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Abstract

In many engineering problems, boundaries with sharp corners or abrupt changes in the boundary
conditions and/or the material properties give rise to singularities of various types which tend to slow down
the rate of convergence with respect to decreasing the mesh size of any standard numerical method used for
obtaining the solution. In this paper, in order to develop a method which overcomes this difficulty, the
singular solutions of isotropic and anisotropic Helmholtz-type equations with homogeneous Dirichlet and/
or Neumann boundary conditions in the neighbourhood of a singular point are derived. The standard
boundary element method (BEM) is then modified to take account of the form of singularity, without an
appreciable increase in the computational effort and at the same time keeping a uniform discretization.
Three examples are carefully investigated and the numerical results presented show an excellent
performance of the approach developed.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

In many practical engineering problems governed by elliptic partial differential equations, such
as crack initiation and propagation, failure of adhesive joints, edge diffraction, etc., the solution
and its derivatives may have unbounded values if the boundary of the solution domain is non-
smooth, e.g., sharp re-entrant corners in the boundary, the boundary conditions change abruptly,
or there are discontinuities in the material properties. All these situations give rise to singularities
of various types and standard numerical methods for solving the boundary value problems
(BVPs) in this case exhibit slow convergence and inaccurate approximations to the exact solution
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in the neighbourhood of the singularity, see Refs. [1-9]. It is now a classical result, see Ref. [10]
and the references given therein, that the singular solution u'S of an elliptic equation at a corner
associated to a singularity exponent A admits an expansion of the form

o0

(Y
U0 =" uy(r,0), uy(r,0)=> " rloglr-¢,,0), @)
q=0

p=0

where (r,0) are the local polar co-ordinates at the corner and ¢, (0) are smooth angular
functions. Here the term u, represents the principal term, whilst the remaining terms correspond
to the non-principal part of the elliptic operator and of the boundary conditions, and the
curvature of the boundary at the corner tip. The singularity exponents A are defined by the roots
of the characteristic equation associated to the local configuration at the corner tip given by the
corner geometry, boundary conditions and material properties.

There are important studies regarding the numerical treatment of singularities for BVPs in the
literature. Motz [1] has investigated the removal of the singularity for the Laplace and the
biharmonic equations using the finite difference method (FDM). Later, Symm [2] and Wait [3]
have solved singular direct problems for the Laplace equation by employing the boundary element
method (BEM) and the finite element method (FEM), respectively. Modified BEMs that take into
account the singularities caused by an abrupt change in the boundary conditions and the presence
of a sharp re-entrant corner in the boundary of the solution domain have been developed for the
time-dependent diffusion equation and the anisotropic steady state heat conduction problem by
Lesnic et al. [4] and Mera et al. [5], respectively. The singular function boundary integral method
has been applied for the solution of the Laplace equation in an L-shaped domain by Elliotis et al.
[6] who have approximated the solution by the leading terms of the local solution expansion and
have weakly enforced the boundary conditions by means of Lagrange multipliers. With respect to
singularities in elastostatics, the pioneering theoretical work of Williams [7], who has developed
explicit expressions for singular solutions for the problems of single free—free, clamped—clamped
and clamped—free isotropic elastic corners, should be mentioned. From the numerous numerical
investigations in fracture mechanics, the papers by Portela et al. [§] and Helsing and Jonsson [9]
are mentioned who have employed the Williams basis functions in conjunction with the dual BEM
and a modified Fredholm second-kind integral together with the Nystrom method, respectively, in
order to study the behaviour of the stress field in domains with traction—free re-entrant corners.

The Helmholtz equation arises naturally in many physical applications related to wave
propagation and vibration phenomena. It is often used to describe the vibration of a structure, see
Refs. [11-13], the acoustic cavity problem, see Refs. [14—-16], the radiation wave, see Refs. [17,18],
and the scattering of a wave, see Refs. [19,20]. Another important application of Helmholtz-type
equations is the problem of heat conduction in fins, see e.g., Refs. [21-23].

Many authors have treated singularities occuring in the Helmholtz equation. Time-harmonic
waves in a membrane which contains one or more fixed edge stringers or cracks have been
investigated by Chen et al. [13] who have employed the dual BEM in order to obtain an efficient
solution of the Helmholtz equation in the presence of geometric singularities. Chen and Chen [14]
have used the dual integral formulation for the Helmholtz equation to determine the acoustic
modes of a two-dimensional cavity with a degenerate boundary. Huang et al. [17] have
investigated the electromagnetic field due to a line source radiating in the presence of a
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two-dimensional composite wedge made of a number of conducting and dielectric materials by
employing the Fourier transform path integral method. A hybrid asymptotic/FEM for computing
the acoustic field radiated or scattered by acoustically large objects has been developed by
Barbone et al. [20]. Schiff [24] has computed the transverse electric (TE) and transverse magnetic
(TM) mode eigenvalues for ridged and other waveguides by using super-elements for the FEM, a
refined local mesh and basis functions at the corner tip. The method of the auxiliary mapping, in
conjunction with the p-version of the FEM, has been used by Cai et al. [25] and Lucas and Oh [26]
in order to remove the pollution effect caused by singularities in the Helmholtz equation. Both
Laplace- and Helmholtz-type BVPs with singularities have been considered by Wu and Han [27]
who have solved these problems using the FEM and by introducing a sequence of approximations
to the boundary conditions at an artificial boundary and then reducing the original problems to
BVPs away from the singularities. Xu and Chen [28] have used the FDM and higher order
discretized boundary conditions at the edges of perfectly conducting wedges for TE waves to
retrieve accurately the field behaviour near a sharp edge.

In the case of the anisotropic Helmholtz equation, the differential operator has the form
K;;0x,0x, + k2, where K is a symmetric, positive-definite matrix and k is the so-called wave
number. The principal and non-principal parts of the Helmholtz operator are defined by the
second order differential operator Kj;0,0y, and the zeroth-order operator k?, respectively. Thus,
the singularity exponents and the principal term u in Eq. (1) are independent of k. The singularity
exponents and principal terms associated to multi-material corners in the case of anisotropic
potential problems, which represent the limiting case with k& = 0, have been recently investigated
in a comprehensive way and the reader is referred to MantiC et al. [29].

An accurate analysis of Helmholtz-type equations in the presence of two-dimensional wedges
requires the knowledge of the singular local behaviour of the solution in the neighbourhood of the
corner tip in order to improve the accuracy of the numerical solution. The analytical method
developed in the present work permits the study and analysis of BVPs with singularities for both the
Helmholtz (k real number) and the modified Helmholtz (k imaginary number) equations. Due to
the fact that solutions of the two-dimensional Helmholtz equation have a discontinuous limit when
k—0, the case k = 0, studied in Refs. [5,29], has been excluded from the scope of the present work.
For the sake of brevity, the present paper is based on the closely related paper by Mantic et al. [29],
which has allowed several proofs and expressions presented therein to be omitted here and
appropriate references to be given. In addition, the present method can be generalized to the wave
propagation in elastic isotropic and anisotropic corners. The method proposed in this paper has
been implemented numerically by accommodating the standard BEM for the Helmoltz-type
equations to take account of the form of the singularity, without appreciably increasing the amount
of computation involved, as well as without refining the mesh in the vicinity of the singular point.

2. General solution of Helmholtz-type equations in polar co-ordinates
2.1. Isotropic Helmholtz-type equation

In this section, some well-known results on the solution of the homogeneous Helmholtz-type
equation using the separation of variables in polar co-ordinates are revised, and the notation used
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in the present work is introduced. If kK = « 4 if is a fixed non-zero complex number (o, € R) then
the isotropic Helmholtz-type equation in a plane domain Q< R? is defined as

Au(x) + KPu(x) =0, xeQ, 2)

where k£ is called the wave number when it is real and positive.

Let the polar co-ordinate system (r, ) be defined in the usual way with respect to the Cartesian
co-ordinates (x,x») = (rcos 0,rsin 0). For r > 0, Eq. (2), written in polar co-ordinates takes the
following form:

(@ + 7710, + 1285 + Ku(r, 0) = 0. (3)
If it is assumed that the solution in Q2 of Eq. (2) can be written using the separation of variables
u(r,0) = f(r)g(0), 4)
then the Helmholtz-type Eq. (2) recasts as
(") + =) + K2f (r)g(0) + r2f (r)g"(0) = 0. )
If £(r)g(0)#0 then the following ratio must be a constant, defined here as /°:
[0+ O R0 g0 ©
r2f(r) g(0) ’
yielding the following linear homogeneous ordinary differential equations in r and 6, respectively:
oo (RS =o )
g"(0) + 72g(0) = 0. (8)
For a given value of 4, the general solution of Eq. (8) can be written as
g(0) = a. cos(10) + a; sin(10), 9)

where a. and a, are constants. The general solution of Eq. (7) can be written using the linearly
independent Bessel functions of the first kind, J;, and the second kind (also called Weber or
Neumann functions), N, as

Silkr) = c1Ji(kr) + 2N (kr), (10)

where ¢; and ¢, are constants. In the analysis of the solution u the following asymptotic
expansions for complex z— 0 are useful:

1 2\ 2 roy(2\* . .
~ — > ~_ ~ 7= .
D2 1)(2) (Re720), No()==Inz, N9z -~ <Z> (Re 1>0).  (11)
Hence, the general solution of Eq. (2) in form (4) can be written as
u(r,0) = (c1J,(kr) + N (kr))(a. cos(A0) + assin(A0)). (12)

2.2. Anisotropic Helmholtz-type equation

In this section, the general solution of the anisotropic Helmholtz-type equation is obtained
following an approach developed by MantiC et al. [29]. The approach is based on a change of
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variables, which transforms the anisotropic Helmholtz-type equation to the canonical form with
the same wave number, and on a subsequent application of the results from the previous section.
It has to be stressed that the final solution expressed in polar co-ordinates defined in the
anisotropic plane does not represent the solution corresponding to the separation of variables, as
given by Eq. (4), due to the presence of the angular variable in the argument of the Bessel
function, a fact that does not happen in the case of an isotropic medium.

Let K be a constant, symmetric and positive-definite matrix which defines the anisotropic
material properties in the domain Q<R?. Then, the anisotropic Helmholtz-type equation
recasts as

K0y, 0xu(x) + Ku(x) = 0, xeQ. (13)

Let the matrix L be defined as a factor in the symmetric decomposition of the inverse of the
matrix K, i.e.,

K'=L"L, K=L'@wHh (14)

It should be noted that the matrix L is not uniquely defined, see Ref. [29] for a discussion of the

usual definitions of L in the literature. Without any loss of generality it can be assumed that the
determinant |L| is positive. If the transformation of co-ordinates

Xi = Ljx;, (15)

is considered then the general solution of Eq. (13) in 2 is given by the general solution #(X) of the
isotropic (modified) Helmholtz-type equation

Ai(X) + K*i(X) = 0, (16)
in the transformed domain @ = LQ<R? via the following representation:
u(x) = a(Lx). (17)

The proof of the above statement follows directly from the following relation, see Refs. [29,30]:
K;j0y,0,,u(x) = Ail(X). (18)

Consider a curve I'c Q and denote by n(x) the unit normal vector at xeI” then the normal flux
through I' at x is given by the conormal derivative

q(x) = 0yu(x) = ni(x)K;;0y,u(X). (19)
The unit normal vector fi(X) to the transformed curve I’ = LI at X is expressed as, see Refs. [29,30]
L—l T
i) = LM here ng(x) = 1/n(x)TKn(x), (20)
ng(x)
whilst the transformed normal flux through I at X associated to problem (16) is given by
SN o eNAL e (x)
I = AR AR) = 12 1)
ng(x)

Consider now the polar co-ordinate system (7, 0) defined in the transformed plane in the usual
way, i.e. (X1, X») = (Fcos 0, 7sin 0). Starting from relation (15), it can be easily shown that

F=#r,0)=rp®), 0=2000), (22)
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where the radial scaling factor p(0) is a smooth periodic function with the period & given by, see

Ref. [29],
p(0) = 1/e(0)' K 'e(0) > 0, (23)

and e(0) = (cos 0, sin 0). It should be noted that in the particular case of an isotropic material p(0)
is constant. Although the value of the transformed angle 0 = 0(0) depends on the particular choice
of L, its derivative is independent of this choice and it is given by, see Ref. [29],

o 1
o /IKip*(0)
Substituting expression (12) into representation (17), the general solution of the anisotropic

Helmholtz-type equation (13) is obtained in the form
u(r,0) = 11 (krp(0) + caN,(krp(0)){accos(20(0)) + a, sin(20(0))}. (25)

24)

3. Corner singularities for Helmholtz-type equations

In this section, a procedure applied by Manti¢ et al. [29] is generalized in order to obtain the
singularity exponents and the singular solutions of Helmholtz-type equations for anisotropic
materials containing corners.

Let Q<R? denote an anisotropic homogeneous wedge domain of interior angle w, 0<w <27,
with the tip at the origin of co-ordinates and determined by two straight edges of angles 6, and 0,
respectively, where w = 0; — 6. Thus, Q = {xeR*|0<r<R(0),0,<0<0,}, where R(0) is either a
bounded continuous function or infinity. The value of the angle & of the transformed wedge
domain Q = LQ is given by (see Ref. [29]),

0 10

@ = 000)) — 0(0) = / %d() = 1+ sgn(w — n)arccos(
0o

e (0, )K_le(00)> , (26)

p(01)p(0o)

where sgn denotes the signum function. From relation (26), it follows that @ = w for the limit
values @ = 0 or v = 2n and also for w = n. If ® = /2 or v = 3n/2 and the wedge faces are
parallel to the orthotropy axes of the material then @ = w as well.

In what follows, the BVP in 2 defined by Eq. (13) is considered and homogeneous Neumann or
Dirichlet boundary conditions prescribed along the wedge edges. If it is assumed that Re 1>0,
then on taking into account relation (11) with z = krp(0) as r— 0, and the finite character of # in a
wedge tip neighbourhood, ¢; = 0 is obtained in Eq. (25). Hence the basis function of singular
solutions to the above BVP obtained from expression (25) can be written in the general form as

uS(r, 0) = 1, (krp(0){a, cos(20(0)) + a, sin(A0(0))}, (27)
where / is referred to as the singularity exponent.

The normal flux through a straight radial line defined by an angle 6 and associated to the
normal vector n(f) = (—sin 0, cos 0) is given, in view of (21), by

¢9(r,0) = ¢ 0ng(0), where g9, 0) = 0,497, 0), (28)
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and, by using Egs. (20;) and (23), it can be shown that

nk(0) = /nT(O)Kn(0) = v/[K|p(0). (29)

For the sake of convenience, solution (27) and flux (28) are re-written, respectively, as

uS(r, 0) = J,(krp(0)){a. cos(A(0(0) — 0(0y))) + ay sin(A(0(0) — 0(00)))}, (30)

4, 0) = @Jz(/ﬁp(@)){—ac sin(A(0(0) — 0(0o))) + a cos(4(0(0) — 0(60)))} . (1)
Possible values of 4 depend on the boundary conditions prescribed at the wedge edges. In this
study, four configurations of homogeneous Neumann (N) and Dirichlet (D) boundary conditions
at the wedge edges applied to expressions (30) and (31) are considered. Look at the conditions
which allow a nontrivial solution of the resulting system of equations under the assumption
Re 21>0.
Case I. N-N wedge

g9, 00) = ¢, 0)=0=a,=0 and sinAd=0= 1 = 1% for 1eNuU {0}, (32)

where N is the set of positive integers.
Case II: D-D wedge

US(r, 00) = uS(r,0) = 0 = a, = 0 and sin 1o = 0 = A = z% for 7eN. (33)

Case III: N-D wedge
4, 00) = uS(r,0)=0=a;,=0 and cos id =0= /. = <l — %)g for IeN.  (34)

Case 1V: D-N wedge
uS(r, 00) = ¢, 0)) =0=a. =0 and cos k> =0 = 1 = (1 — %)g for IeN.  (35)

It can be noticed that the above singularity exponents / are real and simple, and they coincide in
cases 1 and II, and III and IV, respectively. Using the above results, the general asymptotic
expansions for the singular solution of the anisotropic Helmholtz-type equation for a single wedge
corresponding to homogeneous Neumann and Dirichlet boundary conditions on the wedge edges
are obtained in the following form:

Case I. N-N wedge

) () - . T Do) — 0
u™(r,0) IE:() an;”’(r, 0) IE:O al la(krp(@))cos{l = (6(0) 9(90))}. (36)
Case I1I. D-D wedge

US(r, 0) = ZOO: au®(r,0) = i al, g(krp(Q))sin{l%(é(Q) _ é(@o))}. 37)
=1 @

=1
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Case III: N-D wedge
- - N\ 7w ~ ~
S(r, 0) = S(r, 0) = J S(krp(0 [—=)=00)—00) p. (38
u(r, 0) ; a”(r,0) = Y @l pyjatkrp(0))cosq (1= ) =(00) = 000) o (38)

=1
Case IV: D-N wedge

M(S)(r, 0) = Z alugs)(r, 9) = Z alJ(l*%) £~(k}’p(@))Sll’l{ (l — %)% (9(9) - 5(90))} (39)
=1 =1 ®

4. Modified boundary element method

Consider a two-dimensional bounded domain Q with a piecewise smooth boundary 62 which
contains a singularity at the origin O = (0,0) that may be caused by a change in the boundary
conditions at the origin and/or a re-entrant corner at the origin. For the simplicity of the following
explanations, it is assumed that the singularity point is located at the intersection of the Dirichlet and
Neumann boundary parts, see Fig. 1, although the method presented herein can easily be extended to
other local configurations or boundary conditions. Hence the problem to be solved recasts as

K0y, 05, u(x) + K*u(x) = 0, x€Q,
u(x) = (x), xel,, (40)
q(x) = o,u(x) = 4(x), xelly,

where I'y,ul'y=0Q, I',I[,#0, [,nI',=0, Oel',nI,, @t and § are the prescribed boundary
potential solution and flux, respectively, and we denote the closure of a set by an overbar.

X2

Fig. 1. A schematic diagram of the domain €, the singularity point O and the boundary conditions.
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In order to avoid numerical difficulties arising from the presence of the singularity in the
potential solution at O, it is convenient to modify the original problem before it is solved by
the BEM. Due to the linearity of the Helmholtz operator and the boundary conditions, the
superposition principle is valid and the potential solution u and the flux ¢ can be written as

u(x) = (u(x) — u9(x) + u®(x) = P (x) + u®(x), xeQ=QuoQ,

g(x) = (g(x) — ¢ x) + ¢¥(x) = P %) + ¢P(x), xeQ=QuaQ, (41)

where u®®)(x) is a particular singular potential solution of the original problem (40) which
satisfies the corresponding homogeneous boundary conditions on the parts of the boundary
containing the singularity point O and ¢®(x) = 6,u'S(x) is its conormal derivative. If appropriate
functions are chosen for the singular potential solution and its conormal derivative then the
numerical analysis can be carried out for the regular potential solution »®(x) and its conormal
derivative ¢®(x) = 6,u®(x) only. In terms of the regular potential solution #®(x), the original
problem (40) becomes

K0y, 05,u®(x) + K2u®(x) = 0, xeQ,
uB(x) = ii(x) — uS(x), xel,, (42)
gP(x) = 0,uP(x) = §(x) — ¢¥(x), xerl,.

The modified boundary conditions (42,;) and (423) introduce additional unknowns into the
problem, which are the constants of the particular potential solution used to represent the singular
potential solution. It should be noted that these constants are similar to the stress intensity factors
corresponding to an analogous problem for the Lamé system and, in what follows, they will be
referred to as “flux intensity factors”. Since the flux intensity factors are unknown at this stage of
the problem, they become primary unknowns.

In order to obtain a unique potential solution of the regular problem (42), it is necessary to
specify additional constraints which must be as many as the number of the unknown flux intensity
factors, i.e., one for each singular solution/eigenfunction included in the analysis. These extra
conditions must be applied in such a way that the cancellation of the singularity in the regular
potential solution is ensured. This is achieved by constraining the regular potential solution and/
or its conormal derivative directly in a neighbourhood of the singularity point O

uB(x) =0, xel',nB(O;¢) and/or ¢P(x)=0, xel,nB(0;e), (43)

where B(O;¢) = {x = (x1,x2) e R?| x?+ x§<s} and ¢ > 0 is sufficiently small.

For example, for problem (42) the singular potential solution and its normal derivative are
expressed, in terms of the polar co-ordinates (7, 0), as

L L
u9x) = u0,0)=>" aud(r,0), ¢9x) = ¢, 0= ag>r,0), (44)
=0 =0

respectively, where ugs )(r, 0) is given by Eq. (39), qgs)(r, 0) is obtained by taking the conormal
derivative of ugs (r,0), a5, [ =1, ..., L, are the unknown flux intensity factors and the following
convention has been made uf)S)(r, 0) =0 and qgs)(r, 0) = 0.
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The Helmholtz-type Eq. (42;) can also be formulated in integral form, see Refs. [31,32]
c(x)u®(x) +][ Oy E(x, y)u®(y) dI(y) = / Ex,y)¢Py) dI(y), xeQ, (45)
o0 o0

where the first integral is considered in the sense of the Cauchy principal value, ¢(x) = 1 for xe (2,
ox) = % for x at smooth parts of 02 and an explicit expression of ¢(x) for a corner point x € 6Q2 can
be taken from Manti¢ and Paris [30], and E is the fundamental solution for the Helmholtz-type
equation, which in two-dimensions is given by

E(xy) =+ WH(I)(kR) R=\/(x— 9K x—y), (46)

with H(()l) the Hankel function of order zero of the first kind. It should be noted that the BVPs for
Helmholtz-type equations are not always well-posed, in the sense that the integral equation (45)
does not necessarily have a unique solution for all wave numbers k, see Ref. [31]. More
specifically, the eigenvalues of the Laplacian operator need to be removed in order for the BVPs
associated with Helmholtz-type equations to be well-posed and, consequently, have a unique
solution. However, the wave numbers k for which the solution of the integral equation (45) is not
unique have been avoided for the examples presented and analyzed in the next section. A BEM
with constant boundary elements, see e.g. Refs. [33,34], is used in order to discretize uniformly the
problem given by the system of linear equations (42). If the boundaries I', and I';, are uniformly
discretized into N; and N, constant boundary elements, respectively, such that N = N; + N,, then
on applying (45) at each node on 022 and using the boundary conditions (42;) and (423), the
following relation is arrived at

N,
_ZI Bl/qj(R) Z Al,u(R) ZA’/ (u/ Zalu(5)>+ Z By (q/ Zalq ), (47)
=1

j=N+1 j=N1+1

where 4 = (4), <, ;<y and B = (By), ¢; <y are matrices which depend solely on the discretisation
of the boundary 02 and the material parameters. Eq. (47) represents a system of N linear

algebraic equatlons for (N —I-L) unknowns namely the discretised fluxes q j =1,...,N,
and solutions u , ] =N+ 1, , as well as the intensity factors a;, [ = 1, . L which can be
recast as

N N

Jj=Ni+1 =1 Jj=N1+1

=—Z At S B il N, (48)

J=Ni+1

Since system (48) is underdetermined, it is completed by L more equations which represent the
discretised versions of relation (43), i.e.,

u%?ﬂ—o, je{l,...,L}, orqg\ffl)ﬂj 0, je{l,...,L}, or

§§l’w+l)/2 0 (R =0, je{l,...,L}, jeven (49)

Jjeil,...,L}, jodd, and g =
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with the mention that in Eq. (49) the singular point O is located between the nodes N; and
(N + 1).

5. Numerical results and discussion

In this section, the numerical results obtained using the modified BEM proposed in Section 4
are illustrated by considering the following examples for both the isotropic Helmholtz and the
isotropic modified Helmholtz equations containing singularities:

Example 1. Consider the following mixed BVP in the rectangle Q = (—1,1) x (0, 1), see Ref. [26]
and Fig. 2(a),

Au(x) — u(x) =0, X = (x1,X2)€ L2,
q(x) = J,u(x) = 0, X = (x1,x2)el’y = (0,1) x {0}, (50)
u(x) = r~'2sinh(r)cos(0/2), x = (x1,x2)el, = 0\,
This problem has a singularity at the origin O = (0,0) and its analytical solution is given by
u“(r,0) = r~1/2 sinh(r) cos(0/2), (r,0)eQ. (51)

Example 2. Let Q =(—1,1) x (0,1)u(—1,0) x (—1,0] be an L-shaped domain and consider the
following Dirichlet BVP for the modified Helmholtz equation in €, see Ref. [27] and Fig. 2(b),

{ Au(x) —u(x) =0, x = (x1,x2)€EQ, 52
u(x) = u“(x), X = (x1,x0)el’, = 0Q,
where

u“(r, 0) = ' (r, 0) — 1.30 u$D(r, 0) — 1.70 u{7(r,0), (r,0)eQ (53)

is the exact solution of problem (52) with uES )(r, 0), [ = 1,2,4, given by relation (37).

Example 3. Let Q be the same as in the previous example, see Fig. 2(b), and consider the following
Dirichlet BVP for the Helmholtz equation in the domain :

{ Au(x) +u(x) =0, x=(x1,x2)eQ, (54)
u(x) = u@(x), X = (x1,x0)el’, = 0Q,
where

u@(r, 0) = ul¥(r, 0) — 1304V, 0) — 17045, 0),  (r,0)eQ (55)

is the exact solution of problem (54) with uES)(r, 0), [ = 1,2,4, given by relation (37).

The numerical results presented in this section have been obtained using a uniform discretisation
of the boundary 0Q with N =120 and 160 constant boundary elements for Example 1 and
Examples 2 and 3, respectively. These values have been found sufficiently large such that any
further refinement of the mesh size did not significantly improve the accuracy of the numerical
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Fig. 2. The geometry of the domain Q and the boundary conditions for the boundary value problems corresponding to
(a) Example 1, and (b) Examples 2 and 3, respectively.

results. In addition, in what follows, denote by u(L"”'") and q(L’”””) the numerical potential solution

and flux, respectively, which are obtained by subtracting the first corresponding L singular
potential solutions/eigenvectors

L
U (x) = P (x) + 1P (x) = P (x) + Z al¥(r,0), xeQ=Qua,
1=0

L
4000 = 4000 + 470 = ¢0) + 3 ag0,0), xeQ = QU0 (56)
=0
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with the convention that when L = 0 then the numerical potential solution and flux are obtained
using the standard BEM, i.e., without removing the singularity.

The first example investigated contains a singularity at the boundary point O = (0,0) where
there is a change in the boundary conditions. It should be noted that this singularity is of a form
which is similar to the case of a sharp re-entrant corner of angle w = 2n. This may be seen by
extending the domain Q@ = (—1,1) x (0, 1) using symmetry with respect to the x;-axis. In this way,
a problem is obtained for a square domain and a slit, namely = (—1, 1) x (—1, )\[0, 1] x {0} with
zero flux boundary conditions along the slit [0, 1] x {0} and Dmchlet condltlons on the remaining
boundary of Q. This problem may also be treated by considering the domain Q described above
with the mention that the singular eigenvectors (36) corresponding to Neumann—Neumann
boundary conditions along the slit must be used. However, the original domain 2 and the mixed
boundary conditions described in Eq. (50) have been considered in our analysis, i.e., w = 7.

Figs. 3(a) and (b) present the numerical potential solution on the boundary (0, 1) x {0} and flux
on the boundary (—1,0) x {0}, respectively, obtained for Example 1 when the standard and the
modified BEM are used, in comparison with their analytical values. From these figures it can be
seen that the numerical potential solution and flux do not approximate accurately their analytical
values in the neighbourhood of the singular point O = (0, 0) when no singular potential solutions are
subtracted, i.e., L = 0, with the mention that the numerical flux has an oscillatory behaviour in the
vicinity of the singularity. Once the modified BEM described in Section 4 is applied, the numerical
results for both the potential solution and the flux are considerably improved, even if only the first
singular potential solution corresponding to Dirichlet-Neumann boundary conditions on (—1, 1) x
{0} is removed, i.e., L = 1. The same pattern is observed if one continues to remove higher order
singular potential solutions in the modified BEM, i.e., Le {2, 3}, as can be seen from Fig. 3.

In order to describe quantitatively this phenomenon, define the normalized errors

4" (x) — ¢ ()|
max, a6 g (y)l

u™(x) = u(x)|
max, . o6 1@ (y)|

err(u(x)) = (57)

err(g(x)) =

for the potential solution and the flux, respectively, where 6Q denotes the set of the BEM nodes,
since on using these errors divisions by zero and very high errors at points where the potential
solution and/or the flux have relatively small values are avoided. Figs. 4(a) and (b) illustrate the
normalized errors err(u(x)) and err(g(x)), respectively, on a semi-logarithmic scale for xe(—1,1) x
{0}, obtained for various values of Le{0,1,2,3}. From these figures, as well as from Table 1
which presents the values of the normalized errors defined by Eq. (57) in the neighbourhood of the
singular point O = (0,0), it can be seen the major effect in terms of accuracy of the modified
BEM, namely a significant improvement in the accuracy of the numerical potential solution and
flux from O(10~1) to O(10~ 1) for err(u(x)) and from O(10°) to O(10~'#) for err(g(x)). As expected,
the errors in the numerical flux are larger than the errors in the numerical potential solution due to
the first order derivatives occuring in the representation of the flux.

Table 2 presents the numerical flux intensity factors, a;, obtained for Example 1 with various
Le{l,2,3}. It can be seen from this table that the values obtained for the flux intensity factors for
[>1 are close to zero and thls fact suggests that the singular potential solution uL)(r 0) is
dominated by its first term, u (r 0) for I = 1. Hence, in the case of Example 1, it is sufficient to
subtract only the first singular potential solution corresponding to Dlrlchlet—Neumann boundary
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solutions on the boundary (0, 1) x {0}, and (b) the analytical
fluxes on the boundary (—1,0) x {0}, obtained with N = 120 boundary elements and
by subtracting L=0 (---0---),L=1 (---O--), L=2 (---A---)and L = 3 (------) singular functions, for Example 1.
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Fig. 4. The normalized errors (a) err(u(x)) on the boundary (0, 1) x {0}, and (b) err(g(x)) on the boundary (—1,0) x

{0}, on a semi-logarithmic scale, obtained with N = 120 boundary elements and by subtracting L =0 (-0-), L =
1 (-0-),L=2(—A—-)and L =3 (—=%—) singular functions, for Example 1.

conditions on (—1,1) x {0}, i.e., L =1, in order to obtain very accurate numerical potential
solution and flux. Although not presented here, it is reported that the numerical potential solution
obtained on the remaining boundary of the domain @ has the same accuracy as that presented on
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Table 1
The values of the normalized error for the numerical solution err(uz(x)) and flux err(qr(x)), respectively, in the
neighbourhood of the singular point x = (0, 0) obtained with various L, for Example 1

X err(qo(x)) err(qi(x)) err(¢q2(x)) err(q3(x))
(—0.225,0.000) 0.72 x 1073 0.11 x 10713 0.11 x 10713 0.12 x 10713
(—0.175,0.000) 0.30 x 107! 0.11 x 10°13 0.11 x 10713 0.11 x 10713
(—0.125,0.000) 0.50 x 107! 0.49 x 10714 0.51 x 10714 0.51 x 10714
(—0.075,0.000) 0.27 x 10° 0.14 x 10~ 0.98 x 1013 0.70 x 1013
(—0.025,0.000) 0.57 x 10° 0.12 x 10714 0.56 x 1013 0.50 x 101
err(uo(x)) err(ui(x)) err(uz(x)) err(uz(x))
(0.025,0.000) 0.40 x 107! 0.26 x 10713 0.37 x 10716 0.41 x 10713
(0.075,0.000) 0.21 x 107! 0.74 x 10716 0.37 x 10716 0.93 x 10~
(0.125,0.000) 0.13 x 107! 0.37 x 10716 0.37 x 10~1° 0.11 x 10714
(0.175,0.000) 0.93 x 1072 0.37 x 1013 0.37 x 1013 0.82 x 10713
(0.225,0.000) 0.64 x 1072 0.74 x 10716 0.11 x 10713 0.14 x 10~
Table 2
The values of the flux intensity factors g; obtained with N = 120 boundary elements and various L, for Example 1
L a @ as
1 0.17724 x 10! — —
2 0.17724 x 10! 0.12423 x 1013 —
3 0.17724 x 10! —0.14319 x 10713 0.95353 x 10~

the boundary adjacent to the singular point, thus approximating very accurately the analytical
potential solution.

Both the second and the third examples investigated in this paper contain a singularity at the
origin O = (0,0) which is caused by a sharp corner in the boundary, as well as by the nature of the
analytical potential solutions corresponding to these problems, i.e., the analytical potential
solutions are given as linear combinations of the first four singular potential solutions satisfying
homogeneous Dirichlet boundary conditions on the edges of the wedge. The analytical and the
numerical fluxes on the boundaries {0} x (—1,0) and (0,1) x {0} obtained for Example 2 by
subtracting L€ {0, 1,2, 3,4} singular solutions are illustrated in Figs. 5(a) and (b), respectively. As
expected, the numerical flux obtained using the standard BEM, i.e. L = 0, exhibits very high
oscillations in the neighbourhood of the singular point and hence it represents an inaccurate
approximation for the analytical flux. Moreover, from Fig. 5 it can be seen that oscillations in the
numerical flux occur even far from the singularity, namely in the vicinity of the points x = (0, —1)
and (1,0). This problem can be overcome if instead of the standard BEM, the modified BEM
described in the previous section is employed with L>1. From Fig. 5 it can be noticed that the
accuracy in the numerical flux is significantly improved even for L = 1 and a very good accuracy
in the numerical flux on the boundary adjacent to the origin is attained as L approaches four, i.c.,
the number of singular solutions satisfying homogeneous Dirichlet boundary conditions on the
edges of the wedge used in expression (53) for the analytical solution. A similar conclusion can be
drawn from Table 3 which presents the normalized error for the flux in the neighbourhood of the
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Fig. 5. The analytical ¢ (—-) and the numerical q(Lm’m) fluxes (a) on the boundary {0} x (—1,0), and (b) on the

boundary (0,1) x {0}, obtained with N = 160 boundary elements and by subtracting L=0 (--), L=1 (-0-),
L=2(-A-),L=3(—*—)and L =4 (— x —) singular functions, for Example 2.

origin and, in addition, it can be seen from this table that the numerical flux in the vicinity of the
singular point, obtained using the modified BEM with L>4, is very accurate in comparison with
its analytical value.
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The values of the normalized error for the numerical flux err(g.(x)) in the neighbourhood of the singular point

x = (0,0) obtained with various L, for Example 2

X err(qo(x)) err(qi(x)) err(qx(x)) err(qs(x)) err(qa(x)) err(qs(x))

(0.000, —0.225) 0.42 x 1072 0.11 x 1072 0.22 x 107! 0.23 x 107! 0.75 x 10712 0.14 x 10712
(0.000, —0.175) 0.31 x 107! 0.46 x 1072 0.41 x 102 0.45 x 1072 0.14 x 10~"2 0.15x 10713
(0.000, —0.125) 0.45 x 10! 0.46 x 102 0.58 x 1073 0.52 x 1073 0.19 x 10713 0.45 x 1071
(0.000, —0.075) 0.23 x 10° 0.28 x 10! 0.19 x 1072 0.19 x 1072 0.63 x 10713 0.16 x 10713
(0.000, —0.025) 0.62 x 10° 0.80 x 10~ 0.23 x 1072 0.23 x 1072 0.80 x 10°13 0.14 x 1013
(0.025,0.000) 0.16 x 10° 0.11 x 10~ 0.20 x 1072 0.20 x 1072 0.73 x 10713 0.25x 10713
(0.075,0.000) 0.14 x 107! 0.70 x 1072 0.10 x 1072 0.11 x 1072 0.35x 10713 0.11 x 10713
(0.125,0.000) 0.26 x 10~ 0.65 x 1072 0.55x 1073 0.61 x 1073 0.33 x 10713 0.74 x 10~
(0.175,0.000) 0.23 x 107! 0.53 x 1072 0.15x 1073 0.21 x 1073 0.97 x 1071 0.14 x 10713
(0.225,0.000) 0.18 x 107! 0.45 x 1072 0.18 x 1073 0.12 x 1073 0.16 x 10713 0.82 x 10714

Table 4
The values of the flux intensity factors ¢; and the absolute error Err(a;) obtained with N = 160 boundary elements and
various L, for Example 2

L a Err(a;) as Err(ar) as Err(az) as Err(as)
1 0.88089 0.11 x 10° — — — — —
2 0.99841 0.15 x 1072 —1.31168 0.11 x 107! — — — —
3 0.99855 0.14 x 1072 —1.31075 0.10 x 107! —0.03971 0.39 x 1072 — —
4 1.00000 0.52 x 10713 —1.30000 0.42 x 10712 0.00000 0.78 x 10712 —1.69999 0.34 x 1010
5 1.00000 0.16 x 10713 —1.30000 0.20 x 10712 0.00000 0.12 x 10712 —1.70000 0.85 x 10~
The absolute error for the flux intensity factors a;, 1</<L, can also be defined as
Err(a) = |a/"" — a, 1<I<L (58)

in order to study the numerical retrieval of the flux intensity factors from a quantitative point of
view. Table 4 presents the absolute errors Err(a;), 1<[<4, as functions of the number L of
singular solutions removed using the modified BEM, as well as the numerically retrieved flux
intensity factors ag"”m) for 1</<4. From this table it can be concluded that the numerical flux
intensities converge to their exact values as the number L of singular solutions subtracted
increases, with the mention that the value L = 4 is sufficient in the case of Example 2 for obtaining
very accurate numerical estimates for the flux intensity factors.

In Example 3 a singular BVP similar to that presented in Example 2 is analysed, but for the
isotropic Hemholtz equation. Figs. 6(a) and (b) show the analytical and the numerical fluxes on
the boundaries {0} x (—1,0) and (0, 1) x {0}, respectively, obtained for Example 3 when the
standard BEM is employed, i.e., L =0, as well as when the modified BEM is used, i.e.,
Le{l,2,3,4}. Also in this case, the numerical flux obtained when L =0 is an inaccurate
approximation for the analytical flux, at the same time giving rise to oscillations in the vicinity
of the singular point O = (0,0). Again, this problem can be overcome by using the modified

BEM presented in Section 4 and, consequently, the numerical flux q(L"”m) approaches its analytical
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Fig. 6. The analytical ¢ (—) and the numerical ¢;"" fluxes (a) on the boundary {0} x (—1,0), and (b) on the
boundary (0, 1) x {0}, obtained with N = 160 boundary elements and by subtracting L=0 (-O—-), L=1 (—0-),
L=2(-A-),L=3(—x—)and L =4 (— x —) singular functions, for Example 3.

value ¢? as L increases, as can be seen from Fig. 6, with the mention that L>4 ensures
very good numerical results for the flux not only far from the singularity, but also in its
neighbourhood.
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Fig. 7. The normalized error err(¢(x)) (a) on the boundary {0} x (—1,0), and (b) on the boundary (0, 1) x {0}, on a

semi-logarithmic scale, obtained with N = 160 boundary elements and by subtracting L=0 (-O—-), L=1 (-0-),
L=2(-A-),L=3(—%x—),L=4(— x—)and L =5 (— + —) singular functions, for Example 3.

In Figs. 7(a) and (b) the normalized errors err(q(x)) retrieved for xe{0} x (—1,0) and
xe(0,1) x {0}, respectively, when Le {0, 1,2, 3,4} singular solutions are subtracted are shown on
a semi-logarithmic scale, whilst Table 5 presents their values obtained using the modified BEM in
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Table 5
The values of the normalized error for the numerical flux err(g.(x)) in the neighbourhood of the singular point
x = (0,0) obtained with various L, for Example 3

x (@) em@(x) (@) er®)  ern(ga(x) err(gs(x))
(0.000, —0.225) 0.25 x 1072 0.12 x 10° 0.23 x 107! 0.25 x 107! 0.56 x 10712 0.60 x 10713
(0.000, —0.175) 0.28 x 107! 0.31 x 107! 0.41 x 102 0.46 x 1072 0.94 x 10713 0.28 x 10713
(0.000, —0.125) 0.46 x 107! 0.54 x 1072 0.79 x 1073 0.76 x 1073 0.23 x 10713 0.11 x 10713
(0.000, —0.075) 0.23 x 10° 0.20 x 102 0.20 x 1072 0.21 x 1072 0.49 x 10713 0.80 x 10714
(0.000, —0.025) 0.60 x 10° 0.42 x 1072 0.23 x 1072 0.25 x 1072 0.62 x 10713 0.15x 10713
(0.025,0.000) 0.18 x 10° 0.81 x 1072 0.15x 1072 0.17 x 1072 0.46 x 10713 0.80 x 10~ 14
(0.075,0.000) 0.63 x 1073 0.81 x 1072 0.87 x 1073 0.10 x 1072 0.19 x 10713 0.10 x 10713
(0.125,0.000) 0.17 x 107! 0.69 x 1072 0.49 x 1073 0.62 x 1073 0.59 x 1014 0.95 x 10714
(0.175,0.000) 0.15x 107! 0.54 x 1072 0.19 x 1073 0.31 x 1073 0.35x 10714 0.40 x 10~ 14
(0.225,0.000) 0.11 x 107! 0.44 x 1072 0.64 x 1074 0.47 x 1074 0.50 x 10~ 14 0.46 x 10714
Table 6

The values of the flux intensity factors ¢; and the absolute error Err(a;) obtained with N = 160 boundary elements and
various L, for Example 3

L a Err(ay) a Err(ay) as Err(az) as Err(ay)

1 1.11546  0.11 x 10° — — — — — —

2 1.00130  0.13 x 1072 —1.31168  0.11 x 107! — — — —

3 1.00111 0.11 x 1072 —1.30963  0.96 x 1072 —0.03033  0.30 x 107! — —

4 1.00000  0.32 x 1013 —1.30000  0.30 x 102 0.00000  0.14 x 10~'2  —1.70000  0.24 x 10°10
5 1.00000  0.11 x 10~ —1.30000  0.88 x 10713 0.00000  0.79 x 10~13 —1.70000  0.12 x10~!!

the vicinity of the origin. From both Fig. 7 and Table 5, it can be seen that the numerical flux
converges to its analytical value as L increases, the value L >4 is sufficient for retrieving very good
numerical approximations for the flux and the modified BEM gives rise to numerical fluxes free of
oscillations in the neighbourhood of the singular point O = (0,0). In Table 6 is presented the
absolute errors Err(a;), 1 <I<4, given by Eq. (58) and the numerical flux intensity factors agm'm) ,
1</<4, obtained for Example 3 with various Le {1,2,3,4,5}. From this table it can be noticed
that the numerical flux intensities converge towards their exact values as L increases and the errors
for these flux intensity factors are significantly improved for L>4.

Overall, from the numerical results presented in this section it can be concluded that the
modified BEM proposed in Section 4 is a very suitable method for solving BVPs exhibiting
singularities caused by the presence of sharp corners in the boundary of the solution domain and/
or abrupt changes in the boundary conditions, for both the Helmholtz and the modified
Helmholtz equations in the isotropic case. The numerical potential solutions and fluxes retrieved
using this singularity subtraction technique are very good approximations for their analytical
values on the entire boundary, they are exempted from oscillations in the neighbourhood of the
singular point and there is no need of further mesh refinement in the vicinity of the singularities.
Although not illustrated numerically here, it should be noted that the proposed modified BEM
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has given very accurate results for some other tested cases, including multiple singularity points
and multiply connected domains for isotropic Helmholtz-type equations.

6. Conclusions

In this paper, the treatment of singularities in both isotropic and anisotropic Helmholtz-type
equations has been investigated. The singular solutions corresponding to isotropic Helmholtz-
type equations have been revised, whilst the singular solutions for the anisotropic case have been
derived using an approach based on a change of variables which reduces the anisotropic
Helmbholtz-type equations to the canonical form with the same wave number. It has been shown
that this method is suitable for overcoming the slow convergence rate for the standard BEM due
to singularities caused by the presence of sharp corners in the boundary of the solution domain
and/or the changes in the boundary conditions. Consequently, the standard BEM with constant
elements has been modified in order to take account of the singularity, without an appreciable
computational effort. The main advantages of this method, apart from those derived directly from
the BEM, i.e., the discretization of the boundary only and the reduction of the dimension of the
original problem are: (i) the considerable improvement in the accuracy of the numerical solution
in the neighbourhood of the singular point, (ii) the reduced additional computational effort, (iii)
the possibility of a straightforward implementation for other boundary elements, such as
continuous linear, continuous quadratic, discontinuous linear and discontinuous quadratic
boundary elements and (iv) further mesh refinement in the vicinity of the singularity is not
necessary anymore. The method presented in this study and illustrated by three numerical
examples can be easily and successfully applied to multiple singularity points and multiply
connected domains, as well as to anisotropic Helmholtz-type equations, and it can be extended
to the wave propagation in elastic isotropic and anisotropic corners, but these are deferred to
future work.
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