 7) : (4.65)

For the purpose of calculating the reflection and transmission coefficients, we

introduce the following auxiliary functions:
gbi,n(x) _ 6i(kcos€0+2”7”)mliian:v2’ ne Z, (466)

both of which satisfy Helmholtz equation. Applying Green’s theorem to the region

enclosed by the contour L, as shown in figure 4.8 gives

An
/L [QZ)(X)&?—Z(X) . A’"(X)g—n(x)] ds = 0. (4.67)

Because of the periodicity, as in equation (2.8), the integrals over [! and [* will

cancel, resulting in

[ [¢<x>af§—fm<x> -t s = [ [¢<x>af§—fm<x> -0 30| s

(4.68)
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Substituting equations (4.63) and (4.64) into (4.68), the right hand side can be
integrated over the lines [? and [*. Noting that d¢/dn = 0 on the boundary OV,

equation (4.68) can be re-expressed as

n o __ 1 a i(k cos Op+ 2= 1 Fion T
= /6 y o(x)5-c ) ds, (4.69)

where n is the inward pointing normal to S°. Equation (4.69) is an explicit expres-

sions for the @'} coefficients, which can be calculated by numerical integration, pro-
vided that the boundary velocity potential is known. In the following section, we
describe how this can be calculated numerically by the boundary element method,
before using the boundary values and equation (4.69) to calculate the reflection

and transmission coefficients.

4.6 Discretisation and numerical solution

The governing boundary integral equation, valid for any point within the domain

D, as derived in section 4.3, is repeated here for reference

0\ __ in/_0 0@ 0 (0 0 0 0
Bx) = ")+ [ o(€N) T (" €7dS(EY)  x° ¢ 05", €€ 0", (4.70)

In order to apply the collocation method, as described in chapter 2, the field
point x° is moved onto the boundary V. The integrand is singular at the point
where x° = £°, since the periodic Green’s function is a sum of zero order Hankel
functions. Qualitatively, this is the same problem experienced in section A.2, and
so following the same process as described in section A.2, the overall governing

integral equation is given by
Lot = ) + [ o€ X0 0567 x0e0e o' @)
2 Vo on ’ ’ ' '

Let us now consider how equation (4.71) can be discretised. The contour 9V°
is divided into IV elements

ove=>3"Ty, (4.72)
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which have node points at each end and at the centre of the element. We assume
quadratic isoparametric elements so that the shape functions specify both the
variation in the geometry and the variation in the unknown boundary potential,

and are given explicitly by

Uy (v) = %1/(1/ —1), (4.73)
Uy(v) = (v + 1)(1 - v), (4.74)
Ws(v) = %1/(1/ +1). (4.75)

We seek to find the boundary values at the node points. Following the procedure
described in chapter 2.5.3, we arrive at the following discretised boundary integral

equation:

Lo(x0) = 67 (%) + (BA(®) + B4 (x0)) 61+

2
2N—1 2N
3 <h?;~_1<x0)+h§il<x0)> 6+ 3 R2(x%)¢;,  (4.76)
j=1 ’ ? = 2
j odd j even
where
| el
M) = 00 S (€00), X0 T;(v) dv. (4.77)

With an anticlockwise relabelling system, equation (4.76) can be arranged to the

final, discretised equation,

1 ) 2N—1 2N

5@ =¢; + (hill + th) o1+ > <h?<121> + hil(atl)) j+ > h?% b;  (4.78)
= =2
j odd J even

for i = 1,...,2N. Equation (4.78) is collocated at the 2N nodes around the

boundary, resulting in a linear system of equations of the form
1 .
[51 — H] D =" (4.79)

where H is the matrix of coefficients. The solution to the system (4.79) is the

value of the acoustic potential at the nodal points of the discretised shape 0.5°.
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The integrals hfj are evaluated in virtually the same was as that described in
the previous chapter, section 3.3.1, the only difference being the Green’s function
is a sum of Hankel functions, rather than a single Hankel function. Since the only
term in the summation of the periodic Green’s function that becomes singular is
the Hl(l)(kro) term, there are no further complexities introduced in this section
with regards to evaluating the matrix H and the reader is referred to chapter 3.3.1

for a description of how to evaluate the components.

4.7 Results

4.7.1 Boundary values

The solution to (4.79) is a vector of the nodal values of the acoustic potential on
the boundary of the scatterer. In chapter 3.4.1, we showed that for a selection
of different shaped scatterers, the numerical scheme converges cubically, as pre-
dicted. Since there is qualitatively no difference in the numerical scheme in this
chapter, we do not concern ourselves with the convergence of the boundary ele-
ment method. Rather, we are more concerned with the convergence of the periodic
Green’s function.

In section 4.4, we verified that the derived correction term for the truncated
summation dramatically improves the convergence rate of the periodic Green’s
function. To further strengthen this result, figures 4.9, 4.10 and 4.11 show how
the value of the acoustic potential on the first node converges in M, for both the
cases without and with the correction term.

It is clear from figure 4.9 (b) that the formulation including the corrected
Green’s function convergences at a much faster rate than that without. From the
plot, we can see that for M greater than approximately 175 in the sum of expression

(4.59), there is a slight oscillation to O(107%). For M > 200, the corrected Green’s
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Figure 4.9: Plot indicating the convergence of the nodal values for a circular
scatterer for ka = 0.1 with incoming angle 7/2. The vertical axis is the value
of the acoustic potential at the first node, for increasing values of M. Figure
(a) shows the value without the correction term, (b) shows the value with the
correction term and (c) shows the values from (a) and (b) plotted together; note
the diferent vertical scales in the first two plots.

function has no visible oscillation. Similarly, from 4.10 and 4.11, we can see that

for M ~ 200 the corrected Green’s function has converged much faster.

Now that we have established that for M = 200 the corrected Green’s function
has converged to a much greater degree, we are in a position to present some results
for the boundary value of the acoustic potential. Figures 4.12, 4.13, 4.14 and 4.15
indicate how the value around the boundary of cylinder at the origin varies for
different frequencies, various shapes and for two different incident angles. In each
figure, the plots labelled (a) are for an incident wave that is normal to the array

(0 = 7/2), and the plots labelled (b) are for an incident angle of 7/3. In each
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Figure 4.10: Plot indicating the convergence of the nodal values for a circular
scatterer for ka = 1 with incoming angle 7/2. The vertical axis is the value of the
acoustic potential at the first node, for increasing values of M. Figure (a) shows
the value without the correction term, (b) shows the value with the correction
term and (c) shows the values from (a) and (b) plotted together; note the diferent
vertical scales in the first two plots.

case, the shape of the scatterer is shown by a grey line, and the solid blue/purple
lines, for an incoming wave of angle 7/2 and 7/3 respectively, are the boundary
values around the central cylinder of the array. For reference, the corresponding
boundary values are shown for a single cylinder as a dashed line. In each case, the
non-dimensional spacing d/a is set to 5 and the dimensionless wave number k is

respectively 0.1, 1, 2 and 5 in the four figures.

As we would expect, for ka = 0.1, for all shapes, the value around the bound-
ary remains almost identical to the single scatterer, and for this small value we

would expect the plane wave to be almost entirely transmitted through the array.
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Figure 4.11: Plot indicating the convergence of the nodal values for a circular
scatterer for ka = 2 with incoming angle 7/2. The vertical axis is the value of
the acoustic potential at the first node, for increasing values of M. Figure (a)
shows the value without the correction term, (b) shows the values from (a) and
(b) plotted together; note the diferent vertical scales in the first two plots.

Similarly, for ka = 1 and for normal angle of incidence, the boundary values for
each shape have a similar shape to the single scatterer case. The boundary values
that are most changed by the presence of the array are those for an ellipse, which
would be expected due to the scatterers being wider and therefore closer together.
For an angle of incidence 7/3, the boundary values start to lose the symmetry
that they display for normal incidence, and figure 4.13 (f) has an interesting cusp
at the point corresponding to 37 /2.

As the frequency increases to ka = 2, figure 4.14 reveals that the potential
on the boundary is significantly different from the single scatterer plot, and for

incident angle 7/3 the asymmetry is obvious. Increasing the frequency to ka = 5,
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so that the wavelength is comparable to the size of the scatterer, we see from figure

4.15 that diffraction patterns are forming around the surface of the scatterer.
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Figure 4.12: Boundary values for various shaped cylinders for ka = 0.1 for a non-
dimensional spacing kd = 5. The plots in the left column show the boundary value
for an incoming wave that is normal to the array (6, = 7/2), and the plots in the
right column are the boundary values for an incoming wave at an angle 7/3 to the
horizontal. In each plot, the grey line shows the shape of the cylinder, the dashed
line shows the corresponding boundary value for a single scatterer, and the solid

line is the boundary value of the central cylinder in the array.
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Figure 4.13: Boundary values for various shaped cylinders for ka = 1 for a non-
dimensional spacing kd = 5. The plots in the left column show the boundary value
for an incoming wave that is normal to the array (6, = 7/2), and the plots in the
right column are the boundary values for an incoming wave at an angle /3 to the
horizontal. In each plot, the grey line shows the shape of the cylinder, the dashed
line shows the corresponding boundary value for a single scatterer, and the solid

line is the boundary value of the central cylinder in the array.
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Figure 4.14: Boundary values for various shaped cylinders for ka = 2 for a non-
dimensional spacing kd = 5. The plots in the left column show the boundary value
for an incoming wave that is normal to the array (6, = 7/2), and the plots in the
right column are the boundary values for an incoming wave at an angle 7/3 to the
horizontal. In each plot, the grey line shows the shape of the cylinder, the dashed
line shows the corresponding boundary value for a single scatterer, and the solid

line is the boundary value of the central cylinder in the array.
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Figure 4.15: Boundary values for various shaped cylinders for ka = 5 for a non-
dimensional spacing kd = 5. The plots in the left column show the boundary value
for an incoming wave that is normal to the array (6, = 7/2), and the plots in the
right column are the boundary values for an incoming wave at an angle /3 to the
horizontal. In each plot, the grey line shows the shape of the cylinder, the dashed
line shows the corresponding boundary value for a single scatterer, and the solid

line is the boundary value of the central cylinder in the array.
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4.7.2 Reflection and transmission

Expressions (4.12) and (4.13) indicate that reflected and transmitted waves are of

the form

@7:'];€—i<kCOSHO+27rTn>$1iianx2’ (4.80)

where the + corresponds to the reflected/transmitted wave fields respectively, and
O are related to the reflection and transmission coefficients R,, and 7T,, by relations
(4.60), (4.61) and (4.62), and can be found using the method described in section
4.5. We can see from the form of (4.80), that the nth mode will be propagating
providing that «, is real valued, i.e. o > 0. In the case where «, is complex, the
pth wave mode will be evanescent, where |p| > n.

From equation (4.11), the nth mode will be propagating if the following con-

dition holds:
2mn

k> |k cos Oy + — | (4.81)
Therefore, for n > 0, the cut-on frequency k" for the nth mode is
2
L — (4.82)

" d(1—cosby)’
and for n < 0 the cut-on frequency k, for the nth mode is

—2mn
k, = ———. 4.8
" d(1+ cosby) (483)

For normal incidence, that is 6y = /2, it is clear from the above two expressions
that the positive and negative modes begin propagating at the same frequency.
However, for all other values of 6, the negative modes will begin to propagate
before the corresponding positive mode. For example, for an angle of incidence
0y = /3 and dimensionless spacing of 5, the cut-on frequency of the n = 1 mode
is ki = 47 /5, whereas the cut-on frequency of the n = —1 mode is k; = 47 /15.

Numerical calculations were carried out to determine the reflection and trans-

mission coefficients for an array with non-dimensional spacing d/a = 5, for varying
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angles of incidence 6, and various shapes. The absolute values of the reflection
and transmission coefficients for each array are shown in figures (4.16-4.18). In
each case, 24 elements were used, making a total of 48 nodes.

In figure 4.16, we see that for an incident wave that is normal to the array,
the first order modes, both positive and negative, begin propagating at k = 27 /5.
Subsequently, the second order modes begin propagating at k = 47/5, and these
can clearly be seen in the figure. At the cut-on frequencies, there are sharp changes
in the reflection and transmission coefficients, because the energy is redistributed
over a larger number of propagating modes [4]. It can be seen from equations

(4.65)-(4.69) that, for a normally incident wave,

Qp = Qp, (4.84)
and
(@) = o™ (4.85)
hence equation (4.69) gives
(R,)"=R_, and (T,,)" =T_,. (4.86)

Figure 4.17 shows the absolute values of the reflection and transmission coeffi-
cients for a wave of angle of incidence 7/3 on an array of cylinders, and compares
results for circular cylinders with those for peanut-shaped ones. As has already
been mentioned, no positive modes cut on in the range of frequencies presented.
Similarly, figure 4.18 compares the reflection and transmission for an array of cir-
cular cylinders with those for an array of elliptical cylinders, with incident angle
/6.

The results generated for the reflection and transmission coefficients can be
verified by considering the power balance. Since the problem is steady-state, the

net amount of energy flow through a representative cell, as shown in figure 4.8, is
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Figure 4.16: Reflection and transmission coefficients from an array of circular
cylinders for an incident plane wave of propagation angle 6y = 7/2.
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Figure 4.17: Reflection and transmission coefficients from an array of cylinders
with a (a) circular cross section, (b) peanut-shaped cross section for an incident
plane wave of propagation angle 6y = 7/3.
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Figure 4.18: Reflection and transmission coefficients from an array of cylinders
with a (a) circular cross section, (b) elliptical cross section for an incident plane

wave of propagation angle 6y = 7/6.
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identically zero. As a result, the following relation holds (see [4])
P:Z% (1T + |Ra?) =1, (4.87)
w Qo

where the summation includes only the propagating modes. Tables 4.1 to 4.3
confirm that for various values of k£ and for various shapes of cylinders, the power

balance relation (4.87) is satisfied with only a very small numerical error.

Finally, figure 4.19 is a representation of the field reflected and transmitted by
different arrays of scatterers. The frequency is chosen so that only one/two/three
Fourier modes of equation (4.12) and (4.13) are propagating in row one/two/three
respectively. It is clear from the plots that the array of peanut shaped scatterers
causes the least disruption to the plane wave, which is perhaps due to the fact
that these cylinders have the smallest width, and so it is easiest for the wave to

transmit through the array.

0.001 0.615516 1.36006  1.76973 2.17941 3.10319  3.58968
P 1 1.00001  0.999907 0.999997 1.00006 0.999993 0.999929

Table 4.1: Table to show how closely the power balance relation (4.87) is satisfied

by the reflection and transmission coefficients in figure 4.16.

0.0180563 0.205675 1.23105 1.31633 1.94942 2.20526 2.42699
P 1.0 1.0 1.0 1.00001  0.999998 1.0 1.00001

Table 4.2: Table to show how closely the power balance relation (4.87) is satisfied

by the reflection and transmission coefficients in figure 4.17 (a).
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Figure 4.19: Reflected and transmitted from arrays of various shaped cylinders for
increasing frequency with an incoming angle of incidence 6y = 7/3. The first row
corresponds to a frequency k = 0.1, the second row a frequency of £ = 1 and the
final row has a frequency of k = 1.7. The frequencies have been chosen so as to
ensure that the first row has only the zeroth mode propagating, the second row
has both the zeroth and first modes propagating, and the final row has the zeroth,
first and second modes propagating.
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0.001 0.186222 0.626124 1.04487 1.46362 1.74146 1.85722
Pl 10 1.00001  0.999988 1.00001 1.00001 1.00003 0.999963

Table 4.3: Table to show how closely the power balance relation (4.87) is satisfied

by the reflection and transmission coefficients in figure 4.18 (b).

4.8 Conclusions

In this chapter, we have developed the initial problem tackled in chapter 3 to solve
for the field scattered from an infinite periodic array of arbitrary shaped scatterers
in two dimensions. Although similar problems are studied in the literature, we
have introduced a new method for evaluating the periodic Green’s function that
is compatible with the boundary element method and easily implementable.

We have verified the correction term for various values of ka, and shown that it
is a good approximation for low to mid-range frequencies. Having confirmed that
the correction term converges quickly for M = 200, we have presented results for
the boundary values around the surface of the central cylinder in the array, and
compared these directly to the single scatterer results, derived in chapter 3.

We have also presented results for the reflection and transmission coefficients
for arrays of cylinders with various cross sections. We have relied on the previous
chapter’s results for numerical convergence, and for an array of circular cylinders
we can confirm that our results agree with those in the literature.

This chapter serves as a basis on which we develop the novel ideas in the

following chapters.



Chapter 5

Scattering from bodies of

revolution

5.1 Introduction

In this section, we investigate the pressure distribution around the surface of a
rigid, axisymmetric, three dimensional scatterer in an infinite fluid that is created
when an acoustic plane wave is obliquely incident on the scatterer. We consider
the case where the wavelength \ of the propagating wave is of the same order of
magnitude as the characteristic lengthscale of the inclusions, say a.

Ultimately we wish to solve the problem of reflection and transmission from an
infinite array of periodically distributed scatterers in an acoustic medium. Before
considering such a complex problem, in this chapter we solve the problem for
a single scatterer, in order to formulate the integral equation and develop the
numerical methods that can later be extended to solve for an infinite number of
scatterers. Solving the problem presented in this chapter for one scatterer is also
useful to explore various technical aspects involved, such as the computational

cost of solving the numerical scheme, convergence of the solution and the limit of
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concavity of the scatterer before the scheme breaks down.

The approach taken is to expand the incident wave field, the acoustic potential
and the normal derivative of the Green’s function into complex Fourier series with
respect to the azimuthal angle, and we find that each Fourier coefficient of the
acoustic potential satisfies a boundary integral equation over a one-dimensional
line that generates the axisymmetric body. The integral equation is discretised
using the boundary element method, and we discuss how the non-singular terms
and the singular terms of the resulting coefficient matrix can be calculated.

In the results and conclusions sections of this chapter, the convergence of the
numerical scheme is shown to be cubic (with an increasing number of elements),
matching theoretical predictions. The convergence of the azimuthal Fourier series
is also discussed, and the related subject of the Rayleigh hypothesis. The outcomes
of this chapter provide us with a foundation on which we can develop the more

difficult problem considered in the following chapter 6.

5.2 Problem statement

Following the exterior scattering problem outlined in chapter 2, in this chapter we
wish to solve for the field scattered by a three-dimensional body S located in an
infinite fluid medium, D. We work in Cartesian coordinates x = (x1, s, 23), and
we limit our attention to problems in which the scatterer S is axisymmetric with
respect to the x3 axis. All such bodies can be described by a generating curve C,
which when rotated about the x3 axis maps out the surface of 9, as illustrated in
figure 5.1.

Consider an incident plane wave of wavelength A which is of the same order of
magnitude as the characteristic lengthscale of the scatterer, say a. With respect

to a spherical polar coordinate system, the angle of propagation of the incident
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x3

-+

____ . 1

Figure 5.1: An example of a three-dimensional scatterer that is axisymmetric
about the z3 axis.

wave is described by polar angle ¢y and azimuthal angle 6y, and so the incoming

plane wave is of the form

gbin (X) _ e—ik(sin b0 cos Oz 1+sin ¢g sin Ogza—+cos poz3) ) (5 1)

The coordinate system is shown in figure 5.2
The acoustic potential ¢(xy, zo, x3) satisfies Helmholtz equation in the acoustic

medium,
Po P ¢

K¢p=0 inD 5.2
0x? 6x§+6:c§+ ¢ Y (5-2)

where £ is the wave number. We assume that the scatterers are sound-hard, and
so on the surface OV we apply a Neumann boundary condition

o¢

. (x) =0, (5.3)

where n is a coordinate measured in the inward normal direction to 9V

For a point x € D, it follows from equation (2.49) that the problem admits a
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€3

%o T2

Ty

Figure 5.2: Spherical coordinate system.

frequency domain integral equation of the form

6x) = ) + [ 0l&) €. x)dS ), (5.4

ov

where € = (£1,&2,&3) € D, and the boundary condition (5.3) has been taken into

account. In three dimensions, the fundamental solution G(&,x) satisfies

*G  9*G PG

kG =6 .
o2 toe tae G =0(x,€), (5.5)
and is known explicitly to be
G e 5.6
(x,§) = —m- (5.6)

As in the previous chapters, we wish to solve equation (5.4) by the boundary
element method. The surface 9V is a two-dimensional surface and so evaluation
of (5.4) requires integration over two variables. As it stands, this equation could
be fully discretised by dividing 0V into two dimensional elements, either triangles
or quadrilaterals, and approximating the boundary potential by suitable shape
functions. This approach is taken in various papers in the literature, such as [51].
However, since we are considering bodies of revolution, we are able to exploit

the axisymmetry of the scatterers and reduce the dimensionality of the governing
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integral equation by one, thus resulting in an equation in which the integration is
only over the generating curve C'. Such equations are similar to those encountered
in earlier chapters, and the contour of integration can be discretised into one-
dimensional elements, leading to a very substantial saving in computational time.
In the following section, we show explicitly how the two-dimensional boundary
integral equation (5.4) is reduced by Fourier expanding the boundary functions,

before discussing how the resulting governing equation can be solved numerically.

5.3 Boundary integral equation

5.3.1 Fourier decomposition of boundary functions

Consider the Cartesian coordinate system & = (&1, &2, &3) with which we associate

the cylindrical polar system (r,6,&3) by the following relations:

& =rcosh,
& =rsinb,
£ =2¢, (5.7)

and similarly we relate the field point with coordinates x = (x1, z9, x3) to the polar
coordinate system (p, ¢, x) via the relations

T1 = pCosp,

To = psin e,

T3 = . (5.8)

Transforming the governing integral equation (5.4) into cylindrical coordinates, we

obtain

- 2 oG
o(p, 0, 1) = " (p, ¢, ) +/0 /Cczﬁ(rﬂ,é)%(nﬁ,é,p,s@,x)r dlde, (5.9)
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\J

Figure 5.3: Generating curve C' of a ‘pear’-shaped scatterer.

where dl is an infinitesimal line segment of the curve C'. The transformed incident

wave 1S

¢in (x) = ¢~ tkp cos(p—0o) sin o ,—ika cos do , (5.10)

which can be expanded into a discrete complex Fourier series [42, p.30] with respect

to the azimuthal angle ¢,

gbm(x): Z i_"Jn(kpsinqﬁo)e_meoe_ik“"w“em“’. (5.11)

n=—oo

We can also expand the (boundary) velocity potential into a discrete complex
Fourier series with respect to the angle ¢, i.e.

Bx)= 3 Gmlpra)e™. (5.12)

m=—0oQ

The boundary unknowns are expressed as complex Fourier expansions as opposed
to sine and cosine expansions so as not to divide the problem into symmetric and
antisymmetric modes, which would make numerical implementation more difficult

in particular for elastic problems (see for example [54]),
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Similarly, the complex Fourier expansion of the normal derivative of the Green’s

function G is of the form

oG .
5 (10,600, Z A_p(r,p, & x)e™ ), (5.13)
n n=-—oo
The Fourer coefficients A_,, are known quantities that can be calculated by use
of the Fast Fourier Transform algorithm, but we defer the details of this to the
following section, so that the continuity of this section is not disrupted.
Upon substituting the above Fourier expansions (5.12) and (5.13) into the
integral equation (5.9), the integral term on the right hand side is given by
/ / Z o (1, €)™ Z An(r,€, p, )™ 0=9) 1 dlde. (5.14)
Changing the order of integration and rearranging the summations allows us to
rewrite expression (5.14) as
2T
3 / o €) S An(r &, pox)e ™y di / im0 gg. (5.15)
m=—o00 n=-—oo 0
The integration over € is zero unless n = —m, in which case it equals 27, and so
expression (5.15) is equivalent to
o Z /¢m 7€) Am(r, €, p, )" 1 dl. (5.16)

Via expressions (5.11), (5.12) and (5.16), the boundary integral equation (5.9)

can be expressed in terms of Fourier series as

Z (bm 0, zmip _ Z [ p’ zmgofimGO

m=—0oQ m=—00

+ 27 Z /gbmrf m(r, &, p,x)e™ 7 dl, (5.17)

m=—0oQ

where, by equation (5.11),

Ln(p, ) =i "™, (kpsin ¢g)e” kreoséo, (5.18)
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Multiplying equation (5.17) by =¥ and integrating from 0 to 27 with respect to
@ yields

—imby

Qbm(P, l‘) :IM(pv :L‘)e
+on /C S (1, ) A (s py 2, €) 7 . (5.19)

We can see from the above analysis that for a single axisymmetric scatterer in
a linear acoustic medium, the integral equation for each Fourier coefficient ¢,
decouples, resulting in a separate infinite system of equations for each coefficient.
Assuming that the Fourier series (5.12) converges for a value m = M, then we are
required to solve a 2M + 1 integral equation system for each contributing Fourier
coefficient. This ultimately will enable us to solve for the field at any point in the

domain.

Fourier Coefficients of the Normal Derivative of the Green’s Function

To find the normal derivative of G(&,x), we use the identity
oG
nﬁ ’ VfG(va) = a—n(va)a (520)

where ng is an inward pointing unit normal (with respect to the coordinate §).
Due to the axisymmetry about the &3 axis, the inward pointing normal will have

zero component in the 0 direction, and so ng will be of the form
ng = nlf' + nQég, (521)

where T and ég are unit normals in the direction of r and &3 respectively. In

cylindrical coordinates, we therefore have

oG oG
ng - V5G<£7X) = nlﬁ(évx) + HQG—&’(&,X). (522>

The 3D Green’s function (5.6) can be expressed in terms of cylindrical coordinates

(5.7) and (5.8) as
oikR

G<T797§7p7 QO,SU) = _M7

(5.23)



5.3. BOUNDARY INTEGRAL EQUATION 135

where

R = \/p2 + 12 —2rpcos(p — 0) + (x — &)% (5.24)

Direct differentiation of equation (5.23) with respect to r and £ yields,

oG  ORe*t 1
7~ ariw (m ) (529
0G  ORe*E 1

where

OR  r—pcos(f — ¢)

g 5.27
or R ’ ( )
oR ¢—x
il ) 5.2
% 7 (5.28)

The normal derivative of the Green’s function is therefore

oG ekl /1 OR OR
Sl = — ik e | 5.2
an &%) = 1R (R ! ) <”1 or T2 ag) (5.29)
For ease of notation, let
ekl 1 OR OR
F(ny,ng;r p; 0,06, ) = R (E — zk:> (nla + n28—£> , (5.30)

where, for notational purposes, we henceforth neglect to write all arguments of F’
aside from 0 and ¢. From equation (5.13) and the axisymmetry of the body, F

satisfies F'(0,¢) = F(0 — ) and hence has a Fourier series expansion given by

FlO—p)= > A_em0=9), (5.31)

n=—0oo

Multiplying both sides by ™~ and integrating over # from — to 7 yields

1 g |
A = — / F(0 — o)e=™0-9) gp
5 | (0 —p)e
1

T eikR 1 )
—— — (= _y _ _ _ —im(0—)
5 | e (R zk) <n1 (r — pcos(6 — ) + na(€ az)) e de.

(5.32)



136 CHAPTER 5. SCATTERING FROM BODIES OF REVOLUTION

Now let

and substitute into equation (5.19) to yield

—imbo

¢m<p7 1’3) :[m<p7 1’3)6
+/C<bm(r, &)V (r, p, s, &) r dl. (5.34)

Equation (5.34) is the Helmholtz integral equation for the mth Fourier bound-
ary velocity potential ¢,,, where the field point x is at some location in the acoustic
medium, D, but not on the curve C'. In order to solve this equation by the bound-
ary element method, the field point x is required to lie on the contour C. At the
point where r = p, and & = x, the kernel of the integral equation becomes singu-
lar. In the following section, we analyse the resulting singularity and determine

the effect that this has on the boundary integral equation.

5.3.2 Singularity of the integral equation

In order to use the collocation boundary element method, we must first investigate
the effect of allowing the field point x to approach the boundary 0D. As p — r,

and x — &, the integral

o /C S (1, €3) A (1, €, py ) 7 dl (5.35)

becomes singular due to the 1/R? term of the normal derivative of the Green’s
function in the integrand of equation (5.32). In order to analyse the singularity,
we take the limit as the field point approaches the boundary.

Suppose that x approaches an arbitrary point on the boundary £° = (v, £9),
where |€g| = O(1), which is at the origin of a coordinate system (u,v), the u axis
of which lies tangent to the contour C' at the point &g and the v axis points into the

fluid domain, and is at an angle [ to the horizontal axis of £. Divide the contour
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C (p, )
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Figure 5.4: Geometry of the scatterer close to the singular point.

C' into two separate regions, C. and C'\ {C.}, where C¢ is of length 2¢ centered at
the point £€°2. Take € to be sufficiently small so that local to &9, C. is the straight
line segment [—¢, €] € R, as shown in figure 5.4. Splitting the integration region

in this way, and taking the limit as ¢ — 0, the integral (5.35) is given by

27r/c<bm(r, AL(r, & p,x)r dl = 27?7[0 Om(r, &) A (r, &, py ) 1 dl

+2ntim [ 6, ) A, p ) 1 du, (5.36)

where  represents the integral over C'\ {C,} in the limit as e — 0. This integral
is non-singular, and hence can be evaluated numerically without difficulty. Let I

be the integral

1=1iny [ 6(r,€) (204,00, €%, p, ) 7 du (5.37)

By simple trigonometry, we can see from figure 5.4 that the local co-ordinate
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system (u, v) can be expressed in terms of 7°, p, €% and x via the following relations

u=(p—7r")sinp — (z— &% cos B, (5.38)
y=(p—1"cos B+ (v — &) sin g, (5.39)

which upon rearranging yields

p— 1" =wsin 3 + vcos B, (5.40)

z— & = —ucos B+ vsin 3. (5.41)

Now suppose that p —r° and x — £° are small quantities of order €? say, where

€ < 1. Hence, make the change of variable

u = €U, (5.42)
v =€V, (5.43)

so that by equations (5.40) and (5.45), we have

p—1"=¢e (UsinB+Vecosf), (5.44)
x—&"=e(~Ucosf+ Vsinp). (5.45)

Making the above change of variable to integral (5.37), and using the fact that

b is analytic near (r% %), we have
1
I = ¢p(p, ) lir%/e1 2 A (1°, €%, p, ) 0 2dU, (5.46)
€—> — 1

where

x ikf .
oA, = € (l — zk:) [n1(r® — pcosf) + ny(€° — 2)]e ™ df (5.47)

with

f= \/,02 + (192 = 2r%cos @ + (z — £9)2 (5.48)

= \/(p — 702 4+ 2r9(1 — cos 0) + (x — £0)2. (5.49)
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Note that we have made the change of variable § —p — 6 in (5.32) for convenience.

Substituting equations (5.44) and (5.45) into (5.49) yields

f= {€4<U sin 3+ V cos ) + 2p[p — (U sinB + V cos 3)](1 — cos )

+e*(—U cos B+ Vsin6)2}% ,
(5.50)

or equivalently

f= \/64(U2 +V2)+ [2p? — 2pe(Usin B + V cos B)](1 — cos 0). (5.51)

The integral (5.46) is singular for f = 0, which we can see from the above
expression (5.51) occurs when U =V = 0 and 6 = 0. Rewrite (5.46) by splitting

the integration range in the following way,
2 A, — / C10(0)d0 + / "1e(0)d0 + [ 10(6)a8, (5.52)

where Ir(0) is the integrand of (5.46). The first two terms are non-singular and
bounded in the limit as ¢ — 0, and so can be evaluated numerically without prob-

lem. To evaluate the final term of (5.52), make the following change of variable,
0 = e*a, (5.53)

or

1 —cosf =1— cos(e?a). (5.54)

It follows from the Taylor series expansion of cos(e?ar) that

e*a?

1 — cos(®a) = — T O(€%), (5.55)

which upon substitution into expression (5.51) yields

f=EJU+ V24 p2a? + O(e) (5.56)
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Referring back to (5.46), and using (5.53) and (5.56), the following expansions

hold true:
et =14+ 0(e)?, (5.57)
e =14 0(e)?, (5.58)
(5.59)

and since 1/f > —ik, we also have

1 1

- —ik~—. 5.60
7 7 (5.60)
By figure 5.4, it can be seen that ny = —cos § and ny = —sin 3, so that
0 0 _ 0 peta’ 6 . 0
ni(r’ —pcosf) +ny(&° —x) = —cosf(r° —p+ 5 +O(e) —sin 5(§" — ),

(5.61)
which, by expressions (5.44) and (5.45), can be rewritten as
ni(r® — pcosf) + ny(€° — ) = —cos B (—62(U sin 8+ V cos ) + O <e4))
—sin B(—€*(—=U cos B + Vsin B). (5.62)

Finally, upon simplification, we have
ni(r® — pcosf) +ny(E° — ) = €V 4+ O (64) . (5.63)

The asymptotic expansion of the integrand of (5.47) for small € can be found
by substituting (5.57), (5.58), (5.60) and (5.63) into (5.47), and so ultimately the

singular integral of (5.52) is given in terms of € by

[ 1o = | v —da. (5.64)
—e _% 47T(U2 + V2 + p2a2)§€2

Substituting (5.52) and (5.64) into expression (5.46) yields

1= 6(p. ) lim /_i (/_:IF(H)dG + [ I(6)d0-+

1
/ 6 4 i da,) 02U, (5.65)
1 4n(U2 + V2 + pRa2)ie
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In the limit as € — 0, let the final term of (5.65) be denoted by 4, and is given
explicitly by

v
Ls = dum(p, @ / / P ~da dU. (5.66)
4 (U2 1 V2 + p2a2)3

1, is non-singular, and can easily be evaluated by first making the following change

of variable,

zV
a=—, 5.68
) (5.68)
so that /4 becomes
V3dyd
I (o, / / yaz (5.69)
V3(y2 + 22 +1)2

Finally, we make a change of variable to convert to a plane polar coordinate system

= pCOST 5.70
y=p : (

z = psinT, (5.71)

so that in terms of these variables, expression (5.69) can be re-expressed as

B 1 2T pdp
27T¢m<p7 ) —
. [(l) i 1>1/2]0 (5.73)
= %gbm(p, x). (5.74)

The above analysis has shown that allowing the field point x to lie on the
boundary 0D results in a so-called free term. Referring back to equation (5.19)

and applying the above result, we obtain the following boundary integral equation

1 —im
§¢m(p, :L‘) :Im(p> x)e %

+ [ 6r A E pa) (5.75)
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As in the two-dimensional boundary integral equation (see section A.2), the result
of taking the field point onto the boundary is to reduce the field at any point in
space by a half. This result is well known in the literature (see [23] and [13]), but

to the writers knowledge the above analysis is a novel way of showing the result.

5.4 Numerical solution

Equation (5.75) is now in a form where it can be solved by the boundary element
collocation method. As in previous chapters, we follow the discretization method
described in chapter 2.5. We use N quadratic elements to describe both the
variation in the boundary value and the shape of the elements. The resulting

discretised version of equation (5.75) is

1 ] 2N—-1 2N
m __ tm _—imbgy m 1,m 3,m m1.2,m
5@ = Ii"e +2m | Y 4 [himl) +hiu’1>} + 2 Ohy
j=3 2 2 j=2 2
7 odd J even

milm m 3,m
+ o1 hii + daniihin )>
(5.76)
where the superscript m refers to the Fourier mode. Note that in the previous

section, the Fourier mode was denoted by a subscript. The components hf]m are

the integrals

hi" = /Vl:l V(W) A (r;(v), &), piy i) i (v) dl, (5.77)

where d[ is an infinitesimal increment of the boundary.
Equation (5.76) represents an infinite number of equations, each with 2N + 1
unknowns. For each Fourier mode m, the system can be represented as a matrix

system in the following way

1
[51 - Hm] ™ = 7, (5.78)
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where Hy, is a dense matrix of integrals and I, is a vector comprising the nodal
values of the incident wave.

Each integral of the matrix H,, involves a line integral over the body generator
C and an integral over the polar angle §. Compared to using the boundary element
method to mesh the entire surface of the body S, the advantages of solving for
each Fourier harmonic are obvious - the number of unknowns has been significantly
reduced, and hence the time spent solving the linear system of equations is reduced.
The total boundary velocity potential could be found using Gaussian quadrature
techniques similar to those used for the two dimensional case, but this can be
computationally expensive due to the dense nature of the matrix H,,, and because
each of the integrals have to be evaluated for each Fourier mode that contributes
to the overall solution. The computation time required to evaluate each integral
can be dramatically improved by calculating each of the circumferential integrals
simultaneously by using the fast Fourier transform algorithm. The purpose of
the following section is to explain how each component of the matrix H,, can be

evaluated numerically.

5.4.1 Evaluation of coefficient matrix

For each mode of expression (5.78), each matrix H,, contains singular and non-
singular elements. The following matrix shows the locations of the singular inte-
grals for a representative system, where the shape C' has been discretized into 4

elements:
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IR L T N T Py S TN PRy L N - )
h%l h%l h%2 + hgl h%2 h%?; + h§2 h%B h%ﬁl + h%B h%4 h§4
hél h%l héZ + hgl h§2 hé?, + th h%?, hi%,zl + hg?, h§4 h§4
hiy hiy  hig|+hi |hiy| his+|hiy| his  hig+hi; bl hi,
hfl)l h%l hé2 + hgl h§2 héB + h§2 h§3 hézl + th h§4 h§4
hflil h%l héQ + h%l h%Z héi’) + h%Z h%B hézl + hg?, h%4 hg4
h%l h%l h%Q + h% h%Z h%?) + h% h??, h%4 + h% h$4 h?ﬁl
hél hgl h5152 + hgl h§2 hflﬁ?; + th th hflﬁzl + th h§4 hgzl

L hfl)l h$2)1 h$1)2 + hgl h$2)2 h$1)3 + hg2 h$2)3 h$1)4 + th h€2)4 hgzl i

The modal dependence has been suppressed in the above matrix for ease of nota-
tion, but it is to be understood that the above elements are all associated with a
single mode m. Each element hfjm is of the form (1.77) where A,, is as equation
(5.32). In the following sections, we deal with the evaluation of the singular and

non-singular elements separately.

5.4.2 Non-singular elements

Determining the non-singular components of (5.79) requires us to evaluate a double
integral over the polar angle # and the homogeneous coordinate v. Such integrals
can be costly to evaluate numerically if standard quadrature is used, however they
can be evaluated much more efficiently with the use of the Fast Fourier Transform

(FFT) algorithm. Write expression (5.77) in the form

W= [ (P0G [ 1050),6 W) 000 e ) v,

(5.79)
where I(r;(v),&(v), pi, @i, 0) is given by
eikR 1 R
Iy = S (ﬁ - zk) (nl('r’j(u) — picos ) +no(&(v) — xz)) (5.80)
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and

R = \/p? +13(v) — 2r;(v)ps cos(p — 0) + (w; — &(v))*. (5.81)

Let the integral over 6 be P.(v, pi, i), so that

Pon(v, piypi) = /6:_7r Ii(ry(v),&(v), pis is 0) =™ db). (5.82)

Discretising the integration range [—m, 7| into M = 2* increments, for some integer

(t, and then evaluating the function I; at each 0 step results in
I§(v) = I;(v,A), for k=0,1,2,...m. (5.83)
We then take the Fast Fourier Transform (FFT) of the data I} in Matlab, using
F(v) = FFT(I¢(v)) (5.84)

where I¢(v) is a vector containing the discretised data. F(v) is a vector of discrete
Fourier transforms whose nth element is the (n — 1)th transform (since Matlab

vectors start with index 1):
ML 2mhni
Foiny(v, piy0i) = Y I]’f(l/)eT, forn=0,1,2... (5.85)
n=0

The solution to equation (5.82) is given by

1

P.(v, pi, ;) = MF(nJrl)(y, X;). (5.86)

This result can be substituted back into expression (5.79) to give

1

W= [ W) ) [T (0)] Pl pis i) (587)

=—1

The integration over v can now be evaluated by Gaussian quadrature.
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5.4.3 Singular elements

The boxed elements of the above matrix are those which turn singular at some

point in the integration range. Each integral is of the form

m_ ! e i A
hij Z/V:_1 <Wk(V)Tj|%(v)l A GRIN DL 9d0>dy. (5.88)

It should be understood that (r;,&;) = (r;(v),§;(v)) in the above integral and for
the remainder of this section, but we have chosen to omit the v dependence for

ease of notation. Define the integral I(r;(v),&;(v), pi, wi, m) by

™ 0G —imb 3/
[<Tj7§j7pi790i7m) = [W%(Tjagjapu%@i)e 0d97 (589>
and recall that
ik R
G<Tj7£j7pi7 ¢Z7m) - _47TR7 (590)
where
R = \/(rj — i)+ (& — i) + 2r;pi(1 — cos B). (5.91)

It is clear from the above expressions that G' becomes singular when r;(v) = p;,
§;(v) = x; and 6 = 0. In this section, we analyse the singularity of expression
(5.89) and describe a way to efficiently integrate such functions.
We begin by regularizing integral (5.89) by subtracting off and subsequently
adding back the function I, given by
1 0

A

do

[2</)z‘71’z'7V) = ———/7T = (592)
Amon Jon \J(ry — pi)2 + (& — )% + 1592
so that
](piaxia v, m) - Il(pia T, V, m) + IQ(pia Ty, V)) (593)
in which
1 | pikR,—imd 1
h(ﬂzﬁl’z"% m) = ——Q/ d‘g ¢ c — —
Ar On J—= R \/(Tj — D)2+ (& — 1)? + i

(5.94)
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The first term of equation (5.93) is non-singular, and so when this is substituted
back into expression (5.88) we have

/Vl (\I!k(y) i | T ()| (pi, i, v, m)) dv, (5.95)

=1
and both the v integration and 6 integration are easily evaluated by Gaussian
quadrature. We turn our attention to the evaluation of the remaining, singular
integral

/V 1_1 (V) r; | T50)| alpi, i, v) ) . (5.96)

Begin by writing

G2 (- Pi)Zrﬂ;'(fj - ﬂfz‘)Q’ (5.97)
iPi

so that

A R a5 L — (5.98)
4w on J—= (r;pi) (a2 + 62)

Now let § = asinh u and equation (5.98) becomes
1 0 [sinh !(7/a
-2 [
VTiPi

5.99
21 On (5.99)
In order to calculate the normal derivative in equation (5.99), we make use of

the identity
0 1 o9  ord

a—n:m <_%§+$8€>’ (5.100)

= (2 (%) 101

and so we need to calculate the following

where

Vo F(p,z,v) (5.102)

in which
1 sinh™ (7 /a)

S (5.103)
NG
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To calculate the derivative of F' with respect to £ we use the chain rule and write

-
_ Lo fsinh (mja))y L 900 Giaa), (5.104)
21 0€ NET 27 /r;pi O€ O
which after some algebra yields
1o sinh ™' (7/a)\
21 O NETD B
(& — @) . (5.105)

((r; = i) + (& = 22 (r; — pi) + (& — 20> + 17

Similarly, by the chain rule we calculate the derivative with respect to r as

19 sinh ™' (/) 1 - (z) N 1 Oa 1
27 Or NG 4y /T a 200, /T5p; Or /o2 + 72
(5.106)

Substituting expression (5.97) into equation (5.106) yields

_ 10 (smhT@/e)) 1 o (—)
21 Or NG N > a
VTP g—a, (5.107)
2\/(73‘ —pi)* + (& — sz)Q\/("’j —pi)? 4 (§ — x)* + 7rp; OF

_|_

and it can be easily shown that

Oar _ (r; = 1) Vs = po? + (& — m1)?
O o S oV a2 D — - (5.108)
\/TJ/)Z\/(TJ pi)?+ (& — x;) i/ TiPi
Hence,
1 0 (sinh !(7/a) B 1 p1 (T
2 or ( VTiPi ) n 47?7\/7% S (E)
+ (rj - pi)
2((ry = pi)? + (& = 2i)?) [ (ry = i) + (& — @) + 72rip,
- ! (5.109)
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Finally, sinh™'(2) = In(z + v/1 + 22), and so combining the above results we have

L(pi,zi,v) = — (47rj) [ { /TP
\/(aﬁj) (37’3) VTiPi \/(,,,j "o (6 — 1)

- w2 7’]/)@ T 3]
(Tj - pz fj - SL’Z

+ 2
2/(5)+ (5) Yo

~%i (= pi) + 2 — )
(r Ty — pi)? + (fj —1;)? .

24 (& —mi)? + mripi | OV

(5.110)

Having analytically evaluated expression (5.96) over the polar angle é, the remain-
ing integral over v has the above integrand. The first term of equation (5.110)
becomes logarithmically singular when (p;, z;) = (7;,&;), which can easily be han-
dled numerically by a suitable quadrature scheme. The remaining term of the

integrand is

! { Gy — ) + G — »}
)2 ri)? —pi)°+ - .
2\/(%) +(52) 3 (ry = ) + (& — @) + 72rip, 7 = P& = )?
(5.111)
Substituting this back into equation (5.96)

1 1
\I/k(l/) r. |j|
/1/271 S 2\/(%)2 + (%)2\/(@- — i)+ (§ — 2)? + T2rip;

~Li(r; — p;) + Ti(g; - ;)
{ (r; — pi)? + (& — )2 })du (5.112)

We can show, following a similar analysis to that of section 3.3.1, that when

(r;, &) = (pi, x;) the following is true,

—Li(r; — i) + Ti(g; — )
( J _pi)2 + (gj _Iz)

_L(dgdry  dry &g (dry | dg\T
2\ dv dv? dv dv? dv — dv '

(5.113)

(rj:65)=(pi i)



150 CHAPTER 5. SCATTERING FROM BODIES OF REVOLUTION

Consequently, the integrand in (5.112) appears to be singular at the point when
r=p=0and £ = x i.e. when the square root in the denominator vanishes.
This occurs when collocation point is either the first or last node (corresponding
to the top/bottom of the curve C respectively). Substituting in the explicit rep-
resentations of r;, &, J;(v), and W* in terms of v for each k, with p;, z; a the first
collocation point (so p; = 0), reveals in fact that the singularities cancel out in
the integrand of (5.112). In fact, it is possible to write the integrand of (5.112)
explicitly in terms of v when the collocation point is at the first node, and the last

node, for each k = 1,2, 3. In summary, these are: first node, k = 1:

_%(V — Dvra(re(§1 — &3) +1r3(&2 — &1))

G | o
first node, k = 2:
2(v —1)*(v + Dri(&1 — &)
(G +4w— 13" 7 o
first node, k& = 3:
(v —Dv(v+ 1D)r3(& — &)
(1 Ay~ 1)27“5)3/2 (5.116)
last node, k = 1:
s = Drs(ri(& — &) +7a(6 — &) (5.117)
G +12)" | |
last node, k = 2:
3V = Durs(ri(& — &) +1a(& — &) (5.118)
(G + )" | |
last node, k = 3
V(W + Drs(r1(& — &) + a6 — &) (5.119)

(G +r3)""
where (71,&1), (19, &) and (3, &3) are the coordinates of the first, second and third

node respectively on a given element. We have made the following substitution to
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simplify the above equations:

Go= (v = 2)6 —2(v — )& + vEs, (5.120)
G =v(& — 26 + &) — 286 + 26, (5.121)
ry = 2(v — 1)ry — vrs, (5.122)
rs = vy — 2(v + 1)1, (5.123)

Ultimately, what the above analysis has shown is that the only singularity in v that

remains is logarithmic, which can be dealt with by the Matlab function ‘quadgk’.



152 CHAPTER 5. SCATTERING FROM BODIES OF REVOLUTION

5.5 Results

5.5.1 Convergence of numerical scheme
Convergence of the Boundary Element Method

As in section 3.4.1, four main sources of error can be identified from the numerical

formulation described in section 5.4:
1. errors relating to approximations in the boundary,
2. errors relating to approximations in the unknown boundary values,

3. errors relating to the numerical integration of the elements of the coefficient

matrix,
4. errors relating to the solution of the linear system of equations.

In the evaluation of the non-singular entries to the coefficient matrix (5.79), the
integration scheme used is the adaptive Lobatto quadrature rule, and we specify
that the error is within 10~®. The logarithmically singular terms are evaluated by
use of the adaptive Gauss-Kronrod quadrature rule, which is capable of integrating
functions that have weak singularities at the end points [27]. Again, we set the
tolerance of the integral to be such that the integral is calculated to within an
error of 1078,

We also assume that errors related to solving the linear system of equations
are considered to be negligible. At certain frequencies, the formulation of the
boundary integral equation for the exterior scattering problem breaks down; the
values at which this happens are known as characteristic frequencies. At these
frequencies, the exterior integral equation also fails to obtain a unique solution.
This problem was first explored by Schneck [10], and he terms this problem the

non-uniqueness problem. Schneck shows that the characteristic frequencies of the
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exterior Neumann problem are the eigenfrequencies of the interior Dirichlet prob-
lem [33]. The problem arises regardless of the choice of shape function, and is a
purely mathematical problem. The theory behind the non-uniqueness problem is
complex, and much literature has been published on the subject, see for example
[34]. It has been shown in [5] that the convergence rate is not destroyed close
to characteristic frequencies O(107°). In all numerical calculations carried out in
this thesis, no anomalous results were found, and so we assume that we have not
chanced upon a characteristic frequency. We can conclude that the dominant error
is due to discretization in the geometry and the boundary values, and we concern
ourselves with the convergence rate of the boundary element method.

The work by Julh [35] shows that when using the quadratic isoparametric
formulation, described earlier in this chapter, the rate of convergence of the error
is calculated to be cubic. We test our numerical results by calculating the absolute

value of the relative error for a spherical scatterer, defined as:

(5.124)
iy g2

o $ £, lggm — gbem 2

The vector ¢* is the analytical solution at the nodal points, and the vector
@ ™ is the corresponding vector of numerical values at the nodes. The analytical
solution @uy, is derived in section (2.4.1). The angle of incidence is chosen to be
oo = 0,0y = 0, so that the zeroth Fourier mode is the only contributing mode.
The convergence of the Fourier sequence is the subject of the next section.

The error for various frequencies plotted against the number of nodes is shown
on a log-log plot in figure 5.5. For each frequency, the slope of the line is calculated
to be approximately -3, in agreement with the theory of reference [21] and [35].
The results indicate that higher frequencies affect the accuracy of the boundary
element method, producing larger errors for the same discretisation, but the rate

of convergence is unaltered by the frequency. It is evident from the figure that
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Figure 5.5: The error, as defined by equation (5.124), is shown for frequencies
k =1 and k = 2 against the number of nodes on a log-log plot.

to achieve errors less than 1073 for a frequency regime of k = 1, approximately
16 elements are required. To achieve at least the same accuracy for a frequency
corresponding to k = 5, we require 25 elements.

The agreement of the calculated convergence with the literature leads us to

have confidence in the robustness of the boundary element routine.

Convergence of Fourier Series

In the previous section, we showed that the value of the relative error in the
axisymmetric problem decreases cubically as the number of elements increases,
agreeing with the literature. Recall from expression (5.12) that the wave field
can be represented by a Fourier series expansion. For non-axisymmetic problems,
where the angle of incidence of the incoming wave is not aligned with the axis of
revolution of the scatterer, an infinite number of Fourier modes contribute to the

total solution.
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Figure 5.6 is a qualitative representation of the convergence of the Fourier series
(5.12), for a spherical scatterer with angle of incidence ¢y = 7/2 and 6y = 0. The
figure shows the convergence of the sum for an increasing number (2M + 1) of
Fourier modes, for a frequency corresponding to (a) k = 2, and (b) for k = 5. It is
clear that for higher frequencies, the solution requires a greater number of Fourier
modes to converge onto the actual solution (dashed line). This is not unexpected

as the solution becomes more oscillatory with increasing frequency.

We can numerically investigate the convergence of the Fourier series for non-
spherical scatterers by measuring the magnitude of each Fourier coefficient, as
shown in figure 5.7. Assuming that the series converges, we deem it sufficiently
accurate to ignore any coefficient that is of magnitude less than 1075, In the
following results, we truncate the sum (5.12) at the point M, where the magnitude

of the (M + 1)th Fourier coefficient has decreased below 107°.

Figure 5.8 shows the three dimensional boundary values on a sphere for fre-
quencies corresponding to £ = 0.1, £ = 1, £k = 2 and £k = 5. In each instance,
the incoming wave is propagating at an angle ¢y = 0, and so the problem is fully
axisymmetric and only the zeroth Fourier mode is required. In each calculation,

24 elements were used.
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Figure 5.6: Figure to show qualitatively the convergence of the Fourier series for a
spherical scatterer for (a) k =2 (b) k = 5 for the mode number M increasing from
0 to 4, 7 respectively. The dotted line is the analytical solution and we can see
that for M = 4,7, the numerical solution is very close to the analytical solution.
The plot was created for N = 12 elements, with an incoming angle of ¢y = 7/2
and 6y = 0.
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Figure 5.7: Figure to show qualitatively the absolute convergence of the Fourier
series for increasing k for a sphere with incoming angle ¢g = 7/2, 6y =0, N = 12
boundary elements were used. It is clear from the above plot that a greater number

of modes is required for higher values of k.
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Figure 5.8: Plots to show the boundary values of the acoustic potential on a
spherical scatterer with angle of incidence ¢y = 6y = 0. N = 24 elements were
used and in this case we only require one Fourier mode as the problem is fully

axisymmetric.(k = 0.1,1,2,5).



5.5. RESULTS 159

20,
L5
10:
05

-0.5¢:
-1.0F

15t

(a) (b)

Figure 5.9: The spheroidal shaped body of revolution is generated by the cross
section on the left.

5.5.2 Results for various shaped scatterers
Spheroid

The generating curve of the spheroid shown in figure (5.9) is generated by the

following parametric equations:

x = 2cost, (5.125)

y =sint, t€|0,2n]. (5.126)

Using the method described in the preceding sections, we calculate the magnitude
of the Fourier coefficients for increasing frequencies (k = 0.1,1,2,5) and plot them
as a function of the Fourier mode M in figure 5.10. We truncate the sum at the
point at which the Fourier coefficient goes below 107 (as shown in table 5.1), and
we then plot the magnitude of boundary values around the surface of the shape
in figure 5.11. It is clear that for increasing frequencies, the wave field around the
surface becomes more complex, due to increased diffraction. This is in agreement

with the results of previous chapters.
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Figure 5.10: Figure to show the magnitudes of the Fourier coefficients for increasing

M for a spheroid with incoming angle ¢y = 7/4, 6y = 0.

M 0 1 2 6 10 15

k=0.1 | 0.98443 0.11314 0.00539 9.722x10710 1.144x107'7 1.601x10~28
k=1 | 0.29954 0.59885 0.41202 0.00087 1.070x1077  1.525x10713
k=2 | 0.42303 0.22558 0.43868 0.04067 0.00009 4.347x107°
k=5 | 0.22641 0.27271 0.26160 0.25979 0.17608 0.00145894

Table 5.1: Table to show the magnitudes of the Fourier coefficients for each mode

M for increasing frequencies, corresponding to figure 5.10.
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Figure 5.11: Plots to show the boundary values of the acoustic potential on a
spheroidal scatterer with angle of incidence ¢y = n/4 and 6 = 0. N = 32
elements were used and the number M of Fourier modes was chosen by looking at
table 5.1. The sum is truncated at the point at which the Fourier series coefficient

is less that 1076.
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Figure 5.12: A Pear or Gourd-shaped body of revolution is generated by the cross
section on the left.

‘Pear’ or ‘Gourd’

Scatterers of particular interest are those shaped similar to that depicted in figure
5.12 (b), that have considerable asymmetry with respect to the plane x3 = 0. The
shape was generated using a ‘pear curve’, further information about which can be
found in [57]. Unlike the other shapes analysed throughout this thesis, the pear
or gourd shape cannot be described by parametric equations, but by the following
implicit form

— 4+ 2 + 42" + 428 + 625 + 12259? + 62° + 6ay* + 14aty? + 5at 4 12237

+ 4a3y® + 223 + 42?9y’ + 1027y + 22%% + 2% + day® — 22yt + 20 + 8

+2y° — 3yt + 2 = 0. (5.127)
When rotated about the vertical x3 axis, the resulting body of revolution is shown
in figure 5.12 (b).

The same plots were generated for the pear shape as those for the spheroid in

the previous subsection. The magnitude of the Fourier coefficients were calculated
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Figure 5.13: Figure to show the magnitude of the Fourier coefficients for a gourd
with incoming angle ¢g = 7/3, 6 = 0 for increasing M.

for varying frequencies (see figure 5.13 and table 5.2), and as we would expect

more Fourier modes are required to reach an error of 107 for higher frequencies.

Using these values, the boundary values on the surface of the body are plotted for

increasing frequencies in figure 5.14.

M 0 1 2 6 10 15
k=0.1 | 0.993734 0.07179 0.00197 3.923x107' 5.116x1072° 4.606x 1032
k=1 | 0.566153 0.62158 0.18698 0.00003 5.002x10710  4.541x10~17
k=2 | 0.363159 0.49079 0.53411 0.00218 4.785x1077  2.349x10710
k=5 | 0.334266 0.30536 0.33502 0.26106 0.00281 9.467x10~7

Table 5.2: Table to show the magnitudes of the Fourier coefficients for each mode

M for increasing frequencies, related to figure 5.13.
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(c) ()

Figure 5.14: Plots to show the boundary values of the acoustic potential on a
pear-shaped scatterer with normal angle of incidence. N = 20 elements were used
for k =0.1,1 and N = 40 elements for k = 2, 5.



Chapter 6

Scattering from a two-dimensional

array in three-dimensional space

6.1 Introduction

In the previous chapter, we saw that for acoustic wave scattering from a three-
dimensional axisymmetric body in an infinite acoustic medium, the governing inte-
gral equation can be reduced to an infinite number of boundary integral equations,
namely one for each Fourier component ¢,, of the acoustic potential ¢. Each inte-
gral equation can be solved by the boundary element method and a finite number
of Fourier modes can give an accurate approximation to the acoustic potential.
In this chapter we are interested in the problem of determining the reflection
and transmission coefficients for each acoustic wave mode when a plane wave is inci-
dent on a two-dimensional array of periodically spaced identical, three-dimensional
bodies. As in chapter 5, we are concerned in particular with the case where the
wavelength of the incident wave, A, is of the same order of magnitude as the
characteristic length scale of the scatterer, a, say. The construction of the integral

equation and decomposition of each function into Fourier modes follows closely the

165
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method used in chapter 5, and so we neglect many of the details in this chapter.
The main focus of this chapter is the resulting periodic Green’s function. For this
reason, much of this chapter relates directly to the periodic Green’s function that
arises as a consequence of the geometric periodicity. In particular, we consider the
convergence of the periodic Green’s function, and derive a semi-analytical way to
determine the double integrals involving the periodic Green’s function to reduce

computation time.

Various papers in the literature consider scattering in periodic arrays by using
the boundary element method, notably [3]. However, the latter paper considers
solely the case of reflection and transmission from an array of spheres, and neglects
to take into account the axisymmetry of the scatterers in order to reduce the
integral equations to line integrals. It also gives no indication as to how the

doubly-periodic Green’s function is evaluated.

6.2 Problem formulation

A plane time-harmonic acoustic wave of the form ¢™(x)e™™! is incident on a
doubly-periodic array of identical three-dimensional hard scatterers in an acoustic
medium. The scatterers are of characteristic length scale a and their centres (i.e.
some suitable point inside the inclusion) are located in the x1, x5 plane at positions
r1 = mdy, ro = ndy where m,n = 0,£1,£2.... Each scatterer is axisymmetric
about an axis parallel to the xz-axis. The scatterer located at the point (md;, nds)
is denoted S™", and the surface of this scatterer 0V"™". The surface of each of
the scatterers can be described by a curve C, that when rotated 27 about a line
parallel to the x3 axis maps out the surface V™. The geometry is as shown in

figure 6.1.



6.2. PROBLEM FORMULATION 167
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Figure 6.1: Periodic geometry of identical, axisymmetric scatterers from above.

Ty

Figure 6.2: Direction of propagation of incident time-harmonic wave in spherical
coordinates.
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The incident wave is of the form

(bin (X) — eik(sin o cos Bpz1+sin ¢g sin Gpxa+cos por3) 7 (6 1)

and the velocity potential ¢(x) satisfies the three-dimensional Helmholtz’ equation

in the acoustic medium,
V2p(x) + k*¢(x) = 0 (6.2)
where
82 82 82
- 0x? + 03 + or3’

The scatterers are sound hard and so we apply

v2

(6.3)

6?7(;) =0 on OV™ Vm,ne€Z, (6.4)

where 0/0n denotes the differentiation in the normal direction (pointing inwards)
and the coordinate n is not to be confused with the integer counter in the x5
direction. The total field can be decomposed into the sum of the incident field and
the scattered field ¢*° as follows

H(x) = ¢"(x) + ¢*(x). (6.5)

By periodicity, the field at the point (zy + mdy, xs + nds, x3) differs from the
field at the point (z1,x9,x3) by a phase factor, relating to the spacing and the

phase of the incident wave. This is expressed as follows

¢sc(l,1 + mdl, T + TLdQ, IL‘3) _ ¢sc(x1’ I, xg)eik(mdl sin ¢g cos Op+nda sin ¢g sineo)' (66)

6.3 Boundary integral equation
The fundamental solution to Helmholtz’ equation, G(x, &), satisfies

V2G(x, &) + K°G(x, &) = §(x — £), (6.7)
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i) dl

qdy - d

X1

Y

pdy

Figure 6.3: Plan view of cell AP%.

which for three dimensional problems is given explicitly by

_elk‘x7€|

(6.8)

Application of Helmholtz’ theorem to equations (6.8) and (6.2) yields an integral

equation representation for the unknown velocity potential (see section 2.4.2)

ds(€), &€covm™, x¢av™, (6.9)

o) =)+ Y [ o) *

BV’”” on

where x lies outside of the scatterers and the summations over m and n both range
from negative infinity to positive infinity. Note that d/0n is the (inward pointing)

normal derivative at &, i.e. d/0n =n-V, n = (ny,ns) is the unit normal vector.
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To now take advantage of the geometrical periodicity, define a cell A®9 by

d d
D << By (6.10)

d dy
gt << 2 tga, (6.11)
—o0 < x5 < 00, (6.12)

as shown in figure 6.3. Using these relations, a point x° = (z9, 29, 23) in the cell

A9 can be related to a point x®9 in cell A®9 by the relations

2P = 29 + pdy, (6.13)
2P = 29 + qds, (6.14)
xg””) = 79 (6.15)

Similarly, the point £€° = (£2,£9,£9) € S% can be related to the point £™™

by expressions

& =€) + md, (6.16)
&™) = €0 4 nd,, (6.17)
e = ¢, (6.18)

Substituting equations (6.13) to (6.15) into the incident wave (6.1) yields
gbin(x) _ gbin(XO)eik(pdl sin ¢g cos 0p+qda sin ¢g sin 60)’ (619)
which now suggests that the total field ¢(x) in cell A®9 will take the form
<Z5(X) _ (b(XO)@ik(pdl sin ¢g cos g +qda sin ¢o sin bp) ) (620)

We now substitute equations (6.19) and (6.20) into the integral equation (6.9) and

divide by eik(pdl sin ¢ cos fp~+qda sin ¢g sin Hp) to give

(b( +ZZ/8vmn zk:(m p)di sin ¢g cos g+ (n— q)dgsm¢osm€0 (|X 6‘)
(6.21)

S(¢

"),
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where
x—€] = [(@9 = (m — p)ds — 0% + (3 — (n — q)da — )2 + (2§ — )7 * . (6.22)

Relabelling 7 = n — ¢ and m = m — p, dropping the hat notation and passing the

summations under the integration sign yields

60 = ") + [ (e as(e), (6:23)

aVOO

where G (x9, £€9) is the doubly periodic Green’s function
GP (XO, €O) _ Z Z eik(mdl sin ¢ cos 0p+nds sin ¢g sin GQ)G(Rmn) (624)

and

1
2

R = [ () = mdy — &0)* + (23 — ndy — £9)* + (2§ — &)?] (6.25)

Now taking the point x° — OV, we arrive at the boundary integral equation

for the unknown acoustic potential ¢(x?):

1 0\ __ in/_0 OaGP 0
SO0) =9+ f 0(€) F-ds(€), (6.26)

oV 00
where the factor of 1/2 in the left hand term is due to the Cauchy principal value
integral on the right hand side (denoted by ). The derivation of the factor 1/2 is

given in chapter 5.3.2.

6.4 Fourier expansion of the boundary functions

We can exploit the axisymmetry of the scatterers to reduce the integral in equation
(6.26) to an integral over the generating shape C, reducing the dimensionality of
the problem by one. However, due to the presence of multiple scatterers the
integral equations for distinct Fourier modes will not decouple, as was the case for

a single scatterer.
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Following the method of section 5.3.1, we relate the field point x° to the
cylindrical coordinates (p, p, ) and the integration variable £2 to the coordinates
(r,0,¢). We then express each of the boundary functions as a complex Fourier

series expansion about the azimuthal angle;

[e.9]

¢"(x%) = _Z i Jo(kpsin g e (P00 gtk cos 00 (6.27)
= i I(p, x)e"?, (6.28)

aiﬁ bulp, z)e™?, (6.29)

8063:3 _fjooAﬁ & p, o, x)e. (6.30)

Writing the surface integral of (6.26) as an integral over the generating line C' and

the polar angle 0, and substituting in each of the Fourier series expansions yields

3 bulp ) = Sl a1
27 X .
+ /C/G Zgba(r, S)GWGZAB(T,f,p, cp,x)ewe rdf dl. (6.31)
=04 5

Since the integral over 6 is equal to zero unless « = —f, in which case it is equal

to 2w, we have

_Z‘bal)a zatp_Z[ P, zaea+27r2/¢ar§ o & pyp,x) rdl.
(6.32)

We now expand A_, into a complex Fourier series with respect to the angle ¢

Z Bw,a (Ta ga P, "L‘)eiv(pa (633)

y=—00

and substituting this into (6.32) we have

—Zasa p0)e = S dulp ) 42w S [ 6ulr6) S Bralri&,pa)e v dl.
" (6.34)
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Multiplying equation (6.34) by e~ and integrating from 0 to 27 with respect to

© gives

20sp. 1) = Ii(pa) 420 3 [ 6l OBsalr&pn) vl (63)

a=—00

The coefficients Bs,, can be calculated using

1 /= .
Bé,a = 2_/ A—a(ragapa SOJ)@_Z&Od(Pa (636)
wJ—7
and since
™ OGP
A, = —iaf 49 6.37
o Wa('f’Gﬁfw,) (6.37)
then we can write
6GP 4
5a / / T 0 é P, T ) o eiz&pded(p' (638>
’ 42

The doubly periodic Green’s function is given (using the form derived in section
5.3.1) explicitly by

P [ee] 00
aﬁin = > Y [ (kr+ mkd; cos + nkdy sin 6 — kpcos(0 — ¢))

m=—00 N=—00

1kRpn
— nok(x — &)

7 kRB (1 . ’ik’R)eik(mdl sin ¢g cos 0p+nds sin ¢g sinGo)’ (639)
™ mn

where

R% = p* + 1% — 2md,pcos ¢ — 2ndypsin ¢ + 2ndyr sin § 4 2md, 7 cos 0
— 2rpsinfsin o — 2rp cos cos @

+m2d3 4+ n2d; + (v — €)*. (6.40)

Finally, making the change of index in equation (6.35) yields an integral equation

for each Fourier coefficient of the boundary potential:

20up0) = Llp.0) 425 S [ 6u(r,OBuslr & pw) rdl, 0 €Z (641
B=—00
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Suppose that the Fourier series (6.29) converges to a sufficient degree of accu-

racy after M modes, then

1 M
50a(p0) = L(p,2) + 21 3 [ 64(r.)Bas(r.&p,0) 7 dl
p=—m"C

= I.(p,x)+ 27 {/C G- (r,6)Bo—p 1 dl + /C¢_M+1(T,§)Ba7_M+1 r dl
+-~-+/C¢0<r,g)3a,0 r dz+-~-+/c¢a<r,g)3a,a rdl

4. +/C¢M_1(T’§)BG’M_1 T dl+/C¢M(T,€)Ba,M rdl.
(6.42)

The above analysis has used the periodicity of the array and the axisymmetry
of the scatterers to reduce the complexity of the problem in two ways. The first is
that by taking advantage of the axisymmetry of the scatterers, we have reduced the
dimensionality of the boundary integral equation; rather than integrating over the
two-dimensional surface of the scatterer, we need only integrate over the generating
curve C'. As a consequence of this, the integral equation for each Fourier coefficient
depends on all other coefficients, as can clearly be seen from expression (6.42).
Later in this chapter, we discuss how this affects the numerical scheme that we

have used so far in this thesis.

The second point, regarding periodicity, is that rather than integrating over
each scatterer in turn, we have reduced the integral equation to hold over a single
reference cell. As in chapter 4, the effect of this is that the kernel of the integral
equation is now a doubly periodic Green’s function. The next section of this
chapter deals with evaluation of this Green’s function, and presents a novel way
to analytically improve the convergence that can easily be implemented in the

numerical scheme described so far in this thesis.
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T2
A
D
Nd,
7MCZ'1 [ [ [ [ < j j j j .
L ° ° D. ° L . . . Mdl » U1
9 9 9 9 _-Ndlz 9 9 9

Figure 6.4: The infinite domain divided into regions D and D.
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6.5 Convergence of periodic Green’s function

The doubly periodic Green’s function, as stated above, is given by

P 00 oo
% = > > [ (kr +mkd; cosf + nkdsysin @ — kpcos(6 — ¢))
n

m=—00 N=—00

ik Rmn
— nok(x — €)]—

A7k R3 (1 _ ikRmn)eik(mdl sin ¢ cos fp-+nds sin ¢g sin 90). (6.43)
™ mn

The method that we take is an extension of that shown in chapter 4.4. We divide
the domain into two regions, D and D as shown in figure 6.4, and write the

summations of (6.43) as

aGP M-1 N-1
Z > [ (kr + mkd; cos @ + nkdysin§ — kpcos(6 — ¢))
—M n=—N
ik Romn
_ n2k<x N f)]llﬂ-kai <1 - ZkRmn) ik(d1m sin ¢g cos 6p+nda sin ¢g sin fp)
+ >0 [ (kr + mkd; cos @ + nkdy sin @ — kpcos(0 — ¢))
(m,n)eD
ik Bmn
_ ngk(l‘ B 6)]477]{;]%3 ( ZkRmn) ik(mdy sin ¢g cos 6p+kndz sin ¢g 51n90)' (644)

Let Sy be the second term of (6.44), and take gy = \/M?2d3 + N2d% > 1. Then, in
this region (from (6.40))

0
where
0 = \/m2d3 + n2d3 (6.46)
and so

Sd N Z Z —1kny (md1 cosf + nds sin ‘9) eikgeik‘(mch sin ¢o cos Op+nds sin ¢ sin fp)

(m,n)Eﬁ 47TQ2

o= iklmd1 (29—€0)+nd2 (23 —€2)] /o (6.47)
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The rest of this section deals with finding an analytical approximation to the
above double sum. To leading order, the (m,n)th term of expression (6.47) can

be approximated by the integral (I.D. Abrahams, personal communication, 2014)

in k3dydy /m+1 /n+1 (dyx cos 0 + day sin 0) (m—;h + sin ¢q cos 90)
© Yy

mn —
A7 =m =n QQ |:eik:d1 (% +sin ¢g cos 90) . 1:|

(yd2 + sin ¢ sin 00)

eik(g-‘rsin ¢o[zdi cos Op+yda sin Op))
|:€ikd (yTQ—f—sm ¢Po sin 00) o 1:|

eig[mdl(rCosG—pcos<p)+yd2(7"sin@—psincp)]dxdy.
(6.48)
Then I, can be substituted into the sum of (6.47) which turns Sy into an integral,

I, over the whole exterior domain D. In order to evaluate this integral, we make

the change of variables from Cartesian to polar coordinates

xd; = pcos P, (6.49)
yds = psin ®, (6.50)
and so
dxdy = —d dd. 6.51
wdy = o-do (6.51)

Substituting these into I yields

3 .
mlk / / cos (®—0) (cos ® + sin ¢ cos by)

[eikdl (cos ®+sin ¢ cos bp) __ 1]

(sin @ + sin ¢q sin Oy)
[eikdg (sin ®+-sin ¢ sinfg) __ 1]

eikg[l-l—sin 0 Cos(@—eo)}eikr Cos(<1>—0)e—ikgcos(é—cp)dgdq)’ (652)

where L(®) is the contour given by the four straight line segments shown in figure
6.5. In order to evaluate I, we divide the domain into four regions; Dy, D, Ds

and D, as shown.



178 CHAPTER 6. SCATTERING FROM 2D ARRAYS IN 3D SPACE

Figure 6.5: Domain D divided into four regions: 1_)1, 1_)2, D5 and D,.
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In D, the lower limit is

Md,
L(®) = 6.53
() =%, (6.5
Nd
b, = tan_l <Md21> s [—(I)l <P < (131] (654)
In D,, the lower limit is
Nd,
L(®) = ) P — &) :
( ) D’ [ 1 < < 1] (655)
In D, the lower limit is
—Md
L(®) = — (Dl, (1 — ®1) < @ < (74 Py)]. (6.56)
In Dy, the lower limit is
—Nd
L(®) = — qf, (74 @) < @ < (27 — Dy)]. (6.57)
Write
1 3 T 00
7= ’lnlk /2 / g(q))eikg[l—f—sinqbo cos(@—@o)]deq}’ (658)
A Jo=0Jo=L(®)
where

(cos @ + sin ¢ cos b) (sin @ + sin ¢q sin Op)
[eikdl (cos ®+sin ¢g cos bp) __ 1]] [eikdg (sin ®+sin ¢g sinfp) __ 1“

g(P) = cos(P — 0)

eikr Cos(@—G)—ikpCOS(CD_SO). (659)

Assuming a slight dissipation in k, the integrand of (1.61) can be integrated in p

to give
2 1 m—®
I — -k { ¢ f(q))eikMdlllll(CD) dd + e f(@)eszdQ\pg(cb)dq)
4 —® il
TP —ikMdy V1 (®) = —ikNdy U ()
+ f(P)e dd + f(Pe o, (6.60)
T—Pq T+dy
where
g(P
1(®) = ) (6.61)

[1 + sin ¢g cos(® — 6p)]’
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[1 4 sin ¢g cos(P — 6)]

Uy (D) = - : (6.62)
0 (P) [1+ sin gbsoilcio;(fb — 00)]. (6.63)

Now since M, N — oo, we can use the method of stationary phase on each
integral. We begin by evaluating the integrals in D; and Dj, before those in D,
and D,.

Evaluation of integrals in D; and D;

Define
Iy, — _Z;kz /_‘I; F(®)eHFMAT1(®) gy (6.64)
and

The phase term W, (®P) is stationary when

A

Rewriting ¥, in the following way,

sin @ sin ¢ sin 0

U, = p—- + sin ¢ cos 0y + p—-s : (6.67)
it follows that
dU, sin @ ] ] sin? ® (sin ® + sin ¢ sin 6)
— = Oy (1 = . 6.68
dd cos? @ + sin go sin fy ( + cos? <I>> cos? @ ( )

Now for I, since —7/2 < =P < & < &y < 7/2, 1/ cos® @ is bounded and the

stationary phase point is at
®, = —sin"'(sin ¢y sin by). (6.69)

Now depending on the angles ¢y and 6y, one of two situations could arise:
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1. sin ®; > |sin ¢gsin 6|, in which case the stationary phase point is in Dy,

2. sin ®; < |sin¢gsinby|, in which case there is no stationary phase point in

D;.

For the purposes of this thesis, we choose values of ¢y and 6y so that case (1) is
true. This is because the convergence of the doubly-periodic Green’s function is
slower (i.e. the truncation error is largest) when there are stationary points present;
thus, it is most instructive to investigate this case.

In Dj, it is easily shown that the stationary phase point is at 7 — @, and the
same conditions as above apply.

We expand U, as a Taylor series about @, and neglect terms of order higher

than (& — @,)?, yielding

AWy (® —d,)? d*T,
Uy (D) =Ty (P b — ) — 6.70
(@) = w(@) + (@0 Gt TR T (6.70)
>, _d (sin<b+sin¢osin00> 1 (6.71)
doz |, do cos? o, COSPs
Therefore, writing ® — &, = € we get
[1 4 sin ¢g cos(Py — 6p)] €
Uy (D) = . 6.72
1(®) cos P, 2cos P, ( )
Hence
2 — . 2
Iy, — —mk (@) /‘Dl P kM (0,) A (6.73)
4 —P—D,
Let
kMd,
= 6.74
¢ \/ 2 cos P, u, (6.74)
so that ,
_nlk:2 ; ey foe) eiu
Ip, ~ 1L f(@, )M >/_Oo ——du. (6.75)
2cos Py
This can be integrated directly to give
—eT [ cos® -
I~ ~ S k2 (I)s ikMdy (D) 76
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where

cos(®, — 0)(ikdy) ™" (cos ®, + sin ¢ cos Oy) kT cos(—0)—ikpcos(®s—)
[1 + sin gbo COS((I)S _ 00)] [ezkdl(cos¢s+sin¢o cosfp) __ 1]

f(@,) =

(6.77)

In D5, the saddle point is at 7 — ®,, and so let € = & — 7 + &, and so Taylor
expanding ¥, about m — ®, yields

62

D (P) =Py (m— P —+ ...
{(®) 1 8)+QCOS(7T—(I>S)+
_ [sin ¢ cos(®, + 6p) — 1] €
n cos @, 2cos D, (6.78)

Following the same procedure as described above, I55, can be approximated by the

method of stationary phase to give

T cos ®,
2 2k Md,y

Ip, ~ k2 f(m — @) FMATLT=2) (6.79)

where f is as in equation (6.77) with ®, replaced by m — ®.

Evaluation of integrals in D, and D,

Define
_ kQ ﬂfcbl .
Iy, = Zl / f((b)eszd2\I/2(q>)d(I) (6.80)
™ P4
and
—nyk? 2= —ikNdo W (D
[7 . / @ (2 2 2( )d@ 681
D 47 T4+dq f< )e ( )

The phase term Wq(®) is stationary when

AV,

— =0 6.82
d(b Y ( )
or
AW, cosd | cos®> (cos @ + sin ¢ cos b)
dd sin® @ 810 go cos b < sin? <I>> sin® ®

(6.83)
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Now for Dy, 0 < &, < & < 7 — &; < 7, and so 1/sin? ® is bounded. Hence the

stationary phase point @ is at

d,, = cos ! (—sin ¢ cosy) = m — cos™*(sin ¢y cos fy).

As in the case for integrals /5, and I, one of two cases could occur:

(6.84)

1. cos®; > |singgcosfy|, in which case the stationary phase point lies in

@2/ﬁ47

2. cos®; < |sin ¢gcosbp|, in which case there is no stationary phase point in

Dy/Ds.

We assume that case (1) holds, and discuss case (2) later in the chapter.

To calculate the saddle contribution in the integral I, let € = ® — ®,,, and

Taylor series expanding Wo(®) about this point yields

62 d2\p2
\I[2<q)) ~ \1'2((1)53) + J— ,
2 dd2? oo,
where
d?W, 2cos ®
|, R (cos @ + sin ¢ cos By) + e,
and so
2
\Il (I) ~ \I] (I)ss . = -
2(®) 2 )+25in<I>ss
Therefore
_ 2 T—P1—DPgs 2
Is, ~ nik f<q)ss)€ikNd2\I/2(<I>ss)/ e |
47T <I)1_':I>ss

¢SS 2 2 2( ss)
i (Bule "\ kN

eT [sin® .
_ i k? q)ss ZkNdQ\PQ(‘i)SS)
5\ oy E T (Bss)e )

(6.85)

(6.86)

(6.87)

(6.88)
(6.89)

(6.90)
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where

cos(®ss — 0)(tkdy)™t  (sin @, + sin @y sin bp)

\ : : ) ikrCos(@ss—G)—ikpcos(st—cp).
[1 + sin ¢0 COS((IDSS _ 90)] [ezkd2(51n<l>ss+51n¢o sinfp) __ 1]

f(@ss) =
(6.91)
Finally, to evaluate I5,, the saddle point is at 27 — ®,, and so let € = ® — 27 +

®,,. Therefore, by Taylor series expansion,

€2 [1 4 sin ¢g cos(Pys + )] ¢
Uy (D) ~ Uy(27 — (I)ss . = 1 B i .
2(P) 2(2m )+ 2sin(27 — ®,,) sin @ 2sin @y
(6.92)
. ]{32 ) —®14+Pss i 2
—71'+<I>1+<I>ss

_ U — B,y )e RNV m—t) B [ET S Das 6.94
At Je € N, (6.94)
T [sin ®,, .

-\ Sk (2 — @) NG (6.95)

where f(2m — ®) is as in (6.91) with ®,, replaced by 27 — ®g,.

Therefore, the doubly periodic Green’s function (6.43) can be approximated
by the following expression
oGP  M-1 N-1

——~ > Y [ (kr + mkd; cos 0 + nkdssin @ — kpcos(6 — ¢))

m=—M n=—N

ikRyn
. k . 1 — kRmn ik(mdy sin ¢g cos Op+nda sin ¢g sin bp)
k(e ~ Ol (1 = ikR)e
+ [151 + [152 + [53 + [54. (6.96)

6.5.1 Numerical verification of doubly-periodic Green’s func-
tion
In figures 6.7, 6.9 and 6.11, we have picked representative values of the variables

for k= 0.1, k =1 and k = 5, noted in the caption of each figure. The plots show

the magnitude of the normal derivative of the doubly periodic Green’s function at
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the origin of the array plotted against an increasing value of M (chosen to take
the same value as N in the double summation). For the cases where k = 0.1
(figure 6.7) and k = 1 (figure 6.9), we see an improvement in the convergence by
an order of magnitude when we add in the correction term. In the case where we
take k = 5, the correction factor does not make a significant difference, and at this
point it is not fully understood why this is so.

Figures 6.6, 6.8 and 6.10 show, for the same parameter values and for M =
N = 150, how the magnitude of the periodic Green’s function varies spatially in
0. We can see that for both £ = 0.1 and k = 1, the spatial periodicity is increased
noticeably by the inclusion of the correction term. For a frequency of k = 5, the
truncated sum without the correction term already appears to be periodic to a
high level of accuracy, and so we can still have confidence that implementing the
method described above into the boundary element method will produce reliable
results for the boundary values and reflection and transmission coefficients.

It is clear from the figures that the correction term here, in general, improves
the convergence rate a significant amount. But, in comparison to the improvements
to the convergence seen in chapter 4, the correction term derived for the doubly
periodic Green’s function in this chapter is not as impressive. It is unclear why
this is the case, and it is possible that this is due to a small algebraic error in
calculating the correction term, or when implementing it numerically. Based on
the above analysis, we expect the order of the error to be at least O(1/0) when
corrected as shown in equation (6.96), but in fact the error may be O(1/0%/?), as
was found for the one-dimensional array in chapter 4. To improve the accuracy
we could obtain the next order correction term, which would definitely ensure the

convergence with error O(1/0%?).
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Figure 6.6: The above plots (from top left to bottom right) show the absolute value of the normal derivative of the
doubly periodic Green’s function plotted against p, (a) without the correction term, (b) with the correction term,
(¢) both with the correction term and without to show direct comparison and (d) the location of the stationary
phase points. The following parameter values were chosen: ¢g = 7/8, 6y = 7/3, x = 0.1, dy = dy = 2, k = 0.1.
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Figure 6.7: The absolute value of the normal derivative of the doubly periodic Green’s function plotted against
increasing M. The parameter values are set as follows: ¢g = 7/8, 0y = 7/3, . =0.1,dy =dy =2, k =0.1.
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Figure 6.8: The above plots (from top left to bottom right) show the absolute value of the normal derivative of the
doubly periodic Green’s function plotted against p, (a) without the correction term, (b) with the correction term (in
red), (c¢) both with the correction term and without to show direct comparison and (d) the location of the stationary
phase points. The following parameter values were chosen: ¢pg = —7/3, 0y =7/4, t =0.1, dy =dy = 2, k = 1.
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Figure 6.10: The above plots (top left to bottom right) show the absolute value of the normal derivative of the
doubly periodic Green’s function plotted against p, (a) without the correction term, (b) with the correction term (in
red), (c¢) both with the correction term and without to show direct comparison and (d) the location of the stationary
phase points. The following parameter values were chosen: ¢g = 7/8, 6y =7/3, x =0.1, dy = dy =2, k = 5.
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6.6 Discretisation and numerical solution

Having proposed an efficient method for evaluating the doubly periodic Green’s
function, the governing integral equation for each Fourier mode (repeated below

for reference) can now be solved by the boundary element method.
1 o
5(;5(1(/), z) =Io(p,x) + 21 Y /Cqﬁg(r, E)Bap(r,&,p,x) rdl, a€Z. (6.97)
f=—00

As in previous chapters, we choose to use isoparametric quadratic elements. The

fully discretised form of equation (6.97) is

1 ) 2N—1 L 5 2N+1 208
§¢gf =Ife P por | N o5 [hl(‘j;_l) + hl(f‘_l)} + > oehZ
j=3,0dd 2 2 j=2,even 2
+OThE + B3 i) (6.98)
where
1
W = [ W) Bap(rv) &), pr )i (ITW)ldv. (6.99)

Suppose that 2M + 1 Fourier modes are required for the Fourier series to converge

sufficiently, then in matrix form, for a given fourier mode A,

1
§@£ = III? _'_E—M,Ai)éM +H—M+1,A(§éM+1 + .- +HA,A(§£ + e+

ﬂ07A¢64 +oot HM—I,ACI)?/[_l + HMA‘I’ﬁ. (6.100)

If N elements are used, then each H,, o is a (2N +1) x (2N 4 1) matrix consisting
of integrals of the form of expression (6.99), and ®2 is a (2N +1) vector containing

the unknown nodal values of the Ath Fourier coefficient of ¢.

6.6.1 FEvaluation of coefficient matrix

Each matrix of expression (6.100) is of the form of that given in chapter 5.4.1, the
only difference being that in this chapter the kernel of each of the integrals hfj is
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now a doubly periodic Green’s function. Regardless of this, the evaluation of both
the non-singular and singular elements are quantitively the same as described in
sections 5.4.2 and 5.4.3 respectively, since the only term of the doubly periodic

Green’s function that becomes singular is when m =n = 0.

6.7 Reflection and transmission coefficients, ze-

roth mode

To determine the reflection and transmission coefficients, we follow the same ap-
proach as used by Achenbach to calculate the reflection and transmission of an
obliquely incident wave by an array of spherical cavities ([3]).

The scattered field ¢*°(x) can be expressed as discrete Fourier representation

in 1 and x5 co-ordinates:
FE(x) = 3 3 pteirmthratims) (6.101)
q p

where the 4+/— apply for z3 > 0 and x5 < 0 respectively. Solving Helmholtz’ equa-

tion in three dimensions, and applying condition (6.6), we can write the following

2
o, = ksin ¢ cos Oy + %, (6.102)
1
2
By = ksin ¢g sin 6y + %, (6.103)
2

Tpa =/ k* —ap — ;. (6.104)

It follows from equations (6.1), (6.5) and (6.101), that for low enough frequency,
the total propagating field in x3 > 0 is given by the zeroth mode (p = ¢ = 0):

ng(X) _ (1 + (I)%O)Bik(sinqbo cos fpx1+sin ¢g sin90x2+cos¢ox3)’ (6105)
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and for x3 < 0 the propagating field is

ik (si 0 i in 6 00 ik(si 0 i in Qo2 —
¢R(X) — et (sin ¢ cos g1 +sin ¢g sin Opz2+-cos pox3) + (I)R el (sin ¢g cos Bpx1+sin ¢g sin Ogza COS(]ﬁQLL‘g)'

(6.106)
Note for convenience we neglect the evanescent modes as they carry no energy.
The T'/R have been used to replace the +/— from equation (6.101) to represent
the transmitted and reflected field respectively. Our aim is to calculate ¢r/r(x),
and to do this we follow the paper of Achenbach [3], who introduced auxiliary wave
states ¢4 / r(x) that are opposite in phase and propagate in directions opposite to

the zeroth-order reflected wave mode:
QZS? (X) — 6ik(— sin ¢ cos fpx1 —sin ¢g sin oz —cos Ppox3) ’ (6 107)

gbé(x) _ eik(f sin ¢ cos fpx1 —sin ¢g sin Gpz2+cos Ppox3) ) (6 108)

Since both the total field ¢"/#(x) and the auxiliary states ¢7,,(x) satisfy Helmholtz

equation, application of Green’s theorem yields

A
/S lgb(x) 8¢§T(LX) - qsg(x)aq;(nx) s =0, (6.109)
where F represents either 7' or R depending on whether we are seeking ®%° or ®%.
The surface S = Si + S5 + S5 4+ 5% is as shown in figure 6.12, and the normal n
points out of the fluid domain.

To find the transmission coefficient, we first set /' = T' in equation (6.109)
and integrate over each surface S in turn. Starting with surface S5, the normal

coordinate n is —xg, and the field ¢(x) is of the form of equation (6.105), since

x3 > 0. By equations (6.105) and (6.107) we have

8¢T — ik cos (bO(l + @%O)eik(sin¢o cos Qpx1+sin ¢g sin@ozz:ngcos(;50:1:3)7 (6110)
aZL'g

A
8¢T — —ik cos ¢0€_ik(51n¢0 cos Opx1+sin ¢g sineoxg—l—cosqboxg)’ (6111)

8373
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Figure 6.12: Unit cell for application of reciprocal identity.
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and so the surface integral is given by

/ / . l a(bT( ) _ sAx )8‘22?‘) dydy = —2ikdydsy cos do(1+ D).
(6.112)
The integral over S; can be calculated by choosing the normal n to be —x3,
and choosing ¢(x) in the form of equation (6.106) since x3 < 0. By equations
(6.106) and (6.107) we have

olo ‘
_(bR@iyg = ik cos ¢g + ik cos P e 2k s dors, (6.113)
A a(bR L L (I)OO —2ik cos ¢pox3 6.114
Pp— Bty = 1k cos ¢y — ik cos ¢g ) (6.114)
Substituting equations (6.113) and (6.114) into the integral over S5 yields

T+ % 0 0 .
" /Jl_2 [—(bR(x)%TT(;) +¢$(x)%RTSC) dxedxy = 2ikdidy cos gg.  (6.115)

T2

We now show that the integrals over Sy” and S5 are equal in magnitude, but
opposite in sign to each other and so sum to zero. For x3 > 0, from (6.105) and

(6.113),

d(x )8¢T (x) — ¢p(x) 8‘b( ) = —2ik sin ¢g sin Oy (1 + OF), (6.116)
8372 ox i)
and in z3 < 0, from (6.106) and (6.113),

B (x >Z‘§i§<x> o7 <x>§¢2< ) = —2iksin gosin (1 + PFe %) (6.117)

Hence, on Sy, n = x5, and so

[ o005t 0 - ]
2

—22ksmgbosm@0{(1+<b )— +d2/

L
2

(1+ @%e‘”’“ws%wa)dxg} , (6.118)
whereas on S5, n = —x5 yielding

s [¢( @iﬂ )~ 02002 (x >] is

{o)

L. . 00 d2l 0
2ik sin ¢g sin by § (1 + )—+d2/

5 L1+ @%)e—?i’msqm)dxg} . (6.119)
2
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The sum of these two integrals cancel and the result is zero. The same argument

can be repeated for ST, revealing that these two integrals also cancel:

06h 4 00 -
/SHSQ [¢(X)a—x2(x) - ¢T(X)a—x2(x)1 ds = 0. (6.120)

By equations (6.112) and (6.115), and due to the integrals over Sy and S

cancelling, we can reduce the identity (6.109) to

feo [¢<X> aqﬁEX) — 97(x) 8@2‘)1 dS = 2ikdd; cos Gy (6.121)

Thus, we can now write

o_ 1 997 (x)
b7 = 2ikddy cos ¢g /Soo ¢(X) on ds, (6.122)

where we have used the boundary condition (6.4). Similarly, by using the identity

0p(x 0p(x
[ lcb(X) P09 _ g 200 W a5 =0, (6.123)
we find that
1 dpp(x)
U — —/ PR\ 15 6.124
R 24kdy dy cos ¢y Jsoo $(x) on ’ ( )
and so in general we obtain
(I)OO _ 1 / x g (e—ik(sinqbo cos Opx1+sin ¢o sin@oxg):Fikcos¢ox3) ds
TIR ™ 9ikd,dy cos ¢g J 500 on '

(6.125)
where the F in the exponent corresponds to T'/ R respectively. The total field ¢(x)
is found via the boundary element method, and so <I>0T0/ r can be calculated by using
Gaussian quadrature. Finally, define the reflection and transmission coefficients,

Ry, Ty for the zeroth mode as

Ty =1+ P, (6.126)

Ry = ®%. (6.127)
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6.8 Conclusions

Perhaps the most noteworthy part of this chapter is the analysis of section 6.5.
Increasing the rate of convergence of the doubly periodic Green’s function is a noto-
riously difficult problem, and has been considered by various authors throughout
the literature, most notably in the review paper by Linton [38]. As Achenbach
makes no note of the methodology for dealing with the periodic Green’s function
in his work on doubly periodic structures [3], we assume that he approximates the
value of the double sum merely by truncating the double summation at sufficiently
high values of the counters m and n. The aim of this section 6.5 was to develop
a more accurate and efficient method of computing the Green’s function so that
it can easily be implemented into the numerical scheme described earlier in this
thesis.

In this chapter, we have, more generally, shown how to extend the method
developed in chapters 4 and 5 to a doubly periodic array of three-dimensional, ar-
bitrary shaped scatterers. The main difference in the calculations of this chapter
compared to chapter 5 is the fact that due to the presence of multiple scatterers,
and consequent loss of axisymmetry, the system is now coupled, significantly in-
creasing the computational cost involved in calculating the matrix of coefficients.
Currently, the code written by the author to solve the integral equations in this
thesis is implemented in Matlab. Adding the coupling effects from this chapter
could easily be implemented, but will require parallelizing of the code to increase
computational speed. Alternatively, another option would be to rewrite the code
in a language, such as C++4, which is recognised as being more efficient at such

large tasks.



Chapter 7

Conclusions

7.1 Summary

This thesis has investigated the time-harmonic acoustic scattering by periodic
arrays of cylinders and bodies of revolution of arbitrary cross-section. The moti-
vation for this was to investigate the reflection and transmission of plane waves
through arrays of macroscopic inclusions in an otherwise homogeneous medium.
The problem was of particular interest to Thales Underwater Systems, who have
previously investigated wave scattering from single bodies of revolution. The re-
search was published in an internal report by Peter Brazier-Smith [12]. Due to the
complexity involved in studying the fully elastic model, we chose here to consider
the acoustic problem with the intention of developing a method that could feasibly
be extended to the elastodynamic problem.

The background, set out in chapter 2, introduced the physical motivation, his-
tory and mathematical concepts used throughout the thesis, such as the theory
of boundary integral equations and the boundary element method. In addition
to this, we discussed existing literature in wave propagation in periodic media. It

was shown that a number of investigations into reflection and transmission through
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periodic arrays have been undertaken, but are limited in their evaluation of the re-
sulting periodic Green’s functions. It became clear whilst undertaking the research
work that in order for the boundary element method to be an effective numerical
scheme for infinite periodic problems, further investigation into the convergence of

periodic Green’s functions was required.

In chapter 3, we investigated the problem of acoustic wave scattering by a
single, two-dimensional sound-hard body of arbitrary shape. The aim of this
section was to show step-by-step how the boundary value problem is reformulated
as a boundary integral equation, the kernel of which is the Hankel function of the
first kind. The governing integral equation was then discretised and solved using
the boundary element method, to solve for the unknown potential at a discrete
number of points on the body’s surface. To prove that the numerical results
are reliable, the convergence rate was calculated to be cubic, as predicted in the
existing literature. Finally, the field on the surface of the body was calculated for
various shaped scatterers and for various frequencies. Using these values, it was

possible to calculate the field at any point in the domain.

Chapter 4 built upon the work of chapter 3, and considered an infinite periodic
array of arbitrary-shaped cylinders, subject to a plane time-harmonic incident
wave. It was shown that, because of the periodicity of the array, the integral
equation over the surface of each cylinder can be reduced to an equation with an
integral over the surface of just a single representative body. As a consequence, the
kernel of the resulting integral equation is a periodic Green’s function. A novel way
to increase the rate of convergence of the periodic Green’s function was discussed,
which involves truncating the sum and calculating the leading order correction
from the infinite ‘tails’ of the array. It was shown that this method dramatically
improved the convergence rate of the sum, and consequently the computational

cost involved in solving the numerical scheme. With the first order correction term,
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the reflection and transmission coefficients were calculated over a range of values
of frequency and were shown to closely match those already in the literature for
circular cylinders. Refelction and transmission coefficients are also calculated for

an inifinite array of elliptical scatterers, and ‘peanut’ shaped scatterers.

Having comprehensively studied two-dimensional scattering problems in chap-
ters 3 and 4, chapter 5 looked at wave scattering by a single three-dimensional
axisymmetric body. It was shown that by expressing each of the boundary func-
tions as a complex Fourier series in terms of the azimuthal angle, the integral
equation over the two-dimensional surface of the body can be reduced to an in-
tegral over the generating curve of the surface. Further to this, the integral over
the azimuthal angle can be calculated by application of the Fast Fourier Trans-
form, dramatically reducing the computational time required to calculate all of
the elements of the coefficient matrix. Due to the axisymmetry of the problem,
the system of equations for each Fourier coefficient of the acoustic potential de-
couples. Numerical results for the surface potential were calculated for a range
of frequencies of incident wave, and numerical investigations were made into the

number of Fourier modes required for convergence.

Finally, chapter 6 sought to extend the work of all previous chapters and of-
fered a scheme for determining the reflection and transmission of a time-harmonic
wave through a double-periodic array of three-dimensional axisymmetric scatter-
ers. Asin chapter 4, the integral equation over all scatterers can be expressed as an
equation over a single representative cell, at the cost of having a doubly-periodic
Green’s function as the kernel of the integral equation. The double sum of the
Green’s function was truncated, and the contribution from the domain exterior
to this finite region was evaluated asymptotically using the method of stationary

phase. This allowed us to calculate an analytical first-order correction term to the
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Green’s function, increasing the rate of convergence of the double sum and decreas-
ing the computational cost of evaluating the double sum to a sufficient degree of
accuracy. The results shown in this section indicate that the method works well for
low frequencies, but the increase in the rate of convergence for higher frequencies
is not as dramatic.

As in chapter 5, the boundary functions were expressed as complex Fourier
series, but due to the presence of multiple scatterers the doubly periodic problems
for the azimuthal modes do not decouple. This means that the computational effort
required to solve the coupled system of integral equations by the boundary element
method is increased considerably. Due to this, and time constraints, we were
unable to provide results for the reflection and transmission coefficients. Despite
this, full details are given as to how one would implement the boundary element
method.

Through existing and novel analytic techniques, combined with the use of the
boundary element method, we have been able to produce a framework that can be
used to evaluate the reflection and transmission coefficients for periodic arrays of
two-dimensional and three-dimensional arbitrary shaped scatterers, where the all

of lengthscales involved are the same order.

7.2 Future Work

As just described, this thesis has presented a numerical framework for investigating
reflection and transmission through arrays of periodically-spaced macroscopic scat-
terers. However, due to time constraints and lack of computer processing power,
we were unable to produce plots of the reflection and transmission coefficients for
the problem described in chapter 6, and so this would be the obvious first objective

for future work.
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In addition to this, the physical motivation for the problem requires the method
to be extended to solve for the fully elastic case, i.e. for the scattering of compres-
sional or shear waves by an array of voids with aligned axes of symmetry. The
model is more complex than the acoustic case because of the (coupled) traction
free boundary conditions on the bounding surface of the voids. Although these
factors add significantly to the complexity of the problem, the method described
herein should still be applicable.

In order to more accurately represent real physical situations, the problem
can be further extended to include reflecting boundaries, or changes in material
properties, above and below the plane of the scatterers (to represent surrounding
materials). This represent a particular challenge; such boundaries may preclude

representing the incident field as a single propagating wave.

Thales Underwater Systems have sponsored various research projects within
the Waves Group at The University of Manchester, and a significant achievement
would be to combine some of the work done by different individuals. In particular,
a difficulty that could be addressed in future research is the common situation in
which the lattice substrate is visco-elastic or rubbery to see how such properties
affect the scattering by doubly-periodic arrays. In such materials Poisson’s ratio
may be very close to one half, presenting difficulties both for finite element mod-
elling and numerical evaluation of some analytical schemes. Such difficulties arise
because of the large difference in magnitude of bulk and shear moduli. With voided
materials the strained response of the substrate becomes dominated by shear de-
formation about the inclusions, whereas in homogeneous materials the equations
of state are dominated by terms involving the bulk modulus. In addition, the
dynamic response of visco-elastic materials is complicated by hysteresis. Further,
one could consider the impact of large amplitude compression. This would lead

to distortion of voided cavities and may give rise to non-linear inhomogeneous
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pre-stresses.
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Appendix A

Derivation of boundary integral

equation in 2D

A.1 Boundary integral formulation

In order to express the boundary value problem described in section 3.2 as an
integral equation, we follow the method as described in section 2.4.2. This requires
us to apply Green’s theorem to the region bounded by the rigid surface of the two-
dimensional scatterer 9V and a large circle Vg of radius R > a, that is centered
at the origin of the Cartesian co-ordinate system (z1, x2). This region is as shown

in figure 2.5. From equation (2.47), the integral equation representation is

oG
ol x) = nG )+ [ (ol 90 630 dsie
~r 00 ~r o OG 4 A
- [ (€3t - s @) as@.
where ¢(&,x%) is the solution to Helmholtz equation subject to a point force of

strength x at the point & = x5, that is

@ + @ + k¢ = KO(E — xP). (A.2)

2 2
Oxi  0x3

212
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In the above equation, k is the non-dimensional wavenumber (non-dimensionalised
on a) and the notation £ has been used make explicit the fact that the integration

variable is on the surface dVy in the second integral. The fundamental solution
G(&,x) satisfies

We wish to show that the integral over the surface OVy tends to zero as R

tends to infinity. Let

s 00 2 A 0G4 A
= [, (GER5AEx) - o) 3 @) as@. (A
where x* = (25, 23) and € = (&,&). Also let

v =€ - x| (4.5)

& A 26 + bars) + ()P 4 (13 (A.6)

Expressing é in terms of polar coordinates, 51 = Rcosf and 52 = Rsinf, r' can

be written in terms of R and 0 as follows

r = \/R2 — 2R(x5 cos O + x5 sin ) + (x5)? + (25)2. (A.7)

Take the source distance to be |x%| = O(1), so that R > |x®|, and hence 7’ can be
expanded in terms of R to give

=R — (2§ cosf + x5 sin6) + O (%) : (A.8)

The far field form of the total field [1, 9.2.3] is

8(6.%) ~ 1 e ), (A.9)

for some function ((¢). Equation (A.9) can be expressed in terms of R and 6 by

the substitution of (A.8) into (A.9) to give

(iR=5) gmik(rf cosO+aisind) c (g) 4 O ( (A.10)

)
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Similarly, the fundamental solution G (€ —x) = —i/ 4H]! (k|£ x| admits the same

far field expression, that is

1 2 Ty f - 1
_ 7 i(kR—Z) —ik(&1 cos 0+&2 sin )
G(§,x) = 4”—ka€ ile +0 <—R3/2) : (A.11)
Differentiating equations (A.10) and (A.11) with respect to R yields
0¢ k| 2 . iRomy k(e s i 1
i sy — _ ¥ i(kR—7) ,—ik(x] cos 0+ sin6) A 12
S(6.x) =~ et (O +0(57), (A1

oG k 2 ) —I) k(&) cos 0+Es sin 1
ﬁ(x,f) = _Z“—k:ﬂRe (kR—73) g —ik(§1cos 6+&2sinb) | () <R3/2) ; (A.13)

and substituting equations (A.10), (A.11), (A.12) and (A.13) into expression (A.4)

results in

27 1k . . PPN :o s S o
/ C(e) ( ) e2z(ka Z)eflk(ﬁl cos 6+&2 sin G)efzk:(:vl cos 045 sin 6)
0 { STR

+ C(e) (%) eQi(kR*%)efik(él cos 0+Ea sin G)Gfik(mf cos O+ sin 6)

+O<R2>}Rd9:0<%). (A.14)

We can therefore see that in the limit as R — oo, the integral term associated
with OV of (A.1) tends to zero, and the resulting integral equation for the two-

dimensional exterior boundary value problem is

o(x,%x°%) = kG(x,x° —|—/ GG (x E) (A.15)

on

Since the domain D is now unbounded, we can choose to take the limit as |x3|
tends to infinity by expressing x® in terms of a polar coordinate system (R, 6,),

that is

= R, cos (A.16)
x5 = Ry sinfy, (A.17)
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so that
(})* 4 (23)* = RY. (A.18)

The modulus of the distance between the integration variable x and the point x®

can now be expanded for large R,

1
|x —x°| = Ry — (x1 cosf; + xosinby) + (ﬁ) : (A.19)
1

and from this it follows that the far field expansion of the fundamental solution

G(x,x%) for large Ry is

il 2 ,r , . 1
a sy L2 i(kRi—T%)| ,—ik(z1 cosfp+z2sinfp) O —1. A .20
RG(x,X7) = & [4 km Ry ‘ ‘ - Ri’/Q ( )

Choosing the constant k to take the value

k= 2(1 —i)\/ThRie *h (A.21)

means that as we take the limit Ry — oo, local to the scatterer kG(x,x%) behaves

as an incoming plane wave. That is
HG(X, XS) — e—ik(ml cos Op+x2 sin@o). <A22)

Substituting (A.22) into (A.15) yields

oG

o) ="+ [ (@5 € x)ase) xgov gcov. (A

The fundamental solution satisfying equation (A.3) is the Hankel function of
the first kind:
i
G(&,x) = — Hy" (k|€ — x]). (A.24)

The normal derivative 0G(&,x)/0n(€) can be calculated by the following identity

oG

%(é,x) =n-VG(§,x), (A.25)
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where n is the unit normal orientated away from D (i.e. into S) and V¢ is the gra-

dient of the Green’s function with respect to &, which can be calculated explicitly:

oG (& e HY (k)
3—&(€’ x) =ik ™ , (A.26)
0G . (& — o)}V (kr)
8—52<£’ x) = ik . , (A.27)
where
r= (G — 1)+ (& — m)2 (A.28)

A.2 Singularity of the integral equation

Equation (A.23) is a Fredholm integral equation of the second kind for the unknown
velocity potential ¢(x). We intend to solve for ¢(x) by discretising the integral
equation and specifying that it is satisfied exactly at a discrete number of points
on the boundary 0V (the collocation method, as discussed in chapter 2). Before
we do this, we must allow the field point x to approach the boundary, so that both
the field point and the integration variable £ lie on dV. The following treatment
shows that the normal derivative of the Green’s function has a singularity at the
point at which x = &, and so requires careful analysis.

In the following subsection, we show that for smooth shapes, we can handle
the singularity by analysing a small portion of the boundary 0V as x — &. In the
limit as this integration range goes to zero, we show that we are able to evaluate
the integral analytically to derive a so-called free-term, so that we are able to solve

the boundary integral equation numerically.

A.2.1 Derivation of free-term

Suppose that x approaches an arbitrary point & = £ on the smooth boundary oV,

that is at the origin of a local Cartesian coordinate system (u,v), orientated such
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Figure A.1: Local coordinate system near the point & = &g.

that the unit vector i is tangent to 0V and the unit vector ¥ is aligned with the
outward-pointing unit normal N to V. Divide the integration contour 9V into
two regions, OV, and 9V \ OV, where dV, is of length 2¢ centered at the point &g.
We take € to be sufficiently small so that local to &g, OV, can be approximated by
the straight line segment [—¢, €] € R!. Take the field point x to be a point located

2

a distance € normally from &g, say

x =&y + €% (A.29)

The geometry is as shown in figure A.1. Dividing the integration curve into the
two regions as described above, and taking the limit as ¢ — 0 allows us to write

the integral of the governing equation (A.23) as

/av ¢(€)g—§(x,§)d5(e) _ ][

ov

5(6) 5 (x,£)S () +lim [ () (. €)du

(A.30)

—€

where the dash on the integral sign is used to show that we have taken the following
limit

oG . oG
{005 madso-tm ([ oofxens). @

e—0
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Figure A.2: Orientation of the unit normals i and ¥ with respect to the basis
vectors (&1, €3).

We discuss the implications of this (section 3.3.1) and show that in the limit as

e — 0, the integrand is continuous. Let I denote the integral

1 =1im [ 6(e)2°

e—0 ./ _¢ an

(x,&)du. (A.32)

Take the vectors & = (1,0) and €z = (0,1) to be the basis vectors that span
the (&1,&) plane. From figure A.2, &; and &, are related to the unit vectors i, ¥

by the following:

A

a cosf sind &,
= (A.33)

v —sinf cos6 €,

where 6 is as shown in figure A.2. In the integration range of I, the inward pointing
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normal is —¥ = sin #&; — cos #é,, and hence

oG ik
5o (6,€) = T H{D (kr)fsin (6 — 21) — cos B(& — v2)], (A.34)
where
r=|§—x| =Vvu?+v? (A.35)
and
v= (& —x1)sinf + (z1 — &) cos b, (A.36)

as shown in figure A.3. Therefore

oG kv

=W A.
0G0 9 k), (A37)
and since
Hl(l)(k:'r) ~ (3) + O (rlog(r)), asr—0, (A.38)
7w \kr

then

oG v =21\ v 9 9

o~ i (o) =m0 Lent e) (A

Now make the substitution v = €2, so that the integral I, in terms of € is

€ 2

I=1lim [ ¢(&) (%( :

e—=0 ./ _¢ u?2 + 64)

+ O[é*In e]) du. (A.40)
We can further simplify I by noting that as x approaches the boundary, we have

¢(€) ~ d(x) + O(e), (A.41)

and so

2
u2€7+e4 + O[é*In e]) du. (A.42)

[ZLMnEW@+WM<

2 e—0 J_¢

If we now make the following substitution,

u =€z, (A.43)
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51—$1 4

Figure A.3: Orientation of i and ¥.

then
o(x) [ dz
2r /700 22417 (A.45)
_ox), 1
— 7(7r) = égb(x) (A.46)

Finally, substituting this into expression (A.30) results in

[ 605 .85 = . oO)5 (&S + 36(). (AT

It follows that

300 =0+ f (@€ x0)ase) xeov gcov.  (aag)



