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True and spurious eigensolutoins for membrane and plate
problems by using method of fundamental solutions

Jeng-Tzong Chéh andYing-Te Leég?

Abstract: In this paper, the method of fundamental solutions is utilized to solve free vi-
bration of membrane and plate problems. Single and double-layer potential approaches
are both considered for the membrane problem andﬁa (@tions by adopting two po-
tentials from the single, double, triple and quadruple potentials are chosen for the plate
problem. Spurious eigenvalues appear in the method of fundamental solution for the
multiply-connected domain. The occurring mechanism of the spurious eigenvalues for
membrane and plate problems is studied analytically by an annular case. The degenerate
kernels and circulants are utilized to derive the true and spurious eigenequations analyti-
cally in the discrete model. True eigenequation depends on the boundary condition while
spurious eigenequation relies on the formulation. The remedy, Burton & Miller method,
is employed to suppress the occurrence of the spurious eigenvalues. Two examples are
demonstrated to check the validity of the present formulations.

Keywords: method of fundamental solutions, eigenproblem, degenerate kernel, circulant,
Burton & Miller method

1 Introduction

It is well known that the method of fundamental solutions (MFS) can deal with en-
gineering problems when a fundamental solution is known. This method was attributed
to Kupradze in 1964 [1]. The method of fundamental solutions can be applied to poten-
tial [2], Helmholtz [3], diffusion [4], biharmonic [5], Stokes [6] and elasticity problems
[1]. The method of fundamental solutions can be seen as one kind of meshless method.
The basic idea is to approximate the solution by a linear superposition of fundamental
solution with sources located outside the domain of the problem. Moreover, it has some
advantages over boundary element method, e.g., no singularity, no boundary integrals
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and mesh-free model. However, only a limited number of MFS papers have been pub-
lished for problems of multiply-connected domain. Spurious eigenvalue has not been
noticed in the MFS [7]. In this paper, the true and spurious eigenequations for membrane
and plate eigenproblems of multiply-connected domains will be analytically and numer-
ically studied by using the method of fundamental solutions. In the conventional MFS,
only the single-layer potential approach is utilized. Based on the potential theory, two
approaches (single and double-layer potential methods) are adopted for membrane prob-
lems. For plate problems, four potentials (single, double, triple and quadruple potentials)
can be chosen and 6:3() options can be considered. The spurious eigenvalue appears
in the membrane and plate problems. The occurring mechanism of the true and spurious
eigenequations will be studied analytically by using mathematical tools such as degener-
ate kernel, circulant and singular value decomposition (SVD). We will utilize the Burton

& Miller method to suppress the occurrence of the spurious eigenvalues for membrane
and plate problems. Two examples will be demonstrated to see the validity of the present
approaches.

2 Analysis of membrane and plate eigenproblems using
the method of fundamental solutions

The governing equations for membrane and plate eigenproblems are shown as follows:

fu— (0% +K)u(x) =0, x€ Q for the membrane problem (1)
Tl (D4 =AMu(x) =0, xeQ for the plate problem

where0? is the Laplacian operatof}* is the biharmonic operatof) is the domaink

is the wave number which is the angular frequency over the speed of sbusdhe
frequency parameter anx) is the field potential at. Here, we consider the fundamental
solutionU (s,x) as

U [ iJo(kr) —Yo(kr) for the membrane problem
(8%) = 8—%2{[Y0()\r) —iJo(Ar)] + 2[Ko(Ar) —ilo(Ar)] } for the plate problem (2)

wherer = |s— x| is the distance between the source and collocation pafts,—1, J,
denotes the first-kind Bessel function of tiith order,Y,, denotes the second-kind Bessel
function of thenth order,|,, denotes the first-kind modified Bessel function of titk

order andK,, denotes the second-kind modified Bessel function ofhtheorder.

For the purpose of deriving the exact eigensolution, an annular domain is considered.
The radii of inner and outer circles ageandb for the real boundary, and the sources
are distributed on the innea’j and outer I) fictitious circles as shown in Figure 1. For
simplicity, the membrane problem subject to the Dirichlet-Dirichlet boundary condition
is considered by using the single-layer potential approach. We distributeocation

points on each boundary. The influence matrices can be easily determined by the two-
point function. By matching the boundary condition, we have

{0} = Ui ey} + Ui e}, ©)
{0} = [UF e} + U@}, (4)
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where the first superscript” in [Ui?B] denotes the position of collocation point (1 for
B; and 2 forB;), the second superscripf™ identifies the position of source point (1
for B} and 2 forBY), {cp}} and {(p]?} are the unknown coefficients on the inner and outer

boundaries, respectively. By assembling Egs.(3) and (4) together, we have

swoa{ 1=k ok [ {3 }-{0}

where the subscriptD1” denotes the Dirichlet-Dirichlet problem by using the single-
layer potential approach. For the existence of nontrivial solution, the determinant of the
matrix must be zerd,e,,

detSMpy] = 0. (6)

By plotting the determinant versus the wave number, the curve drops at the positions of
eigenvalues.

In order to check the validity of this approach, the plate problem subject to the clamped-
clamped case on the outer cir@g (u, = 0 andd, = 0) and the inner circl8; (u; = 0 and

81 = 0) is considered by using the-© formulation. By matching the boundary condition,

we have

01 _ [ULl UL2]f @ o011 0127 4y ,
{0} B {UZl U22Hq&}*{@21 922}{¢2}7 (7)

(5} - [ ezl{a) (2 ml(n) o

0 U2l U22% (0% 021y O22% Yo [’

where{@;}, {W1}, {®} and{Y,} are the generalized coefficients 1 andB, with a
dimension A x 1, the matricedJij], [Qij], [Uijg] and[Bijg] mean the influence matrices

of U, ©, Ug and®g kernels [8] which are obtained by collocating the field and source
points onB; and B’j with a dimension Rl x 2N, respectively. Similarly, the determinant

of the matrix which is obtained by assembling Egs.(7) and (8) versus the eigenvalue must

be zero for the existence of nontrivial solutions. By plotting the determinant versus the
frequency parameter, the curve drops at the positions of eigenvalues.

3 Mathematical tools

3.1 Degenerate kernel

The kernel function used can be typically expressed in terms of degenerate kernel as
follows:

U'(s,X) = Yo -Cm(k9Rm(kx), xe€ Q,
Uisx) = { US(s.X) = 350 1-Crn(kXRm(ks), x€ Q°, ®)
whereQ' andQ® are the interior and exterior domains, respectively.
For the membrane case, Eq.(9) reduces to
U'RB:P.@ = 5 In(ke)(idm(kR) —Ym(kR))cogm(®—g)), R>p, (10)
m=—oo

US(R B;p,0) = _i In(kR)(iIIm(kp) — Ym(kp))cogm(®@ —@)), R<p. (11)
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The degenerate kernel of the plate problem is
. 1 * .
U'(RB;p,0 = e é:Zm{Jg (AP)[Y/(AR) —iJ;(AR)]

+2(-1)100) (1)K OR) ~ AR cos /(8 —9) R>p,  (12)

1

UREP = g 3 (HORINO) 3,00

201 OR(-1'Ki(Ap) ~il (Ap)] oS0~ @) R<p,  (13)

wherex = (p,@) ands= (R, 9).

3.2 Circulant
By superimposing ® lumped strength along the fictitious boundary, we have the influence matrix,
[ a a @ - N2 N1 |
AoN-1 aQ a1 -+ AN-3 WN-2
U] = @N-2 @N-1 8 - @N-4 aN-3 (14)
| a1 az ag -+ aN-1 a |

The matrix,[Ujj], is found to be a circulant. By introducing the following bases for the ciruclants,
I, (Con), (Con)?, -+ -, and(Con) N1, we can expandU] into

U] = aol +a1(Con)* +a(Con)?+ - +aon-_1(Con) N2, (15)

wherel is the unit matrix and

010 00
001 00

Cn=1|:1 ¢ & . 1 . (16)
000 01
100 0 0 |,.on

Based on the circulant theory, the eigenvalues for influence métrixis found as follows:
N = agtaoy+an(ay)i4 - +am 1(0)Nt r=041,+£2--- ,£(N-1),N, (17)

whereA, anda, are the eigenvalues for matricgs] and|[Cay], respectively.

4 Numerical results and discussions

Example 1 An annular membrane with the inner radius of 0.5 meter and the outer radius of 2
meter are considered, respectively. The source points are distribuaee &t4m andb’ = 2.2m.

The outer and inner fictitious boundaries are both distributed 36 nodes as shown in Figure 1,
respectively. Figures 2(a) and (b) show the determinant versus wave number by using the single-
layer potential approach and double-layer potential approach, respectively. The drop location
indicates the possible eigenvalues. As expected, the spurious eigenvalue of KB;6k@l) & 0)

for the single-layer potential approach and k=4.6](kd) = 0) for the double-layer potential
approach appear. Figure 2(c) shows the determinant versus wave number by using the Burton &
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Miller method for the annular membrane where the spurious eigenvalues are suppressed. After
comparing the result with the analytical solution, good agreement is made.

Example 2 An annular plate with the inner radius of 0.5 meter and the outer radius of 1 meter
are considered, respectively. The source points are distribu#d=ad.4m meter andd’ = 1.2m

meter. Forty-six nodes are uniformly distributed on the inner and outer fictitious boundaries.
Figure 3(a) and (b) shows the determinant versus frequency parameter by usihg-tBeand

M —V formulations, respectively. The drop location indicates the possible eigenvalues. Figure
3(c) shows the determinant versus frequency parameter by using the Burton & Miller method for
the annular plate. It is found that the appearance of spurious eigenvalues is suppressed. After
comparing the result with the analytical solution, good agreement is made.

5 Conclusions

Mathematical analysis has shown that spurious eigenvalues occur by using degenerate kernels and
circulants when the method of fundamental solutions was used to solve the eigenvalue of annular
membrane and plate. The positions of spurious eigenvalues for the annular problem depend on the
location of inner fictitious boundary where the sources are distributed. The spurious eigenvalues
in the annular problem are found to be the true eigenvalues of the associated simply-connected
problem bounded by the inner sources. Finally, we have successfully employed the Burton &
Miller method to filter out the spurious eigenvalues for membrane as well as plate problems.
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