B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
ommon

COMMONS D EE D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the waorlk

Under the following conditions:

Attribution. ¥ou rmust attribute the wark in the manner specified by
the author or licensor,

MWoncommercial. vYou may not use this work for commercial purposes,

Mo Derivative Works, vou may not alter, transform, or build upon
this work,

& For any reuse or distribution, vou must make clear to others the license terms of
this work,

® Any of these conditions can be waived if you get permission from the copyright
holder,

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclaimer BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/




The branch structure of embedded trapped modes in
two-dimensional waveguides

M. Mclver, C.M. Linton & J. Zhang

Department of Mathematical Sciences, Loughborough University, Loughborough, Leics.,
LE11 3TU, UK

Abstract

In this paper we investigate the existence of branches of embedded trapped modes
in the vicinity of symmetric obstacles which are placed on the centreline of a two-
dimensional acoustic waveguide. Modes are sought which are antisymmetric about the
centreline of the channel and which have frequencies that are above the first cut-off for
antisymmetric wave propagation down the guide. In previous work [1], a procedure
for finding such modes was developed and it was shown numerically that a branch of
trapped modes exists for an ellipse which starts from a flat plate on the centreline of the
guide and terminates with a flat plate perpendicular to the guide walls. In this work
we show that further branches of such modes exist for both ellipses and rectangular
blocks, each of which starts with a plate of different length on the centreline of the
guide. Approximations to the trapped mode wave numbers for rectangular blocks are
derived from a two-term matched eigenfunction expansion and these are compared to
the results from the numerical scheme described in [1]. The transition from trapped
mode to standing wave which occurs at one end of each of the branches is investigated

in detail.
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1 Introduction

In a previous paper Mclver, Linton, Mclver, Zhang & Porter [1] proved that trapped modes
exist for a countably infinite set of sufficiently long thin plates on the centreline of a two-
dimensional acoustic guide at wave numbers which are above the first cut-off for antisym-
metric wave propagation down the guide. Trapped modes are localised oscillations which
have finite energy and their existence in acoustic guides at wave numbers below the first

antisymmetric cut-off has been well-documented (see for example [3], [4], [5], [6] and [T7]).



For wave numbers above the cut-off the eigenvalue associated with the trapped mode is said
to be embedded in the continuous spectrum of the relevant operator. It is much harder
to prove the existence of embedded trapped modes and they are known to be unstable to
arbitrary perturbations in the body geometry. In general a perturbation in the obstacle or
its position in the guide transforms the eigenvalue into a so-called ‘complex resonance’. A
description of such resonances for off-centre bodies in guides is given by Aslanyan, Parnovski
& Vassiliev [8]. However, in [1] it was shown numerically that for wave numbers between
the first and second cut-off for antisymmetric wave propagation down the guide, an obstacle
which supports an embedded trapped mode may be varied along a specific path within a two
parameter family of geometric perturbations in such a way that the trapped mode persists.
In particular we showed that if the flat plate aligned with the guide walls is deformed into
an ellipse of a particular size and aspect ratio then the trapped mode remains and in fact a
branch of trapped modes exists which starts with a plate on the centreline of the guide and
terminates with a standing wave for a flat plate aligned perpendicular to the guide walls, and
passes through a series of ellipses in-between. Other two parameter families of perturbations
are possible and in [1] it was shown that a branch of modes exists for shapes of the form

Y. where x is measured down the guide, y is measured across the guide and v

v +y =a
and a vary along the branch.

In the previous work we concentrated solely on branches of modes which emanate from
the plate of smallest length on the centreline. However each of the plates is the starting point
for a branch of modes and in this work we investigate the structure of the higher branches
when the plates are deformed into either rectangular blocks or ellipses. Rectangular blocks
are chosen because they have the interesting property that sin37my/2d is a standing wave
which can be supported by a block of half-depth b = d/3, where 2d is the width of the guide
and y is measured across the guide from the centreline, irrespective of the length of the
block. It is found that one set of branches of trapped modes terminate in standing waves for
blocks of this depth but that the others do not. Furthermore it is possible to obtain simple
but accurate approximations to the trapped mode wave numbers from a two-term matched
eigenfunction expansion and this procedure is used to obtain qualitative information about
the structure of the branches.

The paper is organised as follows. In the next section the solution for the trapped mode
potential for a rectangular block is written in terms of an eigenfunction expansion. The

usual matching conditions are applied and the resulting series are truncated at two terms.



This leads to a transcendental equation for the wave number nondimensionalised by the
plate length. This approximation suggests that if b/d < 1/3 then there is a countably
infinite set of blocks which can support trapped modes. In §3 data is presented which shows
good agreement between results obtained from this approximate solution and numerical
results from the integral equation formulation described in [1]. The transcendental equation
which arises from the approximate method is investigated in detail and information about
the branch structure of the trapped modes is obtained. Results are also presented which
illustrate the branch structure of trapped modes for ellipses and the differences between

these and the branches for the rectangular blocks are analysed.

2 Approximate trapped mode solution for a rectangular

block
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Figure 1: Definition sketch.

In this section an approximate solution for a trapped mode in the vicinity of a rectangular
block is derived, at a frequency which is above the first cut-off for antisymmetric wave
propagation down the guide but below the second such cut-off. A quarter section of the
block and guide is illustrated in Figure 1 and a trapped mode potential is sought which is
symmetric in z and antisymmetric in y. A trapped mode which has this two-fold symmetry
is sought as this means that there is only one type of wave which can propagate to either
infinity. Moreover as the body is symmetric in z, there is only one condition which needs
to be applied to ensure that the amplitudes of the waves propagating to both infinities are
zero. It is expected that another set of modes exists that are antisymmetric in both z and

y, but it is not thought possible to relax the condition of antisymmetry in y.



The trapped mode potential ¢ satisfies
(V2+ ko =0 (1)

in the guide exterior to the body, where k? = w?/c? and w is the angular frequency of

oscillation of the mode and c is the speed of sound. The boundary conditions are given by

=0 on y=0, z>a, (2)

9¢
8_3/:0 on y=d, >0 andon y=0b 0<zx<a, (3)

d¢
0_:0 on r=0, b<y<d andon xz=a, 0<y<b (4)

x

and

$—0 as x— o0. (5)

Evans, Levitin & Vassiliev [4] proved that trapped modes exist for blocks of arbitrary
length a when kd < 7/2. The aim here is to seek blocks which support trapped modes for
values of kd in the range 7/2 < kd < 37/2, the upper limit being the infimum of the set of
values of kd for which antisymmetric waves of the form €% sin 3wy /2d, 9n?/4d* + o? = k?
can propagate down the guide. The formulation of the problem follows closely that described
in Evans & Linton [2]. The solution for ¢ is written as an eigenfunction expansion in each of
regions I and I and the coefficients in the expansion are determined by the requirement that
the potential and velocity are continuous on the common boundary and that the horizontal
velocity is zeroon x = a, 0 <y < b.

The potential in region [ is written as

d Uél) cosh k,x

o(x,y) = Yn(y) (6)

— k,sinh k,a "

where {Ur(Ll)} are the unknown coefficients and {¢,,(y)} is the complete orthonormal set of

functions given by

1/2
€n
= (725) wmla-n. a=o1.., )
where
nm

Pn = d——b’ (8)

1, n=0
€n = <9>

2, n>1,



ko =ik, ki =iq=i(k*—p})"/? (10)

and

kn = (p2 — K9)Y2, n>2. (11)

As modes are sought in the range 7/2 < kd < 37/2 and p,d > nx then k,d is real for n > 2.
However if
us 3

m<kd<? (12)

then kid is purely imaginary and so from the series in (6) two wave-like terms may exist
in the inner region. Such a pair of waves is only possible if (12) yields a non-zero range of
values for kd, that is if b/d < 1/3. From now on it will be assumed that b/d lies below this
critical value. It is interesting to note that at b/d = 1/3 and kd = 37/2 the function

¢ = sin —- (13)

is a standing wave solution to (1) which satisfies the boundary conditions (2) - (4), irrespec-
tive of the length of the block.
The potential in region 1 is written as

o 17(2)

Blw,y) == ——e I, (y) (14)

n=2

where {Uf)} are the unknown coefficients and {W, (y)} is the complete orthonormal set of

functions given by

9\ 1/2
v = (5) s, n=12. (15)
where
(2n— )7
), = T 1
5 (16)
and
fin = (2 = k)2, n>2. (17)

It should be noted that, as kd > 7/2, a possible term which multiplies ¥;(y) contains
progressive waves and so its coefficient is forced to be zero by the requirement that ¢ — 0
as r — 00.

Continuity of the horizontal component of the velocity on xz = a gives

o < UMuly), b<y<d
S U ) = § S P (18)

n=2 0, 0<y<b



Multiplication of both sides of (18) by ¥,,(y), m = 1,2, ... and integration over [0, d] gives

SN U?, m=23,...
> UM enm = (19)
n=0 O, m = 1a
where
d
Com, = / Un(Y) Wi (y) dy- (20)
b
Continuity of potential on x = a, b < y < d gives
17D < 72
th k,a ¥, (y) = — V. (y), b<y<d 21
27, coth kpa ¢, (y) nz:; . () Y (21)

Multiplication of both sides of (21) by ¥, (y), m = 0,1,... and integration over [b, d] gives

U?S%) 0 U7(l?)
k—cothkma:—Z—cmn, m=0,1,.... (22)

m = hn

A trapped mode solution for which 7/2 < kd < 37 /2 corresponds to a nontrivial solution
of the systems of equations in (19) and (22). A crude approximation to these equations is
obtained by truncating the expansion in region I at n = 1 and the expansion in region I at
n = 2. Physically this corresponds to allowing for the effects of the two possible wave-like

terms in the inner region and the leading order non-zero term in the outer region. This

procedure yields the matrix system of equations

Co1 C11 0 0
1 Uél) 0
c c —
Au = 02 . v | = (23)
—k~ ! cot ka 0 Ky con @) 0
U.
0 —q 'cotga Kyl ? 0

This system has a non-trivial solution if and only if rank(A) < 2. The matrix A depends on
the three non-dimensional parameters b/d, a/d and kd but the coefficients ¢,,, only depend
on b/d. As the first two rows of the matrix are independent of a/d and kd, it is convenient

to express the condition that rank(A) < 2 as the two equations

Co1 ‘1 0
Co2 C12 -1 =0 (24)

—k7'cotka 0 ky'lce

and
Co1 C11 0
Co2 C12 -1 =0. (25>
0 —q 'cotqa Ky e
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These equations are then expanded and after manipulation, combination with (10) and (17)
and evaluation of the integrals c,,, they reduce to a transcendental equation for ka for a

given value of b/d, namely

f(ka,b/d) = katan ka — cqatan ga = 0, (26)
where 4 262144 tan? ka cos*(3mb/2d 1z
qa = ka1 = a0 TaE ~ 7295001 = b/tda;zl(E) ice?zf/c(oju/— 2),b/d)2 (27)
and
. 18(1 — b/d)* | (28)

(3=0b/d)(1+b/d)(5—3b/d)(1 —3b/d)
Thus ¢ just depends on b/d and as b/d < 1/3, c is positive. Once ka has been determined

from (26) the remaining non-dimensional parameters may be written in terms of it. In

particular it may be shown that

a _ 2ka N 65536 tan? ka cos?(3mb/2d) 12 (20)
d 3w 8174(1 — b/d)2(5 — 3b/d)2(1 — 3b/d)?|
AR L 65536 tan? ka cos*(3mb,/2d) 12 | (30)
a/d 2 81 (1 — b/d)2(5 — 3b/d)2(1 — 3b/d)?
and
256 cos?(3mb,/2
Ko = 56 cos™(3mb/ 2d) katan ka. (31)

9r2(1 — 0/d)(5 — 3b/d)(1 — 3b/d)

The potential in region I is formed from a sum of decaying exponentials, and so from

(14) koa must be positive. Thus from (31) as b/d < 1/3, tan ka must be positive, that is
nt<ka<(n+1/2)7, n=0,1,.... (32)

From (26) and (32) gatanga must be positive, which means that ga must be real and so
from (6) and (10) there are two waves in the inner region. Furthermore as ga is chosen to

be the positive square root in (10) and ga tan ga > 0 then tan ga > 0, that is
mr <qa<(m+1/2)r, m=0,1,... . (33)

The pair of integers (n,m) measure the number of wavelengths of the modes coskz and
cos qx cos[m(d — y)/(d — b)] respectively, which fit in the inner region and it is convenient to
identify the roots of (26) by these numbers. From (27), (32) and (33)

VB 5

m7r<qa<—k’a<—(n—|—1/2) (34)
and this restricts the possible values of m to integers such that

O§m<§(n+1/2). (35)



3 Results and discussion
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Figure 2: Lengths of blocks that are able to support trapped modes; —: approximate

values from transcendental equation; m: long plate approximation; x: numerical values from

integral equation.

Suppose that we want to determine all blocks that support trapped modes which have a
half-length a < a* where a* is some given value. As kd lies in the range 7/2 < kd < 37/2,
ka < ka* = (kd)(a*/d) < 3ma*/2d. From (32) as ka < (n+1/2)7 for some integer n, if all the
roots of the transcendental equation (26) are found in the range 0 < ka < 7([3a*/2d] +1/2),
where [-] denotes integer part, then all blocks with a < a* that support trapped modes will
have been found. Figure 2 illustrates all such blocks with a/d < 3 as a function of b/d
and figures 3 and 4 give the corresponding wave numbers kd as functions of b/d and a/d.
The lines indicate values calculated from the transcendental equation (26) and the stars
are the numerical results from the integral equation method described in [1]. This latter
method becomes time-consuming to run numerically as n increases and so it was only used
to calculate trapped modes on branches for which n < 3.

There is close agreement between the approximate and full numerical results and so
by analysing the transcendental equation in (26) some important information about the
behaviour of the trapped modes may be determined. First it should be noted that the
approximate method yields the same number of branches of trapped modes as the exact

method and indeed was instrumental in determining that in the a/d — b/d plane there are
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Figure 3: Trapped mode wave numbers for blocks as a function of b/d; —: approximate
values from transcendental equation; m: long plate approximation; x: numerical values from

integral equation.

two branches of modes very close together, namely the branches (3,2) and (2,0). This means
that there are two sets of blocks with very similar sizes that support trapped modes, but
as may be seen in figure 3 the wave numbers of these modes are very different. Although
the bound on the number of branches given in (35) is correct, it is not tight as it permits
the branches (1,1) and (4, 3), neither of which are found numerically. When b/d = 0 the
rectangular block reduces to a plate on the centreline of the guide. Approximations to the
values of a/d and kd for these plates were derived in [1] from a long plate analysis. The long
plate results are denoted by m on each of the figures and are seen to agree well with the other
numerical results.

From figure 3 it is clear that the other ends of all the branches occur when kd reaches
the second cut-off, 3w /2. However, from figure 2 the size of the block at which this happens
depends on the type of branch of modes. For all the branches of modes designated by
(n,0), b/d = 1/3 at the terminating point and, as has already been observed, the potential
¢ = sin37my/2d is a standing wave with kd = 37/2 for any block of this depth irrespective
of its length. Thus the trapped modes on these branches tend to this standing wave, and in

fact the whole of the line b/d = 1/3 in figure 2 corresponds to standing wave solutions. In
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Figure 4: Trapped mode wave numbers for blocks as a function of a/d; —: approximate
values from transcendental equation; m: long plate approximation; x: numerical values from

integral equation.

the limit as b/d — 1/3 it may be shown that the transcendental equation (26) reduces to

k
tan ka — Za =0, (36)

and from (29) the limiting values of a/d are then given by a/d = 2ka/3.

The branches designated by (n,m), m # 0, do not terminate at b/d = 1/3 and so from
(30) tanka — 0 as kd — 3m/2. Thus from (32) ka — nm and from (29) a/d — 2n/3.
Moreover from (26) and (27)

1/2
tan ga — tan {ka [1 - m} } — 0, (37)

which from (33) gives ga — mm and from (37) the limiting values of b/d as

b 2
i~ T3 (38)

Thus for a fixed value of n and m # 0, these branches all terminate at the same value of
a/d when kd = 37w /2. This is most easily seen from the results in figure 4. In these cases
the limiting standing wave is no longer the simple function ¢ = sin 3wy /2d, as this does not
satisfy the boundary conditions on the block. The standing wave asymptotes to this function
as * — +oo but is modified in the neighbourhood of the block. The limiting value of b/d

given by (38) also demonstrates why neither of the branches (1,1) nor (4,3) were observed
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numerically, as the values of b/d at the ends of their branches would have to be given by

—oo and —0.0079 respectively, both of which are clearly unphysical.

3
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Figure 5: Lengths of ellipses that are able to support trapped modes; »: long plate approxi-

mation; x: perpendicular plate; ——: numerical values from integral equation.
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Figure 6: Trapped mode wave numbers for ellipses; m: long plate approximation; x: perpen-

dicular plate; ——: numerical values from integral equation.

Figures 5, 6 and 7 show the structure of the first three branches of trapped modes for

ellipses of aspect ratio b/a situated on the centreline of the guide. The results are all obtained
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Figure 7: Trapped mode wave numbers for ellipses; m: long plate approximation; —: nu-

merical values from integral equation.

from the integral equation method described in [1] apart from the values for b/d = 0 which
come from the long plate approximation and the other end of the lowest branch which is a
limiting value for a plate perpendicular to the guide walls. A comparison of these results
and those for the blocks in figures 2, 3 and 4 shows that instead of terminating at a non-zero
value of a/d, the lowest branch for the ellipse terminates at a/d = 0. The value of b/d at
this point was derived in [1] from a slender body theory and is given by b/d = B, where B is
the root of the transcendental equation J,(2rB) — Ji(7B) = 0 (B ~ 0.392) and .J; denotes
the first-kind Bessel function of order one. It was shown in [1] that the lowest branch for
the vast majority of obstacles terminates at a/d = 0 and the limiting value of b/d depends
on the precise shape of the body as it approaches this limit. This is because an obstacle for
which a/d = 0 corresponds to a plate which is perpendicular to the guide walls and such
a plate supports the standing wave ¢ = 3my/2d irrespective of the value of b/d. It is the
rectangular block which is the special geometry that can support this standing wave for an
arbitrary value of a/d when b/d = 1/3.

From figure 6 the second and third branches for the ellipse terminate at kd = 37/2 in
a similar fashion to those for the block. For convenience all the branches for the ellipse are
labelled in the same way as those for the block even though there are some differences in
behaviour. For example they all terminate at different values of b/d from each other, and

in particular the branch labelled (2,0) attains a higher value of b/d than does the branch
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(1,0). The limiting values of b/d on this and higher branches have to be found numerically
as it is not possible to determine analytically which ellipses with finite, non-zero area can
support standing waves. Furthermore the branch structure for the trapped modes for the
ellipse is expected to be typical of that for the vast majority of symmetric obstacles which
may be deformed from flat plates, whilst the rectangular block is a special body which has

certain distinctive properties.

4 Conclusion

In this work we have investigated the structure of branches of embedded trapped modes
which exist when obstacles with a two-fold symmetry are placed on the centreline of a
two-dimensional acoustic waveguide. The modes are antisymmetric about the centreline
of the channel and symmetric about the other plane of symmetry and have frequencies
that are between the first and second cut-off for antisymmetric wave propagation down
the guide. The particular geometries considered here were rectangular blocks and ellipses,
although the numerical scheme developed in [1] is applicable to many other geometrical
shapes. A two-term matched eigenfunction expansion was used to show that a countably
infinite set of branches of trapped modes exist for a rectangular block and that each branch
may be labelled by the pair of integers (n, m), where the possible values of m and n satisfy
0 < m < +5(n+1/2)7/3. A similar branch labelling was used for the ellipse and for
both types of bodies each branch of trapped modes starts with a trapped mode for a thin
plate on the centreline of the guide and terminates with a standing wave. The standing
wave asymptotes to the function ¢ = sin37y/2d as x — 400, but may be modified in the

neighbourhood of the obstacle to take account of the body boundary conditions.
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