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REGULARIZATION OF NEARLY SINGULAR INTEGRALS IN
THE BOUNDARY ELEMENT ANALYSIS FOR INTERIOR
ANISOTROPIC THERMAL FIELD NEAR THE BOUNDARY

Y ui-Chuin Shiah* and Yi-Shiau Shih

ABSTRACT

In this paper the previously developed scheme of integration by parts to treat the
boundary thermal field is applied to calculate the interior thermal field. Also, the
scheme is extended further to regularize the strongly singular integral appearing in
the boundary integral equation for interior calculations of the heat fluxes. Moreover,
the present work develops a semi-analytical integration scheme to regularize the hyper-
singular integral for the interior heat-flux calculations. All formulations are derived
for elements of arbitrary orders with general interpolation. At the end, the veracity of
the scheme is illustrated by numerical examples.
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I.INTRODUCTION

As aresult of extensive applications of anisotro-
pic materials in engineering industries, the problem of
anisotropic heat conduction has drawn substantial re-
search since the early 1960’'s. Although some analyti-
cal works in this regard have been reported over the
years (see e.g. Tauchert and Akoz, 1975, Mulholland
and Gupta, 1977, Chang, 1977), recourse to numerical
tools, such as the finite element method (FEM) and the
boundary element method (BEM), is still necessary for
practical engineering problems. However, pertinent nu-
merical works for the problem still remain relatively
scarce as compared with those for isotropic media.

Recently, owing to its distinguishing feature, that
only the boundary needs to be discretised, the BEM,
used in the current study, has received much attention
from researchers. However, difficulty will arise if the
BEM is used to calculate the thermal field of interior
points near the boundary. The source of this diffi-
culty liesin the nearly singular integrals of the boundary
integral equation (BIE) for calculating the interior ther-
mal field. Asalready known, for computing temperature,
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the weakly singular integral of singular order In(r) and
the strongly singular integral with order 1/r, where r
is the distance between the source point and the inte-
gration point, will be involved. Even more challeng-
ing for interior calculations, computation of heat fluxes
shall involve evaluations of the strongly singular in-
tegral and the hyper-singular integral with order (1/
r?). When the interior points of interest are close to
the boundary such that the order of the distancer is
much smaller than that of the element under integration,
difficulty will arise in numerically integrating these
integrals. Over the years, various BEM schemes have
been proposed to overcome the nearly singular problem.
Since there are too many pertinent works to be men-
tioned herein as a thorough literature review, only a
few of them arereviewed as examples. Cruse and Aithal
(1993) proposed a semi-analytical approach using Taylor
series expansions for the kernels. Huang and Cruse
(1993) presented another approach taking a coordinate
transformation to relax nearly singular kernels. Other
approaches include Gaussian integration with fine
subdivisions, kernel cancellation methods (Nakagawa,
1993), the auxiliary surface of “tent” method (Lutz et
al., 1992), and the line integral method (Krishnasamy
et al., 1994, Liu et al., 1993, and Liu, 1998). Sladek
et al. (2001) proposed a semi-analytical integration
scheme to deal with the logarithmic singularity in
BEM. By applying the scheme of integration by parts,
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Zou et al. (2003) efficiently treated the nearly singu-
lar integrals for isotropic potential problems. More
regularization algorithms can be referred to the refer-
ences by Chen et al. (2001) and Kisu and Kawahara
(1988). For more complete reviews on the role of
hypersingularity, the reader may refer to , for example,
Tanaka, et al. (1994), Chen and Hong (1999). A
dual integral formulation that has regularized the
singularities for the Laplace potential problem with a
corner was derived by Chen and Hong (1994) using
the contour approach surrounding the singularity.
Very recently, the problem of the boundary layer ef-
fect has also been investigated by Chen et al. (20063,
2006b), who have derived null-field integral equations
for a medium containing circular cavities. By intro-
ducing the concept of degenerate kernels, Chen et al.
(20064a) transformed the singular integrals into series
sum when the null-field point was moved to the
boundary.

In this article, the scheme of integration by parts
is applied to treat the weakly singular integral, for
which a general high-order interpolation of any
families, such as the Serendipity, Lagrange, and
Hermite, is considered. Additionally, for dealing with
strongly singular and hyper-singular integrals, a semi-
analytical integration scheme is proposed. Success-
ful implementation of the derived formulations is
verified by numerical examples, where comparison
with ANSY S analysis is made.

Il.BIE OF THE ANISOTROPIC THERMAL
FIELD AT INTERIOR POINTS

As already well established in the literature, as-
sociated 2D heat conduction in anisotropic mediais
governed by the so called Euler’s equation,

KiT;=0, (i,j=1,2), (1)

where T stands for the temperature change; Kj; are
the anisotropic coefficients defined in the x;-x,
coordinate system. The analysis can be significantly
simplified in the case of orthotropy, where the cross-
derivative terms are absent. As aresult, acommonly
adopted approach to numerically treat the fully aniso-
tropic problem isto, first, determine the principal axes
({1, ¢{5) by rotating the original Cartesian axes such
that the cross-derivative terms will disappear. An-
other attractive approach to treat the anisotropic prob-
lem isto employ a coordinate transformation such that
T in the transformed domain is governed by the
standard Laplace’s equation. In their efforts to for-
mulate an exact transformation of the volume inte-
gral associated with thermal effects into surface
integrals for plane anisotropic thermoelasticity in
BEM, Shiah and Tan (1998) also developed a similar

transformation and applied it to numerically treat the
two-dimensional anisotropic problem in the BEM
field theory. The main advantage of such a BEM
treatment lies in the fact that the anisotropic field
problem can be easily solved using any readily avail-
able BEM codes for ‘isotropic’ potential theory with
relatively minor program modifications. The linear
transformation/inverse transformation takes the fol-
lowing form,

[X1 %)™ = [F(Kij)l[x1 X2] ",
[X1 %2] " = [FH(Kip][Xg X2] " (2

where [F(Kjj)] is the transformation (and [F™(K;;)]
the inverse transformation) matrix, given by

e[ VAKy 0} i [KyMA O

A= KyKpp — Ko 3

With this transformation, the anisotropic field is now
governed by the standard Laplace equation. For
equivalently isotropic field problems, the tempera-
ture change T and its normal gradient q at interior
points are related by

T(P) = |_a@T (P, QISQ)

- [, TQQ (. Q%) @

where P and Q are the source and field points on the
boundary, respectively; T"(P, Q) and Q" (P, Q) repre-
sent the fundamental solutions for the temperature and
its normal gradient, given by

T'(P.Q=logt, Q(P.Q=51d (5

where r is the distance between the source point P
and the field point Q on the element under integration.
To numerically solve the BIE, the boundary surface
is discretised into a number of segments or elements,
say M elements, with atotal of N nodes. Following
the usual interpolation process for n-order elements,
one may have nodal values of coordinates, temperature,
and temperature gradients expressed in terms of the
local coordinate & O [-1, 1] as

Xi(f) = Cgl N(C)(f)xj(c) , T = Cgl N(C)(E)T(C) ,

A= 2 NO&® (6)
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where N©, the shape functions of n degrees, has a
general form

NO(&) = m”go a©&™. (7)

Equation (8) is for general interpolations of any
kind of interpolation families. Substitution of Egs.

TP = 2% v 5 Liog (e

1
PRI R UGG
®)

where the superscript a represents the a-th global node
of the boundary mesh, b denotes the b-th element,

(6), (7), and (8) into Eq. (5) results in a discretised and c is the c-th node of the element. In Eq. (8), J(&)
BIE form, is the Jacobian, given by
N +1 . . + 1 ] )
39=1/ (s 3 ma9em =P+ (y. 5 ma@emizP)? . )
i=1m=1 i=1lm=1

Apparently, the first and the second integral termsin
Eq. (8) are weakly singular and strongly singular,
respectively. As derived in the authors' previous
work (Shiah and Shih, 2005), the thermal BIE can be
regularized using the scheme of integration by parts
and a semi-analytical approach. The regularized BIE
for the interior temperature field can be written as

TPy =2 5 ST weLe - [ Loe@ag
M n+1 T c2n n . Vk";m k
Z1‘:2127:z ZOHI ()[Z (;n K)

+ VMog(& - V1|%, (10)

where W(¢), L(&), Q9(&) are given by
W(&) = 2, al9€3(d (11a)
L() = flog(Fop) + 2 (£~ V)llog(€ V) ~1]

(11b)

Q9= 5, ta9& @ + 2, taPEI( (110)

nt1l n n . . . . . .
i —1-2
D A R

H, 7 (11d)
ankljl (1 -ViV, +VidulV))
In Eq. (10), V, are 2n roots of the following (&) iswritten as
polynomial, .
S5 3 mkk—1)a0arOgDm k-3
Zzn F2n—k52n—k:O (12) jr(E):u:lmzlk:Z _ mEKA A
k=0 F2n ’ J(‘:r)
where the coefficients F, _ are defined by (14)

) (i) o0
F2n—k:mzm']Zzlﬁl(n—m)ﬁl(n+m—k))’(l PO
, /a(')x('), for m#0
Bin= ?) 0. (13)
\ 0x =R for m=0

and % refers to the mapped coordinates at the i-th
node of the element. In Eq. (11c), the explicit form J

I1l. REGULARIZATION OF THE BIE FOR
CALCULATING INTERNAL HEAT FLUXES

As one of the goals for interior calculations, the
internal heat fluxes also need to be determined. By
definition, the heat fluxes in anisotropic media, Q;,
are given by

Qi = KjT (15)
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which, in the mapped plane, can be explicitly written as

Apparently, determination of the heat fluxes via the
above equations needs to resort to the computation

Q =K, (alﬂ_al @) +K.,OT (16) of 0T/0%y, 0T/0X, by the following differentiated BIE
! o%y Ky 0% Kyg 129%, ° form,
rl
dT(P?) _ ¥ &l g (R4 = %p) O A
= = N J(&d
B o5 B 2] g (-5t O%
= 2, 0% dx
% nil o | [R=%p) %= (R —%p0) ] 2 2(521—>?p1)(532—52pz)dgl\l(c)(f)okc (172
- - a
b=1c=1 £7T [()’(1_)’<p1)2+()22_Xp2)2]2
-1
1
dT(Pa) _ M n+1 qC [ (XZ_XDZ) © R
= D77 N'*™(§)J($)dé
dRp,  b=1c=127T) (% - Kp1)” + (%o — Rpp)?
B 2(%, — %) (R — Ry — 1) — (R — del
Z > N©@(&)dE . (17b)
b=lc=1 [(Xl_xpl) + (R — Rpp) ik
J-1

It is obvious that the first integral in the above equa-
tions is strongly singular, while the second one is
hyper-singular. In the same manner as before for the
thermal BIE, the integrals are treated separately by

different schemes. By use of the interpolation given
in Egs. (7) and (8), the strongly singular integral in
Eqg. (17a) can be rewritten as

1
(Xl - Xpl) (©) a
N J(&)d
{ (X - pl)2 + (X, _sz)z (e} )de

1 n+1

N

i BORDaogm
= = J(&dg
F2nﬂ (§-V)

1 ﬁ(l) X(')O'(C)
1 Fan

M+

i
i 2n-1
+1 (.B(I) (C11+ﬁ(1|21—1a$10))5 "
:1

-1 B mZo BUAFFE I,

n=1 . .
(1) () gM+]
+
m,JZ=O'BlmaJ E

J(&)dé. (18)

anfll (&-V)

Thefirst integral term in the last equation of Eqg.
(18) has no singularity since its Jacobian shall not

approach zero under the nearly singular condition.
Therefore, it can be directly integrated using any
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numerical integration scheme such as Gauss
integration. However, the problem of nearly singu-
lar integral shall arise for the last integral term in Eq.

(18). For simplifying the regularization process, its
integrand can be rearranged to have the form,

M+

xp

L BRI,

0@+ g0 g@)e-14 ST g0 yogmt
(Biaaw’ 1 + Bin_10v)¢ mjzoﬁlma] 4

2 IO =(2, 7oy (19)
anIDl (E=V) =1 (6=
where the constant G, is given by
ot o PR BV 3 Bapir i
z B m, ] =0
R A LAV TN
G = - (20)
ankljl 1=V IV, +V, ¢ V)
Applying the scheme of integration by parts, one may 1 an
obtain RSP L
1 on 5
I, 62, e pase = 2 G/({138) - (&)(E-V)llog(¢ - V)
a 5 1 1,
= G, -V —| J( -V))dé), 5"
2, G@lgE-V) [}, - [ I(@logle -v)de) el [T oeE-v)
(21)
where the singularity order has been reduced to be log(¢ —V)) - 1]dé) , (22)

weakly singular. To fully remove the singularity, the
weakly singular integral in Eqg. (21) has to be inte-
grated by parts again to give

where J (§) represents the differentiated Jacobian of
the second order, explicitly given by

Y=

n+l n n X . .
S5 5 stt-1)(s+t-3aPapRixDe
i,|=1s= =

N )

DD (i) y(Dg()g(i) gm+k-37"
i Z1 mzl kgzmk(k_l)amak o d J (&)

(23)

J(

where s, t must satisfy s+t = 4. With its singularity
order reduced, Eqg. (22) can now be evaluated using a
regular numerical integration scheme to give accu-
rate results. The strongly singular integral appearing
in Eg. (17b) can be treated in the same way as de-
scribed above. The derived formulae can be applied

by simply replacing X{) by 8 and B{), by B4 in the
numerator of Eq. (18) and in the subsequent derivations.

Next, the goal is to regularize the hyper-singular
integralsin Egs. (17a) and (17b). By interpolating all
spatial coordinates using Eq. (8), the hyper-singular
integral in Eqg. (17a) can be written as
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! d
(8 = %p2)? = (Ro = Re) 1 G 2% = %) (%o = %) g8 e Wy
B [(X1—Xp1)2 + (522—52132)2]2 9 |:22nW|2‘:|1 (£-V,)? ' (24)
where (&) represents
RIBDOs
(25)

ntl n n ; - ) ]

= K g© _ ) a30) o) o(i)e®) |zs+m+l+t-1

f(é) i jél I,m,ZSZOtzzlt aras B(z;ﬁ(zr)nxz )?2. sz '3 .
i

2B AR

Obviously, the denominator is a polynomial function numerator has degrees 4n-1. The integrand can be
further processed to give

of & with degrees 4n, and the polynomial in the

1

1 dg ds
[(Xl - Xpl)z - (Xz - sz) Z]TEZ - 2(21 - Xpl)(XZ - xpz)difl N(C)(E)d{ _ 2Zn CWl N CV\Q d{ (26)
[(xl_xp1)2+(22_xp2)2]2 W= (=Y (E-V)?)
-1

-1

where the constants C,,;, Cy, are given by

2n
_ BV - 2H(V)V D 2 (L= VidVi + Vid/ V)™ 272)
wl — 2n
Fzznklj1 1=V Vi + ViBi V)
o BB
- 2B PRY
Coe = & ) : (27b)
ankljl (L -ViVy +Vidy IVy)
In Eq. (27a), the general form of fi({), denoting differentiation of f;(£), is written as
BYBHRI2
(28)

) () ol ol] l+t-2
BB [

ntl n n
H@O= 3 2 2 ts+m+l+t-lafald
- 200t

i,j,k=11,ms=

In the sequel, Eq. (26) can be analytically integrated to give
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ds,

dx
[(%— Xpl)z - sz) Z]TEZ —-2(%,— Xpl)()?z - XpZ)TE N (C)(E)df

(R — Xp1)2 + (R —Rp0) 2

1

1 2n CW C 2n c 1
=sz1 ((f V" (E—M\7W>2)d‘r=w§1 [CM'OQ(E V=N ] (29)

-1

foregoing processes, one may rewrite the hyper-sin-

In a similar manner, the hyper-singular integral in
gular integral as

Eq. (17b) can be treated likewise. Following the

1
28— o) (o~ sz)‘(%z +[(% = %)~ (o= 202) 2 g NO@de

[(Re—Rp0) 2+ (R — Ro2) ik

-1

1 1
f & D D
A Wrpred PP Ryl .
_ W,
1 F2nW|:|l ("t VW) 1
where the function f,(&) is given by
o PUBRDRR
Lo l+t1
WO=, "3, B 3 taloal T - BUBRARE gt (31)
o 2534 B2 580

and the constants D,,;, Dy, are given by
2n
B (V) =26V @D 2 (1=VieVy + Vg V) ™
Dy = - =1 , (32a)
ankljl (1 =V Vy + Vi V)
o BB R
3 gy taal] — BYRIPY vt
o 2By YRR oo
w2 = 2n
Fzznkljl (L-Vi Ny + ViS4 IV,)?

regularized BIE of temperature gradients can be ex-

Sequentially, Eq. (30) can be analytically integrated
to give (33) To this end, the singularity of all singu- pressed as

lar integrals has been fully removed. Asaresult, the
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(1 na mxm ©
| 'S PRI 6y
-1

dT(P® _ M nxt bgye
= Z Z A
2

dxpl b=1c=1

)

+ G
=1

n+1

Mz

b-1c 1

() o) ~(c
[ bl SO,
J-1'7

dT(P® _ Mg ch
2, 2m

dpo b=1c=1

+1
M n TC

2n DV\fZ
- 2.5, 758, [pudodE V-

=1c=1

(§=Vw

s [ 18- -wloae - + @ -vin [,
+ [ 3@ -Vitog(e -v) - 11

1

Z ZLZZ [ wllog({_vw)_(é'(im\/z/w)}

(34a)

a [ {130 -T@E-Villogs-v) + T@E-w |,
+ [, (@& -vottos - vi) - 10¢

1
(34b)

In Eq. (34b), the constant K is given by

M+

s

1 _ZZ (')a(C)F VY,
m=0

) n=1 : .
(Bl + B eVt + 3 oafov I

(35)

ankljl (L -V + Vo4 V)

Having calculated the temperature gradients in the
mapped plane, one may readily obtain the heat fluxes
defined in the physical plane using Eg. (16). In what
follows, the veracity of the derived formulae will be
demonstrated by two numerical examples.

IV.NUMERICAL EXAMPLES
All formulae derived have been implemented in

an existing computer program based on quadratic
isoparametric elements (n = 2) using Lagrange

interpolation. For demonstration of the proposed
scheme, the first problem considered is a square glass/
epoxy plate with dimensions as shown in Fig. 1. The
conductivity coefficients of the material with aster-
isk denoting the properties in the principal axes are

K11/K5, = 3.46/0.35. (36)
To account for the case with fully anisotropic

properties, the principal axes are rotated with an angle
6 = 60°. For the boundary conditions, the top and
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Fig. 1 Mesh discretisation and the interior points of a square plate

Fig. 2 FEM discretisation for the interior calculations by ANSY S

bottom surface are prescribed with temperature
change 100°C and 0°C, respectively, while the other
two opposite sides are thermally insulated. As shown
in Fig. 1, the temperature and its gradients in both
directions x4, X, are calculated using the derived BIEs
for the interior points of interest, marked by cross
signs. For verifying the BEM results, the problem is
also investigated by ANSY S, commercial software
based upon the finite element method. Also shown
in Fig. 1 isthe BEM mesh discretisation used for the
present analysis, where a total of 20 quadratic ele-
ments are used. For the FEM analysis in ANSYS,
the FEM discretisation needs relatively fine meshes
in order to get data at corresponding points near the
boundary. Although an adaptive discretisation with
fewer meshes may be developed to meet such a
requirement, a less straightforward scheme shall be

127 ANSYS
1 o RBIE A
101 2 CBIE
. ay
- A
0.8
; 4
= 06 |
04 |
0.2 -
00 T T T T T T
0.0 0.2 0.4 0.6 0.8 10
X2/L
Fig. 3 Normalized temperature, T/AT, at the interior points of
interest
0.5-
] @ ANSYS
0.4 o RBIE
0.3- s CBIE
. A
< 0.2
3
= 0.1
~§ A
= 004
=
-0.14 a
-0.21 °
-0.31

0.0 0.2 0.4 0.6 0.8 1.0
XolL

Fig. 4 Normalized temperature gradient, dT/dxq - L/AT, at the
interior points of interest

involved to reduce the mesh loading. Simply for the
purpose of verification, a simple discretisation with
constant intervals is applied. Fig. 2 shows the FEM
domain discretisation used in the current analysis by
ANSY S, where a total amount of 1600 PLANE42 el-
ements are applied. For comparisons, the computa-
tions of the thermal field are carried using the present
regularized BIE (RBIE) and also the conventional BIE
(CBIE). The computed T, dT/dx,, and dT/dx, are nor-
malized and plotted in Figs. 3, 4, and 5, respectively.
From Fig. 3, it is seen that the errors caused by the
CBIE for those points near the boundary are not so
obvious. Thisis because the singularity orders of the
temperature BIE are not so strong as those in the BIE
for temperature gradients. In Figs. 4 and 5, the data
of CBIE for points near the top surface are not shown
since they are off-scale with large errors. As seen
from these figures, the results of RBIE agree very well
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Fig. 5 Normalized temperature gradient, dT/dxy - L/AT, at the in-
terior points of interest
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Fig. 6 The BEM meshes used for a doubly connected region and
the interior points

with the analyses by ANSY S, while the CBIE failsto
give satisfactory values at points near the boundary.
From the results, it was observed that different sen-
sitivities of the boundary fluxes in the normal and
tangent directions strongly depend on the orientation
of the principal axes. The sensitivities for isotropic
media were observed by Igarashi and Honma (1993).

Another problem considered is a doubly con-
nected glass/epoxy plate as shown in Fig. 6. As pre-
scribed for the previous problem, all outside surfaces
have the same boundary conditions. Additionally, the
inside hole is thermally insulated. The principal axes
are assumed to have a rotation angle 8 = 45°. For the
BEM modeling, the domain is discretised into 32 qua-
dratic isoparametric elements using the Lagrange
interpolation. The same problem is also analyzed using

SR 5
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T T T I 7
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5o f
22
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Fig. 7 The domain discretisation used for the FEM analysis for
the second example
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3 061
0.4 -
0.2
0.0

T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
X2/L

Fig. 8 Normalized temperature at the interior points for the sec-
ond example

ANSYS, where a total of 1600 PLANE42 elements
are applied as shown in Fig. 7. For the interior cal-
culations at points near the boundary, relatively re-
fined meshes are used for the FEM discretisation.
Fig. 8 shows the distribution of the normalized tem-
perature at the interior points. The normalized tem-
perature gradients, dT/dx; - L/AT and dT/dx, - L/AT,
calculated using the RBIE, CBIE, and ANSY Sfor these
interior points are plotted in Fig. 9 and Fig. 10,
respectively. By observing these figures, it is appar-
ent that the RBIE yields values in excellent agree-
ment with those obtained by ANSY S, while CBIE fails
to give satisfactory results.

V. CONCLUDING REMARKS

The present work deals with the interior BEM
calculation of the anisotropic thermal fields at points
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Fig. 9 Normalized temperature gradient, dT/dxq - L/AT, at the
interior points for the second example

near the boundary. For calculation of the interior ther-
mal field, the boundary integrals become strongly sin-
gular for the temperature kernel and hyper-singular
for the temperature gradients. The singularities are
removed by the scheme of integration by parts for
the integrals of the temperature kernel and by a semi-
analytical approach for those associated with tempera-
ture gradients. The integral equations, derived for
generally high order elements, are tested and work
perfectly no matter how closely the source point ap-
proaches the integration element. The successful
implementation of the proposed scheme isillustrated
by numerical examples, where results are verified by
ANSY S analyses.
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