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THE APPROXIMATION OF THE EXACT
BOUNDARY CONDITIONS AT AN ARTIFICIAL BOUNDARY
FOR LINEAR ELASTIC EQUATIONS AND ITS APPLICATION

HOUDE HAN AND XIAONAN WU

ABSTRACT. The exterior boundary value problems of linear elastic equations
are considered. A sequence of approximations to the exact boundary condi-
tions at an artificial boundary is given. Then the original problem is reduced
to a boundary value problem on a bounded domain. Furthermore, a finite ele-
ment approximation of this problem and optimal error estimates are obtained.
Finally, a numerical example shows the effectiveness of this method.

1. INTRODUCTION

Many boundary value problems of partial differential equations arising in
practical applications are given on unbounded domains, such as coupling of
structures with foundation and fluid flow around obstacles. In finding the nu-
merical solutions of these problems, it is often difficult to use the classical finite
element or finite difference method. In engineering, the usual method is to in-
troduce an artificial boundary and cut off the unbounded part of the domain
and to set up an artificial boundary condition at the artificial boundary of the re-
maining bounded domain. For example, the Dirichlet condition and Neumann
condition are often used for elliptic partial differential equations. In general,
this artificial boundary condition at the artificial boundary is only a rough ap-
proximation of the exact boundary condition. Hence, the remaining bounded
domain must be quite large when high accuracy is required. For such large
domains, it is still difficult to compute the numerical solution.

In 19835, we found the exact boundary conditions at an artificial boundary
for the Laplace equation as a model equation [7]. Moreover, a sequence of
approximations to the exact boundary condition at the artificial boundary was
given, and we reduced the original exterior problem to an equivalent (or approx-
imate) boundary value problem on a bounded domain with integral boundary
conditions. Then we solved the approximate boundary value problem on the
bounded domain by a finite element method. An optimal error estimate of
the finite element approximate solution was obtained and a numerical example
showed the effectiveness of this method.
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22 HOUDE HAN AND XIAONAN WU

Boundary value problems on unbounded domains have been studied for
many years. For example, in 1982, Goldstein [3] studied Helmholtz-type equa-
tions. The problem was replaced by a boundary value problem on a fixed
bounded domain. The behavior of the solution near infinity is incorporated
in a nonlocal boundary condition. In 1984, Feng [4] studied asymptotic radia-
tion conditions for the reduced wave equation; in 1986, Hagstrom and Keller
[5] studied the exact boundary condition at an artificial boundary for partial dif-
ferential equations in cylinders. Shortly thereafter, they used this technique to
solve nonlinear problems of both elliptic and parabolic type [6]. This technique
is a rather natural extension of related work on ordinary differential equations
over infinite intervals by Keller [9], Jepson and Keller [8], and Lentini and Keller
[11]. In 1988, Lenoir and Tounsi [10] studied the various convergence proper-
ties of the localized finite element method for the two-dimensional sea-keeping
problem.

In this paper we show how this technique applies to the exterior problem for
the linear elastic equations and obtain its finite element approximation on a
bounded domain. An optimal error estimate of the finite element approximate
solution is given; moreover, a numerical example shows this technique to be
very effective.

2. THE EXACT AND APPROXIMATE BOUNDARY CONDITIONS
AT AN ARTIFICIAL BOUNDARY

Let I'; be a bounded, simply closed curve in R?, and let Q be the unbounded
domain with boundary I';. Consider the following exterior boundary value

problem:
0 [ou 0Jv )
(1) —udu- G (S5 58) — g g,
0 (ou Ov .
(2) —ﬂAU‘(l‘F#)a (aJrg;) =f, inQ,
(3) u=0 only,
(4) v=0 onl},
u, v are bounded when r = (x? + y?)!/? — 400,

where (u, v) is the displacement, A, 4 > 0 are the Lamé constants, and
(fi, f») is the density of the applied body force, the support of which is com-
pact.

This problem is defined on an unbounded domain €. The usual method
engineers use is to draw a circumference I', with radius R. Then Q is divided
into two parts; the bounded part and the unbounded part are denoted by ;
and Q. (see Figure 1). Furthermore, suppose that the support of (f, f2) is
in Q;. If a certain boundary condition on the artificial boundary I, is given,
then we could solve the problem (1)-(4) on the bounded domain ;. The goal
of this section is to derive the exact and an approximate boundary condition
for the solution of problem (1)-(4) on I, .

We now consider the boundary value problem of linear elastic equations on
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EXACT BOUNDARY CONDITIONS FOR LINEAR ELASTIC EQUATIONS 23

Q.
T.
FIGURE 1
the unbounded domain €2, with boundary I, :
0 (du OJv .
(5) —uAu—(/1+u)a (54_5) =0 inQ,,
0 (Ou Ov .
(6) —uAv—(/1+u)$ (5+5> =0 inQ,,
) ulr, =u(R, 6),
(8) vir, =v(R, 6),

u, v are bounded when r — +o0.
We know that the problem (5)—(8) has a unique solution (u, v) if (¥(R, ),
v(R, 6)) is given. This solution (u#, v) can be found in [13, §83]. For our
application, the solution (u, v) is given in the following form {7]:
9) u(r, 8) = (r’ = R)W1 + G,
(10) u(r, ) = (¥ = R)W; + Gy,

where x =rcosf and y =rsinf. Here G;, G, W,, and W, are harmonic
functions, and

ap > . _n
(11) Gl(r,9)=7+§(ancosn0+bnsmn0)r ,
(12) Gy(r, 6)=C—20+Z(c,, cosnf + d, sinnf)r ",
n=1
with
R" 2n
(13) ay = — u(R, f)cosnbdo, n=0,1,2,...,
0
R" 2n »
(14) b,,=7 u(R, 6)sinnfdo, n=1,2,...,
0
R" 2n )
(15) Cn = — v(R, 6)cosnfdo, n=0,1,2,...,
0
R" 2n
(16) d,,=7/ v(R, 0)sinnfdo, n=1,2,....
0
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24 HOUDE HAN AND XIAONAN WU

Furthermore, let

ou ov . B . u
(17) a+5_9._ kp and K—l—+#.
Then we know that p is a harmonic function, and
(18) p(r,0) = (pycosnf + pisinnf)r—",

n=2
with
(19) (%"*’K)prll:(n_1)(an—1—dn—l),
(20) (3 + 1)k = (n—1)(bp_y +cn-1),
and
(21) Wi(r, 0) = 422{p,,cosn+1)6+p,,sm(n+ )Gy r—"-1,
n=

(22) Z{pn sin(n + 1)0 — p2 cos(n + 1)8}r=""1,

Finally, a computation shows

(23) xWi+yWr=1p,
1 aGl 080G,
We now discuss the stress on the boundary I', . From
ou ov  du ov
Xx—,18+2ua X,=Y, = (EJ’a_‘) ,18+2,u(9 ,
we obtain the vector components of stress acting on the boundary I, :
Xy =(Xxcosf + Xysinf)|r,, Y, = (X, cosf + Y, sinf)|r,.

Furthermore, we get

ou du ov
Xn = <u5 — Akpcosf + Bas cos 6 + Bos sin t‘))r:R

= {u% —Akpcos@ + 2ux(Wcos8 + W, sin )

+u£cos0 +u£ smH}
dx dx =R

ou 3u+2 oG, oGy . )
= — —pcosf + cosf + —cosf + —=sinf }
”( d 200+ w)” -

ar ox ox
The last equality comes from (17) and (23).

A computation shows

ou
(W — pcos 0>

—2RW\(R, 6) + 221

57 —p(R, G)cos @

r=R
1 0@,
(1+2K)R 86 |,_pg

r=R
_2+2K oG,
T 1+2k Or

r=R
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EXACT BOUNDARY CONDITIONS FOR LINEAR ELASTIC EQUATIONS 25

By equality (24) we have

3u+l _3u+i 2 <_6G1 0G, )
0w = T T e " ax e By |,_g) <
_ G, 0G,
= <8x + By ) rZRcosﬁ.
Hence, we get
_ 2+ 2K 0G, 2K 0G,
(25) X"(“’“)‘”<1+2x ar |,_.  (TT2%)R 90 ,=R)'
Similarly, we can get
_ 242K 0G, 2k 900G,
(26) Y"(”’”)‘“<1+2x ar r=R+’(1+2K)R 56 ,=R>'

Substituting (11)-(16) into (25) and (26) and integrating by parts, we obtain
the vector components of stress acting on the boundary I, ,

_ 242K p4 = [P 9%u(R, p)cosn(b - 9)

Xnlu, v) = 1+2k 7R~ J D2 n d¢
2k pov(R, 0)
@7 [+2«R a6
= Tl(ua U),
242K p o~ [ 0%(R, p)cosn(6 — p)
Yalu, v) = 1+2xﬁn=l/0 D2 n ¢
2k uou(R, 0)
(28) 1+2«k R 06
= Tz(u, ’U).
The formula can also be rewritten in the following form:
242k p X [ O*u(R, p)cosn(f — )
X"(u’v)_1+2xﬁn “ Jo 2 n 4y
29) -
( 26 p o~ [ 0%(R, (p)sinn(e——(p)d
I+2k R = J, d¢? n ¢
242k 4 X [ 9%(R, p)cosn(f - p)
Ll 0) = 7o 2R _1/0 92 n dv
(30) n=

2K Lm/z”azu(R,msinn(()—(p)d
I+2kaR = Jo d¢? n ¢

We now get the exact boundary condition (27)-(28) (or (29)-(30)) at the ar-
tificial boundary I',. Then the restriction of the solution (u, v) of problem
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26 HOUDE HAN AND XIAONAN WU

(1)-(4) to the bounded domain £; is a solution of the following problem:

(31) b~ (4 ) (g; g;;) fi g,
(32) v = (4 )5 (Zz ‘9”) A oinQ,
(33) 4=0 onT},
(34) v=0 onl;,
(35) Xp=T(u,v) onl,,
(36) Y,=T(u,v) onT,.

This is a boundary value problem with global boundary condition on I, . Let

242K 4 = [ 8%u(R, ¢) cosn(f — ¢)
N - ~ s
T (u, v) = I+2K 7R~ J d¢? n 4
2k p ol /2" 0%v(R, @) sinn(G—q))d
I +2k nR & dp? n v
242K p < [P 9%(R, ¢)cosn(6 — )
N _
T, v) = 1+2K7IRZ 8(p2 n ¢
N 2k N2 32u(R, ) sinn(6 — ¢) d
1+2k 2R &~ Jo d¢? n i

and TP(u,v) =0, T9(u,v) = 0. Then we get a sequence of approximate
boundary condition on the artificial boundary T, ,

(37) Xn=TNwu,v) onT,,
(38) Y, =T wu,v) onl,,
for N=0,1,2,.... When N =0, then (37)-(38) reduces to

Xp=0 onl,, Y,=0 onl,,

which is often used in engineering.

By means of the approximate boundary condition (37)-(38), we reduce the
original problem (1)-(4) to the following problem on the bounded domain Q;
approximately for N=0,1,2,...:

0 (Ou Ov .
(39) b~ (14 ) 2 ( ou, ) fi inQ,
0 (du 61} )
(40) —uAv — (A + /1)5—}; (Bx ) £ in Q;,
41 u=0 onl;,,
42 v=0 onljy,

Xn=TNu,v) onT,,
Y,=T¥(u,v) onT..
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EXACT BOUNDARY CONDITIONS FOR LINEAR ELASTIC EQUATIONS 27

In the following section we will show that the boundary value problems (31)-
(36) and (39)-(44) are well posed.

3. THE SOLUTION OF PROBLEMS (31)-(36) AND (39)-(44)

Let H™(L;) and H*(I',) denote the usual Sobolev spaces on the domain Q;
and the boundary I',, with integer m and real s. Furthermore, let

H,(Q) = {ve H'(Q); v|r,=0} with norm |jv]|; q,,
V= H}(Q)x H!/(Q;) with norm [|(x, v)[I} = lull} o, +IvIIf q

Then the boundary value problem (31)—(36) is equivalent to the following vari-
ational problem:
Find (u, v) € V' such that

A(u,v;u,0)+Blu,v;it, )

(45) =/ (fin+ fr0)dxdy V(@,d)eV,
Q

where
A(u,v; i, 9)

// Bu 6u+6v 42 8u8u+6v6v
0x K dx0x Oyady

ov Ou ot du
,u(ax+ ><8x+6>}dXdy

Y(u,v), (i,0)eV,

2+2m /2"/2"{6uR q))aa(R,O)+8v(R,(p)817(R,0)}

1+2x7z o9 90 99 96
.w(wdﬁ
/Zn/zn{ av(R p) di(R, 0>+3u(R,¢)66(R’9>}
06 o9 90

-M—"’—)dwo Y(u, v), (it, 9) € V.

Furthermore, let
By(u,v; @, D)

_2+2kp /2”/2"{8uR 0) di(R, 0)+8v(R,(p)8'D(R,0)}
1+2K7z de 00 de o0

_ cos n(@ - )
n

dodd

n 2”{ dv(R, ¢)6u(R 6)+6u(R,(o)8ﬁ(R,0)}
/ / 08 oo 00

.W(md(; V(u, v), (&, D) € V.
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28 HOUDE HAN AND XIAONAN WU

Then the boundary value problem (39)-(44) is equivalent to the following vari-
ational problem:

Find (uy, vy) € V such that
(46) A(uNa'UN;ﬂa{))"'BN(uN’UN;ﬂ”D)

=/ (fidi+ fro)dxdy Vi, d)eV.
Q;

From Korn’s inequality [12], we know that the following holds.

Lemma 1. The bilinear form A(u,v; @, D) is symmetric, bounded, and coercive
on V x V. That is, there are two positive constants My and By such that
|A(u9 v, i, ﬁ)' < M()“(u’ U)”V”(a’ ﬁ)”V V(u, ’U), (fl, 'i)) € Va
A(u, v;u,v) > Boll(u, v)I} V(u,v)eV.

For the bilinear forms B{u, v; i, ¥) and By(u,v; &, ¥), we have
Lemma 2. The bilinear forms B(u,v; i, ) and By(u,v; @, U) are symmet-
ric and bounded on V x V', i.e., there is a constant M, > 0 such that
(47)  |B(u,v; @, 0)] < Mi|(u, v)livli(@, 0)lly Y(u,v), (@, 0)eV,

(48) |Bw(u,v; @, 0)| < Myfi(u, v)llvli(@, O)lly V(u,v), (&, 0)€V.
Furthermore,
Bu,v,u,v)>0 Y(u,v)eV,
By(u,v,u,v)>20 Y(u,v)eVl.
Proof. We recall an equivalent definition of Sobolev space H*(I,) [14]:
ao

ue ') e u= > 2 (a, cosnf + by, sin nf)

- 1/2
and |[ula,s = ( +Y (1+n*)(a; +b2)> < o0,

n=1

where |u|la s is an equivalent norm in H*(I%).
Forany (u, v), (&, 9) € V weknow that u|r,, v|r,, #|r,,and ?|r, belong
to the space H!/3(I',) by the trace theorem. Assume

u(R, 0) = ?0 + i(a,, cos nd + b, sinnd),
n=1

v(R, 0) = %0 + i(cn cosné + d,sinnf),
n=1

(R, 0) = % + i(&,, cos nf + b, sin nf),
n=1

(R, ) = 5" + i(&n cos n6 + d, sin nf).

3
Il
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Then

| &
+
NgE

12
lu(R, &)||a,1/2 = (1+nH)(ak + bﬁ)) < oo,

X
Il

o 12
[v(R, 6)la,1/2 = c2—0+2(1+”2)l/2(03+d3)> < o0,
n=1
PR 1/2
a(R, 0)lla,1/2 = 70 + 3 (L+nh) a2+ bf,)) < oo,
n=1

i é
I9(R, )lla,1j2= | =+

|
N
N| 3
Mg

n=1

1/2
(1+n})V2(2 + ci,%)) < oo.

A computation shows
2(1 + 6)mp &=

) n{an@, + byby + cyCn + dpdy}

Bu,v;,it,v)=
n=1
o0

Z n{andn — bpé, — Can + dnan}

n=1

2Kk
M)

= T AN n{(l + K)(anan + ann + cpCp + dn‘in)
(1+2k) ;

+ x(a,,cf,, - bnen - Cni)n + dn&n)}

- 12
K)Tu 2,322, g2
NFSTIR {Zn(a,,+b,,+c,,+d,,)}

< ((_,_—2)”(“s V)lla,120l(@, D), 12
(

< N 0l I 9,
where the last inequality is a consequence of the fact that ||ul|a, 1,2 is equivalent
to the norm ||ul|;/2,r, in the Sobolev space H'/?(T,), and ¢ is a constant
independent of N . By the trace theorem we obtain the inequality (47).
Furthermore,

o0

2n > niad+ b} + i+ d

B(u,v;u,’l})=(—ﬁ_—2;—

+K,(by—cn)? +K(an+dn)?} >0 Y(u,v)eV.
Similarly, for By(u, v; i1, ©) we obtain
|Bn(u, v @, 0)| < Mili(u, v)llvlii, O)lly V(u,v), (&, 0) eV,
By(u,v;u,v)>0 V(u,v)eV.
The proof of Lemma 2 is completed. O
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On the other hand, we have

lB(ua V3 a’ ’D) _BN(u’ v, i{, ﬁ)l
l+1)mp N " . .
5 20) ,,_ZNH n{anan + bpby + cnén + dndy}

2Knu

+ 2K Z n{and~n - bnén - Can + dn&n}

=N+

1 oo 1/2
(1 JC)JZﬂ 2 2 2 2

< -~ /7

) {,,E n(a; + by +c;+dy)

00 1/2
4(1 +x)m _
s (‘——1+2K)1)vk’fl{ > () ‘/2(a3+b3+c£+dﬁ>}
n

o 12
{ > n(&,2,+13,2,+6§+d,f)}

n=N+1

¢ -
SW”(u,v)“k—lﬂ,l}”(u,U)”1/2,l"e, Vk > 2.

Hence we obtain the following error estimate:

Lemma 3. The following error estimate holds:

. N c .
(49) |B(u, v, a,9)~By(u,v;, 0)[ < N—k—T”(u’ Vlle—1y2,r (@, D)llij2,r,

with k > 2 and ¢ a constant independent of N, (u,v), and (it,v). O

Theorem 1. Suppose f;, f» € H™1(Q;); then the variational problem (45) has a
unique solution (u, v) € V and problem (46) has a unique solution (uy, vn) €
V . Furthermore, we have the following error estimate:

c
(50) (u—unv,v—vn)lv < Wﬂ(u,v)“k—l/z,n-

Proof. By Lemmas | and 2, we know that A(u, v; &, 9)+ B(u,v; @t,?) and
A(u,v;u,0)+ By(u,v; @1, ) are two symmetric, bounded, and coercive bi-
linear functionals on ¥V x V. By Cauchy’s inequality, (f;, f>; &, ©) is a linear
functional on V. From the Lax-Milgram theorem [2], we obtain that the prob-
lem (45) has a unique solution (u, v) which is the restriction to Q; of the
solution (u, v) of the original problem (1)-(4), and the problem (46) has a
unique solution (uy, vy).
Let e; =u — uy and e; = v — vy ; then (e, e;) satisfies

(51)
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EXACT BOUNDARY CONDITIONS FOR LINEAR ELASTIC EQUATIONS 31
Taking ## = e, and ¥ = e, in (51), we get
Boll(er, e)ll} < Aler, ex; €1, €2) < [By(u, v; 1, ) - B(u, v e, )
< =l V- e el

The last inequality comes from Lemma 3. The inequality (50) now follows
immediately. O

4. THE FINITE ELEMENT APPROXIMATION OF PROBLEM (46)

For the sake of simplicity, let I'; be a polygonal line, and .7, be a triangu-
lation of Q; satisfying

Q; = ( U K) n U I? s
KGZ 1’26-7},
where K is a triangle and K is a curved triangle with a curved side on I,
and

h—"sa VK, K € 9,
Pk

where h; = diameter of K or K, pi = diameter of the inscribed circle of K

or K,and A =maxK’kv€9;hk. Let

Sh(Qy) = {v e H(Q), v|k (v|g) is a linear polynomial VK(K) € T},
Vi = Sh(€2:) x Sp(Q:).

We know that the subspace V), is a regular finite element space in the sense of
Babuska and Aziz [1], which satisfies the following approximation property:

(52) inf |[(u—up, v—vp)llv <chll(u, v)l2,q,-
(Up , Vp)EV,

We now consider the approximation problem of (46):
Find (4%, v%) € ¥, such that

(53) Al vl i, 9) + By(uly, vl i, 9)
=// (hii+ fid)dxdy (i, )€ V.
Q,

By the Lax-Milgram theorem we have
Theorem 2. The variational problem (53) has a unique solution (uf,, vh) € V.

Theorem 3. Assume that u, v € H*(Q;) N H*~Y%(T,), k > 2, where (u, v) is
the solution of problem (45); then the following error estimate holds:

1
o= 0 = ol < {Rl. Ol + g Olevan |

where ¢ is a constant independent of h and N .

Proof. From the equalities (45) and (53) we obtain

Au—uly, v —vl; @, )+ By(u—uly, v—vl; t, 0)

(54) . o N
=Byu,v;u,d)—Bu,v;iu,d) Y, v)el,.
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32 HOUDE HAN AND XIAONAN WU

Then

h o _ o ah _ E2
I(up — &, vy = D)y

5%{A(u’,@—a,v,"v—ﬁ;u'}v—a,v,’{,—ﬂ)
+ Byl — i, vl — 05wl — i, vl — D))
=L0{A(u—12,v—ﬂ;u’1§,—a,v,’(,—@)
+By(u—it,v—9;uly —it, vl — )
+B(u,v;uly—a, vl —9)— By(u,v;uly —it, vl —9)}
< 0 v - o)y - 2 vy - 0}

¢ . R L
+ Wll(u, ko2, I (uly =i, vb = 0)lly V(i 0) € W

Therefore, we have

Iy, o = ol < Py, - 0y
+ gt Ol e VU@, 9) € Vi
By the triangle inequality,
(=, v = vf)lly < Nl(u—it, v = D)y + |y — i1, vy = D)lly
< (M+l) =i, v — )|y
Bo
C

+ _— u’ v .
BONk 1”( )”k—l/z)rF
HenCC, weE get

w inf “(u_u,v_fv)lly

h h
u—ul, v—vh)|v <
II( N Wl B LI
¢
+ -ﬂOTk_T“(u, V)|lk~1/2,T.-

By inequality (52), the proof is completed. O

5. NUMERICAL EXAMPLE

Suppose that the unbounded domain Q = {(x,y) e Q, 1 < |x| or 1 < |y|}
is the exterior domain of the square [—1, 1] x [-1, 1] with boundary I';. Let

A+3 1, x2+(y+0.5)?
mlx ) = g +u2m {5 8%y 8 —0.5§2
. A+ u ( x? B x? )}
A+3u\x2+(y-052?2 x2+(y+05)2)])"
ni(x, y) = A+u ( x(y=05)  x(y+0.5) )
’ Arp(A+2u) \x2+(y-0.5)2 x2+(y+0.5)2
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y
mesh A
2
A B
C
1
0 1 E 2 z
FIGURE 2

Then (u,, v{) is the unique solution of the following boundary value problem:

0 (Ou Ov .
—,uAu—(A+u)a—x(a+5>—0 in Q,
0 (du 0Ov .
—uAv—(l+u)5(a+$)—0 in Q,
U=u onl",~,
v=v, onlj,

u, v are bounded when r — +co.

We take I', as a circumference with radius 2; then we consider the finite
element approximation of (¥, v) on the bounded domain Q; = {(x, y) € Q
and r < 2}.

Since u, and v; are symmetric about the x and y axes, respectively, and
antisymmetric about the y and x axes, respectively, the domain of computa-
tion was taken to be the part lying in the first quadrant. The symmetric and
antisymmetric boundary conditions were used along x =0 and y=0.

Three meshes were used in computation. Figure 2 shows the triangulation
for mesh A. Mesh B was generated by dividing the triangles in mesh A into
four small triangles, and mesh C was similarly generated. Linear finite ele-
ment approximation was used in computation. Table 1 shows the maximum
of the errors u — u%, and v — v% over the mesh points when N = 5. Since
the maximum norm of u# is about 0.117, the maximum relative error for u is

TABLE 1. Maximum error for N = 5

mesh A B C
h 0.36 0.18 0.09
max |u; - u',{,,i| 0.370d-02 | 0.117d-02 | 0.2944d-03
max |v; — Uzhv,i| 0.651d-02 | 0.252d-02 | 0.840d-03
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TaBLE 2. Maximum error for mesh A
N 0 1 3 5
max |u; — u}IIV,i| 0.433d-01 | 0.610d-02 | 0.3584-02 | 0.370d-02
max |v; — UI}\ll,i! 0.721d-02 | 0.148d-01 | 0.658d-02 | 0.651d-02

TaBLE 3. Maximum error for mesh B
N 0 1 3 5
max |u; — u';\,’i| 0.412d-01 | 0.521d-02 | 0.116d-02 | 0.117d-02
max |v; — ’Uk,, ;| | 0.493d-02 | 0.101d-01 | 0.231d-02 | 0.252d-02

TABLE 4. Maximum error for mesh C

N 0 1 3 5
max |u; — u',’v’,-| 0.409d-01 | 0.568d-02 | 0.433d-03 | 0.294d-03
max |v; — U}’@,i| 0.408d-02 | 0.816d-02 | 0.624d-03 | 0.840d-03

about 3.2% for mesh A, 1% for mesh B, and 0.25% for mesh C. The maximum
norm of v is about 0.555, hence the maximum relative error for v is about
11.7% for mesh A, 4.54% for mesh B, and 1.51% for mesh C. The convergence
is fast; in fact, the rates are much higher than linear.

Table 2 shows the maximum of the errors ¥ — u%, and v — v% for mesh
A when N = 1,3, and 5; Tables 3-4 show the analogous results for meshes
B and C. As we can see from the tables, for u, N = 3 is good enough for
meshes A and B, since the meshes are too coarse and then the main errors are
due to the coarse meshes. This becomes clear when the mesh is refined, N = 5
did improve the accuracy for mesh C. For v, the effects of N were not so
significant as for # for meshes A and B, this is because on the boundary I, , v
is very close to zero, so even for N = 0, the error is already small. The effects
of N showed up only for finer meshes, as is shown in Table 4 for mesh C.

Figures 3-35 show the results for ¥ and v along some curves, where the inte-
rior points are the points along the curve ABCDE shown in Figure 2, and the
boundary points are the points along the boundary I, , i.e., the circumference
with radius 2. The effects of N are shown for meshes A-C; as shown in the
figures, N = 5 gives good approximations, and therefore in the computation
very few terms in the bilinear form By(u, v; i, ©) are needed in order to get
good accuracy.
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