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Construction of Green’s function using null-field integral
approach for Laplace problems with circular boundaries

Jeng-Tzong Chen' 2, Jia-Nan Ke' and Huan-Zhen Liao'

Abstract: A null-field approach is employed to derive the Green’s function for
boundary value problems stated for the Laplace equation with circular boundaries.
The kernel function and boundary density are expanded by using the degenerate
kernel and Fourier series, respectively. Series-form Green’s function for interior
and exterior problems of circular boundary are derived and plotted in a good agree-
ment with the closed-form solution. The Poisson integral formula is extended to
an annular case from a circle. Not only an eccentric ring but also a half-plane
problem with an aperture are demonstrated to see the validity of the present ap-
proach. Besides, a half-plane problem with a circular hole subject to Dirichlet and
Robin boundary conditions and a half-plane problem with a circular hole and a
semi-circular inclusion are solved. Good agreement is made after comparing with
the Melnikov’s results.

Keywords: degenerate kernel, Fourier series, Green’s function, null-field approach
and Poisson integral formula.

1 Introduction

Green’s function has been studied and applied in many fields by mathematicians as
well as engineers [Jaswon and Symm (1977); Melnikov (1977); Yang and Tewary
(2008); Yang, Wong and Qu (2008)]. According to the superposition principle, the
problems with distributed loading can be easily solved. The main difference from
the fundamental solution (free-space Green’s function) is that it not only satisfies
the governing equation with a concentrated source but also matches the bound-
ary condition of bounded domain. Poisson integral formula was constructed after
the special Green’s function is obtained. It is well known that the kernel function
in the Poisson integral formula is the normal derivative of the Green’s function
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for the Dirichlet problem of a circle. For deriving the Green’s function, Thomson
[Thomson (1848)] proposed the concept of reciprocal radii to find the image source
to satisfy the homogeneous Dirichlet boundary condition. A Green’s function for
a continuously non-homogeneous saturated media has been presented [Seyrafian,
Gatmiri and Noorzad (2006)]. On the other hand, Chen and Wu [Chen and Wu
(2006)] proposed an alternative way to find the location of image through the de-
generate kernel. For a complicated domain, the closed-form Green’s function as
well as series form is not easy to obtain. Analytical Green’s functions have been
presented for only a few configurations in two-dimensional applications and require
complex variable theory. Numerical Green’s function has received attention from
BEM researchers by Telles et al. [Telles, Castor and Guimaraes (1995); Guimaraes
and Telles (2000); Ang and Telles (2004); Melnikov (2001)]. Melnikov used the
method of modified potential (MMP) to calculate the Green’s function of eccentric
ring and half-plane problems with a circular boundary. Boley [Boley (1956)] ana-
lytically constructed the Green’s function by using the successive approximation.
Adewale [Adewale (2006)] proposed an analytical solution for an annular plate
subjected to a concentrated load which also belongs to the Green’s function.

In this paper, we focus on the null-field approach to determine the Green’s function
for problems with circular boundaries. Green’s functions for annular, eccentric
case and half-plane problems with a circular hole or an aperture and a semi-circular
inclusion are found semi-analytically. Analytical and semi-analytical solutions for
the annular case are checked by each other. The results of eccentric case and half-
plane problems with a circular hole or an aperture and a semi-circular inclusion are
compared with those by Melnikov.

2 Derivation of the Green’s function for Laplace problems with circular bound-
aries

2.1 Problem statement and null-field integral approach to construct the Green’s
Jfunction

For a two-dimensional problem with circular boundaries as shown in Fig. 1, the
Green’s function satifies

VIG(x,E)=8(x—&), xeD, )

where D is the domain and §(x — &) denotes the Dirac-delta function of source at
&. For simplicity, this problem is subject to the Dirichlet boundary condition

G(x,E)=0, x€B, (2
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Figure 1: Green’s function for a Laplace problem with circular boundaries

where B is the boundary. In order to employ the Green’s third identity [Rashed
(2004)] as follows

J[ 109900 v Puclane) = [ [ 25 v P asg, )
D

B

we need two systems, u(x) and v(x). We choose u(x) as G(x,&) and set v(x) as the
fundamental solution U (x, s) such that

VU (x,5) =218 (x —s). 4)
Then, we can obtain the fundamental solution as follows
U(s,x) =1nr, (5)

where r is the distance between s and x (r = |x — s|).

After exchanging with the variables x and s, we have
dG(s,
216(5.8) = [1(:06(.8)a6) ~ (V970 vy, ©
B B ’
where T (s,x) is defined by

U (s,x
T(s,x)= 8(n ),

(N
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in which n; denotes the outward normal vector at the source point s. To solve
the above equation, we utilize the null-field integral equation to derive the Green’s
function. To solve the unknown boundary density dG/dn;, the field point x is
located outside the domain to yield the null-field integral equation as shown below:
G
0= / T(5,%)G(s, & )dB(s) —/U(s,x)a(s’é)dB(s) LUEX), xeDC ®8)
B B Ny
where D¢ is the complementary domain. By using the degenerate kernels, the BIE

for the “boundary point” can be easily derived through the null-field integral equa-
tion by exactly collocating x on B in Eq. (8) [Chen, Shen and Chen (2006)].

2.2 Expansion of kernel function and boundary density

Based on the separable property, the kernel function U (s, x) can be expanded into
series form by separating the field point x(p,¢) and source point s(R,6) in the
polar coordinates:

U'(R,0;p,¢)=InR— ¥ L (B)"cosm(6—¢), R>p

U(s,x)= m
(-9 1 (%) cosm(6—¢), p>R
1

©))

MSIiMS

Ue(R79§P>¢) =Inp —

m

It is noted that the leading term and the denominator in the above expansion in-
volve the larger argument to ensure the log singularity and the series convergence,
respectively. According to the definition of T'(s,x)in Eq. (7), we have

T'(R.6:p.0) = g+ X (grr)cosm(0—9), R>p

T(s,x) = w
TR 6:p,0) = 5 (5 )cosm(8-0),  p >R

10)

The unknown boundary densities can be represented by using the Fouries series as
shown below:

G(sp, &) =db+ 2 (d* cosn6 + brsinn6y), s € By, k=1,2,--- N, (11)

n=1

9G(sk,S)

5 =pb+ Y (pkcosnb +dksinndy),, si€ By, k=1,2,---,N, (12)
g n=1

where N is the number of circular boundaries. In real computation, the finite num-
ber of M terms for expansion of kernel and boundary density are adopted.
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Figure 2: (a): Problem statement of Green’s function for annular case; (b): Green’s
function for the annular case (analytical solution, M=50); (c): Green’s function for
the annular case (semi-analytical solution, M=50)

3 Series representation for the Green’s function of annular case

For the annular case as shown in Fig. 2(a) subject to the Dirichlet boundary con-
dition, the unknown Fourier series can be analytically derived. By collocating x on
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b*,¢) and (a—, ), the null-field equations yield
q y

0= (1 —2mbpy — 2mapy)Inb

> 1 R,
—r’;lm{[bnpm+a7r(2)mﬁm+(b‘)mcosmes]cosm([)
R, . )
—l—[bnqm+a7t(%)mcjm+(3)”’S1nm9‘g]smm¢},x—>(b*,d)) (13)

0= (InR, — 27bInbpy — 2malna po)

N

— 1 a a
-y %{[bn(z)mpm-kcmﬁm%—(R—)mcosmes] cosmeo
m=1

n [bn(%)mqm tangm + (Ri)’" sinm6,]sinmo},x — (a~,9) (14)

N

where a and b are the inner and outer radii, respectively. For the Dirichlet case, the
explicit form for the unkown Fourier series can be obtained as

Ina—InR;
{pol = { e (15)
Po 2ra(lnb—Ina)
pm=1 cos;ner[bm(%)”’fam(%)m]
Pm | _ (b2 —a?m\ g
{ﬁm} - meOSmOS[bm(Rix)mfam(%)m] (16)

a(me _a2m)n-

! Sinme.v[bm(%)m—a’”(l%)m]

dm _ (me_azm)n
{qm} - b sinm6y[b" ()" —a" (5 )] 17

a(me _a2m)n-

where pu, gm, Pm and g, are the Fourier coefficients of boundary densities for
normal flux as shown below:

t(s) =Y, (PmcosmO + g, sinmf), s € inner boundary (18)
m=0
t(s) =Y, (pmcosmO + g, sinmf), s € outer boundary (19)

m=0
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By substituting all the boundary densities into the integral representation for the
domain point, we have the series-form Green’s function as shown below:

G(x,8) = —(blnb po+alnp py)

+2 —{ pm+a(p> D] cosm
12+ yausinmoy + "R EL < p < o)
b dm ap dm m o , asp=s
If we expand the In |x — &| function, we have
|
G(x,&) = <b1nbpo+a1nppo—§—,’j>
R; ., cosmb;
+ — m+a m— (— cosm
Z { "p (p) P = ()" = Jcosmo
Pm a.,, . Ry, Sinmo;
+16() qm+a(5) qm—(g) [sinmg}, Ry<p<b (21)
InR;
G(x,&) = (bInb po+alnp po——°)
| Pm a P\ COsmO
+mzl%{[b(5) Pm+a(p) (R )" Jcosm¢
sinm6;

)+ a5 G~ ()" ]sinme), a<p <R, (22)

Also, two limiting cases are our concern. One is the interior case of a to zero and
the other is the exterior case of b to infinity. Now we move to solve the solution
w(x) for the following partial differential equation

Viw(x)=0, xeD, (23)
subject to the following Dirichlet boundary condition

w(x) = f(x), x €& inner boundary B (24)
w(x) =g(x), x € outer boundary B, (25)

To extend the Poisson integral formula to an annular case for Eq. (20) subject to
BCs of Egs. (24) and (25), we have

2mw(x) = / a(;(;s’x) w(s)dB(s) (26)

B\+B,
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where G(s,x) is the derived Green’s function of Eq. (20). Equation (26) indicates
the representation for the solution in terms of general Poisson integral formula.

Although the series-form Green’s function for an annular case is derived analyti-
cally in the section, general Green’s functions can be solved semi-analytically as
shown in the following section.

4 Linear algebraic equation

By moving the null-field point x; to the jth circular boundary in the limiting sense
for Eq. (8), we have the linear algebraic equation

[U{t} = [T]{u} + {b}, 27

where {b} is the vector due to the source of Green’s function, [U] and [T] are
the influence matrices with a dimension of (N4 1)(2M +1) by (N+1)2M +1),
{u} and {t} denote the column vectors of Fourier coefficients with a dimension of
(N+1)(2M +1) by 1 in which [U], [T], {u}, {t} and {b} can be defined as follows:

Uoo Ut - Uy Too Tor -+ Ton
Uo Un - Uw Tio Tu - Ty
o= . L m=" (28)
Uvo Unt -+ Uy [ Tvo Tt -+ Taw
Up to b()
up t1 b1
fup=quy, {h=85, {by=(M (29)
uy ty bN
where the vectors {u;} and {t;} are in the form of {af d} b} --- af, bj‘v,}T
and {p§ pt & - pb gi}}7 respectively; the first subscript “j” (j =0, 1,
2,..,N)in [U jk} and [T jk} denotes the index of the jth circle where the collocation
point is located and the second subscript “k” (k=0, 1, 2, ---, N) denotes the index

of the kzh circle where boundary data {u; } or {t;} are specified, N is the number of
circular holes in the domain and M indicates the truncated terms of Fourier series.
The coefficient matrix of the linear algebraic system is partitioned into blocks, and
each off-diagonal block corresponds to the influence matrices between two different
circular cavities. The diagonal blocks are the influence matrices due to itself in
each individual hole. After uniformly collocating the point along the kth circular
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boundary, the submatrix can be written as

{b;} =

Ui (¢1)
Ui (92)
U (93)

US(0w)  Uk(0m) UL (0m)

| U (Gami1) Ui ($am)

Ui ($am+1)
Ui(on)
U (¢2)
Uj(93)

Uji(¢2m)
Ui (9ams1)  UR*(dam+1) |

Tjkswl)
T (92)
T3 (93)

T(G)  TH(0w)  TY(6au)

Pﬂ

In
In
In

X(Pj,¢2)
x(pj,93)

x(pj, ¢1) —

S
S
S

In|x(p;j, pasr11) — &|

i ]%C(¢2M+l) 7}11<C(¢2M+1) Y}IICS((IDMH)

T3 (¢om)
K (Pam1) T ($om1) |

~

U (¢1)
U (¢2)
Ui’ (93)

U%‘Y((PW)

T (¢om)

101

(30)

€29

(32)
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where the influence coefficients are explicitly expressed as

(0w = [ Ulsien) cos(n) Ridey, (33)
k

ik (Om) = /B U (sk,%m) sin(n6y) Red O, (34)
k

T3 (9m) = T (Sk,%m) cos(n6) Red 6, (35)
k

i (Om) = T (Sk,Xm) sin(n6y) Rid6y, (36)
k

where n=20,1,2, ---, M,m=1, 2, ---, 2M + 1, and ¢, is the polar angle of

the collocating point x,, along the boundary. By rearranging the known and un-
known sets, the unknown Fourier coefficients are determined. Equation (8) can be
calculated by employing the relations of trigonometric function and the orthogonal
property in the real computation. Only the finite number of M terms are used in the
Fourier expansion of boundary densities and kernels. After obtaining the unknown
Fourier coefficients, we can obtain the interior potential by employing Eq. (6).

5 Derivation of the Green’s function with several circular holes and inclu-
sions

For the problems with inclusions, we can decompose into subsystems of matrix and
inclusion after taking free body on the interface. The two systems of matrix and
inclusion yield

[OF M} =[] {} (37)
[0} = [T {u'} + {6} (38)
where the superscripts “M” and “I” denote the systems of matrix and inclusion,

respectively. Two constrains of continuity for the displacement and equilibrium of
force are shown below:

{uM} ={u'} onBy, (39)
) {M} = M) {'}  onB, (40)
where A; and A, represent the material conductivity of inclusion and matrix, re-
spectively.

By assembling the matrices in Egs. (37), (38), (39) and (40), we have

™ —uyM o0 0 uM 0

0 o 71 UM U(&E,x)—U(Ex)

I 0 —I 0 ul |~ 0 @D
0 —12 0 —7L1 t! 0
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The unknown coefficients in the algebraic system can be determined. Then, we can
solve the potential by Eq. (6). The half-plane problem is imbedded to a full-plane
problem through the image method. By employing the anti-symmetric property,
the boundary condition of half-plane can be satisfied through the image approach.
In the real implementation, the full-plane problem is solved, first.

6 Illustrative examples and discussions

Case 1: annular case (analytical and semi-analytical solutions).

The influence matrix is singular for the Dirichlet problem as the radius b is one.
No matter what the null-field point collocated (a~ and b) due to the property of
degenerate kernel in Eq. (9), one column of the influence matrix [U] is a zero
vector. For more detail, please find our recent work [Chen and Shen (2007)] for
eccentric Laplace problems. Another one by Liu and Lean can be consulted [Liu
and Lean (1990)]. To avoid the degenerate scale, we design the radii of inner and
outer boundaries are 4 and 10. The source of the Green’s function is located on
& =(0,7.5). For the annular Green’s function, both the analytical solution and the
semi-analytical results are shown in Figs. 2(b) and 2(c). The analytical solution
is obtained by truncating Fourier series of fifty terms in real implementation. One
hundred and one collocation points along the inner and outer boundaries are used
in the semi-analytical approach. Good agreement is made to verify the validity of
the program using the semi-analytical procedure.

Case 2: eccentric ring (a semi-analytical solution).

Figure 3(a) depicts the Green’s function of the eccentric ring. The source point is
located at & = (0,0.75). Figures 3(b) and 3(c) show the potential distribution by
using the present method and Melnikov’s approach, respectively. The two radii of
inner and outer circles are a=0.4 and b=1.0. The two centers of the inner and outer
circles are (-0.4, 0) and (0,0), respectively. It is noted that outer radius of one is
a degenerate scale and needs special treatment as described in detail by Chen and
Shen. Comparison of the present results with those MCP and MMP methods is
shown in Table 1. Good agreement is made.

Case 3: a half plane with an aperture (a semi-analytical solution).

Figure 4(a) depicts the Green’s function for the half plane with a hole. The source
point is located at & = (2,1). The center and radius of the aperture are (0,3) and
a=1.0. Figures 4(b) and 4(c) show the potential distribution by using the present
method and Melnikov’s approach, respectively. Good agreement is made.

Case 4: a half-plane problem with a circular boundary subject to the Robin bound-
ary condition.
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Table 1: Comparison of the numerical results

MCP _ MMP Present Method
Field point, y Partitioning number, k [Melnikov and Melnikov (2001)] Fourier term, M
10 20 50 10 20 50 10 20 50
0 0.000280 | 0.000128 | 0.000067 | 0.000107 | 0.000049 | 0.000032 | 0.000000 | 0.000000 | 0.000000
0.2 0.010667 | 0.010712 | 0.010781 | 0.010700 | 0.010779 | 0.010798 | 0.010832 | 0.010832 | 0.010832
0.4 0.062359 | 0.062411 | 0.062443 | 0.062407 | 0.062435 | 0.062448 | 0.062458 | 0.062462 | 0.062462
0.6 0.177534 | 0.177574 | 0.177585 | 0.177583 | 0.177590 | 0.177593 | 0.177597 | 0.177596 | 0.177596
0.8 0.317893 | 0.317902 | 0.317911 | 0.317907 | 0.317913 | 0.317914 | 0.318032 | 0.317915 | 0.317915
1.0 0.000014 | 0.000006 | 0.000002 | 0.000000 | 0.000000 | 0.000000 | 0.002014 | 0.000064 | 0.000000
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Figure 3: (a): Problem statement of Green’s function for the eccentric ring; (b):
Melnikov’s method [Melnikov and Melnikov (2001)]; (c): Present method (M=50)

A half-plane problem with an aperture is considered. The governing equation and
boundary condition are shown in Fig. 5(a). The center and radius of the aperture
are (2,2) and a=1.0, respectively. The Robin condition is = —2u imposed on the
aperture. The concentrated source is located at (0,3.5). Figures 5(b) and 5(c) show
the potential distribution by using the present method and Melnikov’s approach,
respectively. Good agreement is obtained.

Case 5: a half plane problem with a hole and an inclusion.

A half-plane problem with a circular hole and a half-circular inclusion are consid-
ered as composed of two regions D ={0<r<1,0< o <rm}and D, ={l <r<
oo, 0 < @ < r} filled in with different materials (A = A, /A; = 0.1). The governing
equation and boundary condition are shown in Fig. 6(a). The center and radius of
the aperture are (r, ¢;1.4,7/3) and a; = 0.4, respectively. The concentrated source
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Figure 4: (a): Problem statement of Green’s function for the half-plane with an

aperture; (b): Melnikov’s method [Melnikov and Melnikov (2001)]; (c): Present
method (M=50)

is located at (r, ¢;0.5,/3). Figures 6(b) and 6(c) show the potential distribution by
using the present method and Melnikov’s approach, respectively. Good agreement
is also made.

7 Concluding remarks

For the Green’s function with circular boundaries, we have proposed a semi-analytical
approach to construct the Green’s function by using degenerate kernels and Fourier
series. The series-form Green’s function for annular Dirichlet problem is derived
which can extend the Poisson integral formula from a circle to an annular case.
Several examples, including the annular, eccentric cases and half plane problems
with circular holes and inclusions, were demonstrated to check the validity of the
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Figure 5: (a): Problem statement of Green’s function for the half-plane problem
with the Robin boundary condition; (b): Contour plot by using the Melnikov’s
approach [Melnikov and Melnikov (2006)]; (c): Contour plot by using the null-
field integral equation approach (M=50)

present formulation. Our advantages are five folds: (1) mesh-free generation (2)
well-posed model (3) principal value free (4) elimination of boundary-layer effect
(5) exponential convergence. A general-purpose program to construct the Greem’s
fuction for Laplace problems with circular boundaries of arbitrary number, radius
and location was implemented. Extension to construct the Green’s functions for
Laplace problems with circular boundaries is straightforward without any difficulty.
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