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A New FEM-BEM Coupling for the 2-D Laplace Problem

Jacques Lobry

Department of General Physics, Faculty of Engineering, University of Mons, 7000 Mons, Belgium

A new hybrid finite element method-boundary element method (FEM-BEM) scheme is proposed for the solution of the nonlinear
2-D Laplace problem. The novelty is an original approach of the BEM where the domain integrals are eliminated at the discrete
level by using the FEM approximation of the fundamental solution at every node of the related mesh in the linear regions. The
implementation of this FEM-Green approach requires less computational burden than the standard BEM. The coupling with FEM
is straightforward and appears to be more natural. The validity of the method is examined through numerical examples.

Index Terms— Boundary element method—finite element method (BEM-FEM) coupling, Green function, Laplace problem, nonlinear

material.

I. INTRODUCTION

ARIOUS coupling strategies of the finite element
method (FEM) and the boundary element method (BEM)

have been developed to exploit the complementary advantages
of both methods, i.e., the flexibility of the FEM for taking
into account nonhomogeneous and nonlinear materials, and the
natural ability of the BEM to consider unbounded domains,
see e.g., [1], [2]. While the FEM is based on the Galerkin
approximation of a weak or variation formulation, the standard
BEM is generally deduced from the use of the second Green’s
identity for reducing domain integrals into boundary ones [1].
In contrast to this classical approach, an alternative, FEM-
Green formulation, is proposed for the BEM part of the
coupling [3]. It is based on the FEM approximation of Green’s
functions [4], and on the concept of nodal “cap” flux [5].
More precisely, the domain integrals of the actual BEM region
are eliminated by combining the Galerkin formulation of the
boundary value problem under study and the one associated
with the fundamental solution for Dirac delta loading every
node of a finite element mesh of this region. Only the finite ele-
ments directly connected to the boundary are actually required
in order to well-define the nodal fluxes. The implementation of
this new scheme requires less costly mathematical operations
and the coupling with the standard FEM used in the FEM
part is more natural. The method is applied to 2-D (in plane
and axisymmetric) Laplace problems and is validated by some
practical examples with open boundary and nonlinear domains.

II. MATHEMATICAL MODEL DESCRIPTION

The novelty of our FEM-BEM coupling concerns the BEM
part that is used in the linear, possibly unbounded, domain we
denote Q. The classical BEM formulation is replaced by an
FEM-Green formulation consisting of a particular FEM treat-
ment using the fundamental solution of the boundary value
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Fig. 1. General configuration for the 2-D Laplace problem and the
FEM/FEM-Green treatment. Subdomains € and € are separated with the
interface T'jy.

problem. The domain integral is eliminated at the discrete level
instead of using the second Green’s identity. First, we briefly
recall the classical BEM. Then we will derive the FEM-Green
formulation. The coupling with FEM applied to a nonlinear
or nonhomogeneous region €, will be straightforward. The
method is applied to the general configuration of the 2-D
Laplace problem as depicted in Fig. 1.

A. Classical BEM

Due to a reduced mesh task and a natural open problem
treatment capability, the BEM has been used for many years in
mechanical and electrical engineering. In potential problems,
the degrees of freedom are typically potential and normal
derivative values are interpolated over the boundary elements.
A system of linear equations is obtained for the unknowns at
the boundary points. Then values of interest at internal points
in the domain can be calculated separately.

Consider the Laplace equation defined on the domain Q,

0
VZu=0in Q,, with u=u, on I, and —u:O on I',;.

(D
The classical BEM formulation is based on the fundamental
solution G; = —1/2x Inr; of the governing equation, which is
defined as
1
V%G, = —6; in Q;, with G; = —5- Inr; on 0Q; (2)
T

where o; is the Dirac delta function at any point i.
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Fig. 2. Typical finite element triangular mesh and barycentric “box” X;
(“cap” X ;) for an internal (boundary) node j (j').

Using Green’s second identity applied to (1) and (2),
the domain integrals are eliminated yielding

o0,
ciu,-_?ggl( Tg ) 3)

The geometric factor ¢; is equal to the ratio 6;/2z, where 6;
is the internal angle at node i, i.e., 1 at internal points and,
e.g., 1/2 at boundary nodes in case of a smooth boundary. The
discretization 6/5\21 of the boundary 0€; into n elements I';
and n associated nodes i leads to the well-known statement

z/ G .

jeo

dF—

GigdT Vi € 0Q (4)
eoQ J

where § denotes the approximate normal derivative. The
boundary potential i and flux ¢ are typically interpolated
linearly on every element I';. The various integrals can
be solved analytically or numerically. After prescribing the
boundary conditions, the procedure leads to a consistent (fully
populated) linear system of equations of which the solution
consists of the unknown nodal values ii; and §;.

B. FEM-Green Formulation

Consider now the Galerkin problem related to (1)
/ Vi-VN;dQ=0 VjeQ\l,,a=uon T, (5
Q

where the N;’s are the classical interpolation functions defined
on a finite element mesh €; of the domain Q,; (Fig. 2). The
approximate solution # is given by

i = Z Nidiy. (6)
kEQ]

On combining (5) and (6), a sparse system of linear equations
is obtained, of which the matrix entries are found to be

Sk =/ VNj'VdeQ. (7)
Q
When using linear elements, it is shown in [5] that the term

D3, :/ ViVN;dQ= > spiy VjeQ  (8)

) Q -

ke
is equal to the inward flux of Vii across the “box” X;
associated with node j in the dual mesh obtained from the
barycentric subdivision of the primal 2-D mesh as shown in
Fig. 2. Equation (5) means that those fluxes vanish for nodes
j € Ql\ful whereas they can be interpreted as the flux of Vii
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through “caps” associated with Dirichlet boundary nodes like
j € ful. In the following, the parameters CDL;,ZJ. are used in
place of the approximation of the normal derivative ¢ given
by the standard BEM.

As in the standard BEM, the 2-D fundamental solution G;
of Laplace’s equation is employed in order to eliminate the
domain integral. Due to its singularity of the solution, G; lies
outside Sobolev space H I However, an FEM solution does
exist [4] and is readily derived from the Galerkin problem
associated with the formulation (2)

/vg}-vzvjdgz/ GiN;dQ
Q] Q]

Vj e Q\0Q1,Gi =G on 6Q;.  (9)

Again, the FEM solution @i is expressed as

G = Z Njgi,j~

JeQy

(10)

For any internal node i of the mesh Q;, in the same way as
for & given by (8), we can write the nodal approximation

cpgﬂi,zjzf VGi-VN;dQ =D spGix VjeQ. (11)
Q "
kEQ]

Note that we have @4 ¢ = 1.
Using successively (5)—(8) and (10), we get

/Qva-vgﬁdgzz > sixdix |G j
1

jeQ, \keQ,
E ®;.x.Gi -

jelnUlin

12)

Conversely, using (6), adapted to Qi, (11) instead of (8), and
the boundary conditions for u, we can write

/véi.vadgz Do D] siuGin |y
Q

jeQ, \keQ,
=i+ . ®gsijt+ > Dg s .
JETmUT i jelu
(13)
Equating (12) and (13) yields the following expression:
i + z Qg x 0+ Z D¢, 5 i1 = z gAi,jq)ﬁ,zj (14)
jelm jelu jefu
Ufim Ufinr

where the domain contribution is eliminated as expected.

In order to derive a consistent linear system of equations,
(14) must now be written for all the nodes i belonging to the
boundary 8Q,. Hence, the boundary condition of the problem
(2) must be changed by introducing a Neumann condition in
a neighborhood ¢; of i on 0Q, such that |g;| — 0

g —00n {e;}. (15)

1
G = 5 Inr; on 0Q\{e;
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So that the Galerkin formulation (9) is replaced by

/ VQi~VdeQ = 5,']‘6‘,' Vje (Q]\@fs\)l) U {i},@i
Q

= G; on 0O\ (i} (16)

where d;; is the common Kronecker symbol and ¢; is the same
geometric factor as used in (3). From Gauss law at the discrete
level, it can be easily shown that, in our FEM-Green context

z Oy, y, =0.

jedQu\(i)

¢ =®g 5 and ¢ + (17)

Finally, the boundary element scheme amounts to solve simul-
taneously the n equations

cilli + Z q)gi’zjﬁj Z (DgAi’Efﬁl
jelnUlin Jeru]
#i
E Q,J sy Vi € 0QQ; (18)
J
Jerulurml

yielding unknown potential values #; and flux values ®; x,
depending on the boundary conditions.

At this point, the solution is the same as the one of (5)
since (18) was derived by choosing test functions as a lin-
ear combination of the hat functions N; in (12) and (13).
However, in doing so, it would require the computation of
the FEM approximations G; that is nonsense and highly time-
consuming. Coefficients @ 5 and G; are then modified by
using the exact fundamental solutlons G; instead of g, , 1.e., the
interpolant

Gi1 = Z N;Gi(j) = — Z Nj%mrij

jEQ] jEQl

19)

where r;; is the distance between nodes i and j. The infinite
value G; () is replaced by a value G* that is derived by solving
simultaneously the discrete Gauss Taws (17), that is

& = suGi(k) + 5 G (20a)
ki
and
G+ D D suGitk) +5;6% | =0 (20b)

jedQ\{i} \ k#i

In the same time, an estimate geometric factor ¢; is obtained.

Importantly, it is not necessary to mesh the whole domain
when the interpolant G;; is used since the internal nodes
are not involved in (18). A single layer of finite elements
along the boundary 6Q; (in light gray in Fig. 1) is sufficient.
Any internal mesh of Q; is used for field calculation at a
postprocessing step.

The computational effort to build the linear system (18)
scales as O(\%) as in classical BEM. As no integration using
a Gaussian quadrature is required to compute the modified
coefficients ®g, . ) ¢, Gi(j), and g* of (18), a significant
reduction in the computatlonal burden is expected.
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C. FEM/FEM-Green Coupling

In order to write the complete set of equations associ-
ated with the hybrid FEM/FEM-Green, the Galerkin problem
related to the finite element domain €2, must now be derived.
By referring to Fig. 1, the governing equation is

P
V- kVu=0in Q. u = u, on Ty, a—” —0on T,y (1)
n

where k is the nonhomogeneous or nonlinear material property
of the region Q,. The FEM problem is given by the equations

/ kVi-VN;dQ =0 Vje Q\[o\lin,i = up on Ty
&
(22a)

/ kVia-VN;dQ = —®; 5, Vjeliy. (22b)
Q

The latter, (22b), expresses the flux continuity of kVii, across
the interface, assuming k =1 in the BEM region for simplicity.
Finally, the global system of algebraic equations of the whole
problem is obtained by combining (18) and (22). It may be
expressed as the partitioned matrix form

L]
=G =G Hip Hy; 0 q,lA
=Gy —Gi;; Hijp Hi; 0 .
0 1 0 s;s, || 2 [FP Y
0 0 0 Sy S» N
iy

where the unknown vectors ®;,and ®; refer to the nodal
flux values on [, and [y, respectively, and u1, 1;, and
G, are related to the nodal potential values on Fnl, le,
and Q, U I',,, respectively. Global blocks H and G(= GT)
represent the FEM-Green equations with the entries ®g,, s
and G; (j) or G*, respectively. Global block S comes from the
FEM contribution. As for most FEM/BEM coupling methods,
this matrix has no special structure, i.e., neither symmetric nor
positive definite. The right hand side b relates to the Dirichlet
boundary conditions.

III. NUMERICAL RESULTS

Two examples are presented to verify the validity of the pro-
posed method and a comparison with classical techniques. All
the algorithms were implemented in the MATLAB environ-
ment on a standard desktop computer. The lower—upper (LU)
decomposition was used for the solution of the involved linear
systems.

A. Example 1-Circular Coaxial Configuration

The first example is a linear Dirichlet problem defined
on a circular coaxial configuration as depicted in Fig. 3.
The field computation of this academic case is performed by
using the FEM, the classical FEM/BEM coupling [1] and our
FEM/FEM-Green method, respectively. In order to be general,
a numerical integration (seven-point Gaussian quadrature) has
been applied for the computation of the BEM integrals.
Analytical integration could be applied [6], but it is not always
possible as, e.g., in the axisymmetric case (see Section III-B).
The global mesh size m has been considered as a parameter.
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Fig. 3. Circular coaxial configuration and plot of & along the line AB
(dimensions in arbitrary units).

TABLE I
RELATIVE ERROR ON THE ENERGY

m FEM FEM/BEM FEM/FEM-Green
1346 3.11x 1073 3.14x 1073 3.13x 1073
5122 7.93x 107 8.01x 107 7.96x 10~
18918 2.25%107* 2.29x 107* 2.25x 107

TABLE II
MEASURED COMPUTATIONAL TIME (s) FOR m = 18918
FEM FEM/BEM FEM/FEM-Green
339.0 13.92 4.49

on=17.46 x 10 E 062 §/m (E < 0.8 kV/mm)
=18.68 x 107 E*73 S/m (E > 0.8 kV/mm)

/

Oxepp=3 X 107ME 1S + 107}1@[\_’\_/\_[\7{/ Oinsuy=10713 S/m
u=0 u=150kVv

20 cm

—

air=10" S/m
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Fig. 4. Description of the dc cable termination and FEM/FEM-Green mesh.

The potential plot along the line AB is displayed in Fig. 3
for m = 5122. It demonstrates a very good agreement between
all the methods. In a more quantitative way, Table I shows that
the relative error in energy norm square, with respect to the
analytical solution, is almost the same whatever the method.
It is verified that it converges to zero as O({™€).

Computational times shown in Table II clearly show a
better performance of our method. It is due to far less
mathematical operations involved in the computation of the
coefficients occurring in submatrices H and G, with respect to
the standard BEM, as can be seen by inspecting (18) and (11),
see also [3]. Our approach remains competitive in case of
analytical integrations by carefully comparing the number of
operations [6].

B. Example 2—Cable Termination

The second example is more applicative. It deals with
a dc cable termination with linear and nonlinear materials
(Fig. 4) [7]. The problem is axisymmetric and the open
boundary is taken into account in the implementation of our
method. To simplify the implementation, the nonlinearity in
the material property (conductivity o) is treated here by simple
iteration with underrelaxation for stability. The FEM-Green
method is compared to FEM where a bounding box of radius R
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Fig. 5. Plot of the electric potential i along the line AB.

with zero Dirichlet boundary condition is applied. The electric
potential # along the line AB is plotted in Fig. 5 for FEM with
various R values and for FEM/FEM-Green. Convergence is
observed as the box size increases in size, as expected. Again,
the relative error ¢ in the resistive heating Q calculated in
the solid insulating parts of the termination is very similar
whatever the method, FEM/FEM-Green or FEM (¢ = 7.7 x
1073 for 1933 elements in the solid insulating parts, and the
reference value is derived from a simulation with a very fine
mesh). Comparing both methods, a reduction in CPU time is
obtained with the FEM-Green, roughly by a factor of 5.

The axisymmetric fundamental solution is expressed in
terms of complete elliptic integrals of the first kind [1].
An interest of our approach is that no complete elliptic
integrals of the second kind are to be treated since the normal
derivative of G is not involved, as it would be the case in
classical BEM (not implemented here).

IV. CONCLUSION

The FEM/FEM-Green method presented in this article can
take nonlinear material properties and open boundary prob-
lems into account, as other FEM/BEM coupling schemes
usually do. An accuracy very close to other standard methods
has been demonstrated. The advantages of the FEM-Green
approach of the BEM part are a substantially reduced compu-
tational burden and a natural coupling with FEM, thanks to the
cap flux concept. Our method can be extended to 3-D problems
and higher order elements. However, in the latter case, the
geometrical interpretation of the nodal flux is not so obvious
as with the linear elements, but it remains a representative vari-
able. Those aspects should be investigated in the future work.
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