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Abstract: The infinite series solution to the boundary-value problems of Laplace’s equation with
discontinuous Dirichlet boundary conditions was found by using the basic method of separation of
variables. The merit of this paper is that the closed-form solution, or the singular similarity solution
in the semi-infinite strip domain and the first-quadrant domain, can be generated from the basic
infinite series solution in the rectangular domain. Moreover, based on the superposition principle,
the infinite series solution in the rectangular domain can be related to the singular similarity solution
in the semi-infinite strip domain. It is proven that the analytical source-type singular behavior in the
infinite series solution near certain singular points in the rectangular domain can be revealed from
the singular similarity solution in the semi-infinite strip domain. By extending the boundary of the
rectangular domain, the infinite series solution to Laplace’s equation in the first-quadrant domain
can be derived to obtain the analytical singular similarity solution in a direct and much easier way
than by using the methods of Fourier transform, images, and conformal mapping.

Keywords: Laplace’s equation; infinite series; similarity solution; source-type singularity

1. Introduction

Laplace’s equation is one of the important equations in studying applied physics,
mathematics, and engineering problems [1,2]. In the study of heat conduction problem:s,
Laplace’s equation describes situations of a steady-state and equilibrium temperature
distribution. In this paper, the analytical method is applied to solve Laplace’s equation in a
two-dimensional domain with Dirichlet boundary conditions, to find a solution T(x,y) for a
certain domain in D such that T(x,y) on the boundary of D is equal to a given function [3,4].

There are many analytical methods for solving the boundary-value problem of Laplace’s
equation, such as Fourier transform, similarity transform, the method of images, and the
method of conformal mapping for different domains [5-7]. The solution in the rectangular
domain is expressed in an infinite series through the basic method of separation of variables,
and the solution is slowly convergent near certain singular points in the domain through
numerical calculation. However, after we expand the domain into the semi-infinite strip
domain and first-quadrant domain, the infinite series solution converges rapidly to a closed-
form solution or analytical singular similarity solutions. We can also prove that there is
analytical source-type singular behavior near a singular point in the domain.

The merit of this paper is that certain analytical singular similarity solutions can be
easily and directly generated from the simple rectangular domain, which is an improvement
on using Fourier transform, the method of images, or the method of conformal mapping.
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2. Boundary-Value Problem of Laplace’s Equation with Discontinuous
Dirichlet Conditions

2.1. Rectangular Domain

In the finite rectangular domain shown in Figure 1, Laplace’s equation is described

as follows:
PT T
o4 = L H 1
8x2+ay2 0, 0<x<LO<y< 1)
BCs
N _ To,0<y<a
Ty =) = { o0 =V S 1 @
T(L,y) =0 ©)
T(x,0) =T(x,H) =0 (4)
where T (x, y) is the temperature in the rectangular domain and T} is a constant, as shown
in Figure 1.
VoA T=0

=0
d%T N d%T B =0
a 4 dx2  dy?
'I':To
L
T=0 L

Figure 1. Laplace’s equation in the rectangular domain.

Through the method of separation of variables, the general solution for temperature
in Equation (1) is easily solved, as shown in Equation (5):

T(xy) = i AnXn(X)Yu(y) = i Apsinh L= %) i 17V (5)
n=1 n=1

H H

The Fourier coefficient A, in Equation (5) is calculated based on the BCs (Equations (2)—(4)):

2Ty nrma
An = 7-[Sinh71[7_TIL<1_COS 7) (6)

Substituting Equation (6) into Equation (5), we obtain the infinite series solution T'(x, y)
in the rectangular domain, as follows:

oT, [} 1 sinhmr(L—x)
T(x,y) ==L 21 +(1 — cos 22) 7Smhé
n—=

. nmy
sin "

@)

=20 % L(1 - cos %) T, (x; L)sin "
- nn:ln H n\*s H
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where

sinh
sinh%

The numerical calculation of the 3D plot from Equation (7) witha/H =1/3,L/H =1,

Ty = 10 is shown in Figure 2, and the 2D distribution from Equation (7) witha/H = 1/3,
L/H =1, Tg =10 is plotted in Figure 3.

nt(L—x)
H

In(x;L) = ®)

a/H=1/3, LH=1

Figure 2. The 3D distribution of temperature from Equation (7) by numerical calculation.
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Figure 3. The 2D distribution of temperature from Equation (7) by numerical calculation.

In Figure 2, showing the calculation of infinite series to find the converged temperature
distribution, there is an oscillation phenomenon (the so-called Gibbs’ phenomenon [8])
near the singular points (0, 0) and (0, 1/3).
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If a = H, the solution for 0 < x < L, 0 < y < H in Equation (7) is simplified to
. 1 nn(L—x)
__ 4T, ad 1 sinh 22— nmy
T(x,y) = 771:123:5 H—sinhé Sin :E
. ©)
= 4—20 Y Ir,(xL)sin"F
1,35,...

In terms of numerical calculation, the 3D plot of Equation (9) with & =1, % =1,
0

Tp = 10 is shown in Figure 4, and the 2D plot of Equation (9) with 7 =1, % =1,T,=10
is shown in Figure 5.

(vH)

(wH=1, LH=1)

o y /
/ 1/\
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Figure 5. The 2D distribution of temperature from Equation (9) by numerical calculation.
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It is clear that the temperature distribution in Figure 4 is the same as that shown in
Figure 2, and there is an oscillation phenomenon [8] near the singular points (0, 0) and
O, 1).

2.2. Semi-Infinite Strip Domain

For the semi-infinite strip domain 0 < x < co0, 0 < y < H shown in Figure 6, Laplace’s
equation in the domain is shown below.

*T  9°T
@+a—]/2=0,0<x<oo,0<y<H (10)
BCs
Ty =) ={ o0 =V =1 )
T(oc0,y) — 0 (12)
T(x,0) =0,T(x,H) =0 (13)
-1.
4 0
H [ .
=0
82T 82T
a + dx? dyz -
’I‘ZTO
> .

=0

Figure 6. Semi-infinite strip domain.

As the semi-infinite strip length from Equation (8) L — oo, the approximate result is
found as follows:

nnl _ nmox nnl nmx
inh (L) eHe H —e HeH
) . sin 0 ) amx
lim[,(;L) = lim ———%— — lim - - — e H (14)
L—co L—o0 smh% L—00 (eng —E_WPTT )

When substituting Equation (14) into Equation (7), then the solution can be expressed
as follows:

2T, 1 2Ty
Txy) = 20 y" Lo gin 200 2T0

21 _wm  nma . nmy
Z —e” H cos ——sin —= (15)
n=1 n= I’l H

H

From the trigonometric relation, we have

COS —— SINn ——

nmwa . nmy _1[
H H 2

sin % (a+y)—sin %(a - y)} (16)
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Then, Equation (15) becomes
(e ) (e )
T(x,y) =20 y le"gin®¥ Doy 1o sinw
n=1,3,5... n:l,3,c..
T oy 1,-mm o n(aty)
T i35 n€ ST
— 1,99, 17
2Ty w 1 _nmx nﬂy TO X 1 —nmx . ar(a—y) A7)
+=% Y e Hsin + Y e Hosin—gp
n=24,... n 2,4,6...
Loy 1,="F gin (Itj;ry)
n=24,6,
Mathematical manipulation [9] yields
(0]
1 nmx in Y
Y —e H sin O 2tan 1 ;ﬁl& (18)
_ n H
n=1,3,...
_2mx . 2my
[e¢]
1 _wnx . nm 1, e~ H sin“g*
Y, e H s1n7y = Etan 1 o H27r (19)
n=24,." 1—e 'H cosT

Substituting Equations (18) and (19) into Equation (17) yields the closed-form solution,
Tc(x,y), in a semi-infinite domain for 0 < x < c0, 0 < y < H:

n(a—y) n(aty)

T sin T, sin == T, _1/sin
(x ]/) Otan (smhgY ) + Ota ( smh% ) o ﬁtan 1( sinh% )
_2nx 2 _2mx 2nt(a—y)
— e H =L _ e H i)
+tan | P ) fhtan T S 20)
1-e  H cos%"j l-e H cosw

2mx
T 1 ¢ H sinZey)
l1-e H cos%ﬂ)

The closed-form solution in Equation (20) is unexpectedly complicated, so it is tedious
to derive the singular similarity form; meanwhile, the temperature is no more in an infinite
series form. The 3D plot of the complicate closed form of the temperature distribution
(Equation (20)) with £ = 3, 0<#<30< H <L T, = 10 is shown in Figure 7, and
the 2D plot of Equation (20) with 7 = % 0< 7 <3, 0 < <1, T, =10 is shown in
Figure 8.

Asa/H — 1,L — oo, from Equation (15), the infinite series solution becomes

s 1 n nrt
Z —e” H*sin —y (21)
135,.. H

From Equation (18), the infinite series Equation (21) converges to an exact singular
similarity solution, Ts(x,y), as follows:
4T, & 1 _uxy . nm 2Ty, 4 singy
- tan—1 —HZ
Ts(x,y) = ) - sin an

_ 2T, 1 _
H T sinhfx 7 tan”" = f(n) (22)

n=135,...

sin 7y
sinh 7y x”
satisfies the second-order ordinary differential equation in the following form [10]:

where the similarity variable = 0 < 5 < oo, and the similarity function f(#)

d
(1+17)d’7j2(+217df—00<17<oo (23)
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BCs
f(0) =0, f(c0) =Tp (24)

The singular similarity solution of Equation (23) is shown in Equation (22).

oH=13

TGy

Figure 7. The 3D distribution of temperature from Equation (20).
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Figure 8. The 2D distribution of temperature from Equation (20).

From Equation (22), the dimensionless similarity solution for temperature T, (x, y) is

TS (n) = L(xy) :tanfliy,0<77<oo (25)

(5)

The plot of T; (17) from Equation (25) is shown in Figure 9 for 0 < < oo.
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Figure 9. Dimensionless similarity solution T; (1) in Equation (25).

The 3D plot of Equation (22) with a/H =1, L — oo, T = 10 is shown in Figure 10,
and the 2D plot of Equation (22) with a/H =1, L — oo, Ty = 10 is plotted in Figure 11.
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Figure 11. The 2D distribution of temperature from the closed form of Equation (22).
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Note that the singular similarity solution for a semi-infinite strip domain in Equation (22)
was confirmed using the method of conformal mapping by Greenberg [9]. In Greenberg’s
study, it was proposed that the closed-form solution ascertained through the method of
conformal mapping is much superior to the solution in an infinite series form obtained
via the method of separation of variables. However, in this study, the singular similarity
solution (Equation (22)) was directly derived through the infinite series, a much better
approach than using the method of conformal mapping. Also, it is worth mentioning
that, in Figure 10, the temperature distribution shows no Gibbs” phenomenon [8] near the
singular points from the singular similarity solution.

It is interesting to point out that the infinite series solution (Equation (9)) in the rectan-
gular domain can be expressed in terms of the singular similarity solution (Equation (22))
in the semi-infinite strip domain. The derivation is shown as follows:

4Ty & 1sinh™E0 a2y sin Y
(xy) T n:1Z3;5m n Sinh% SMTH 7o sinh 7 n(xy L) (26)

where the reminder solution R, (x,y; L) in the region L < x < oo is expressed as

. my [eS) . nm(L—x)
2T, _1 sin 3 4T, 1 sinh . nmy
Ry(x,y; L) = Z0tan™" & — =0 ~——H —sin —*
nbopil) = Sen Gy © g st SMH
) ) . nm(L—x)
__ 4Ty Z 1 _nmx sinh—7— ) . nmy
==0 e H — ———— |sin 5~ (27)
T ou=135." < sinh 77 H
)
4T 1 . ;
== ¥ = Qu(xL)sin%Fy
n=1,35,...

where the Q,(x; L) in Equation (27) is

Q ( L) _% S].nhnn(i;x)

X, =1le — V< anl
n\ts Smh”;_TIL

(28)

L L .
_ 7"Hﬂ en;{] einfl?—einlt[l g% o 7HHLL Slnhn—g{x
- e nmL _nnL e sinhnrrL
H —e H H

e

Substituting Equation (28) into Equation (27), for L < x < o0, 0 < y < H, yields

AT, & 167% sinh™*  nmy

Ry(x,y;L) = —L
n(oyL) T =135, 1 sinh 27 H

(29)

Finally, we obtain the infinite series solution (Equation (9)) of the rectangular domain
in terms of similarity solution Ts(x,y) in Equation (22) of the semi-infinite strip domain
as follows:

T(x,y) = 4Ty E L5 0 sin %Y
7 .
T =135, " snhir H (30)
. 7'[y [ee) 3 nmnx
— 2T qn—1 SNEH 4T 1 ,—ugk sinh’ .y
== tan Sinh 47 e n:l35...n e sinh% SN —¢

It is difficult to justify the singular behavior near certain singular points of the rectan-
gular domain from the infinite series (Equation (9)). However, we can express Equation (9)
in the similarity form, which is the first term on the right-hand side of Equation (30),
subtracting the second term on the right-hand side of Equation (30). As we know, when
L—00, the second term on the right-hand side of Equation (30) will be diminished, and
the left-hand side of Equation (30) will be equal to the first term on the right-hand side of
Equation (30), as discussed in Equation (18).
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The 3D and 2D temperature distributions with the infinite series solution of the left-
hand side of Equation (30) are shown in Figures 4 and 5, respectively, and the 3D and 2D tem-
perature distributions of the right-hand side of Equation (30), shown in Figures 12 and 13,
can be used to justify the correctness of Equation (30). There is no significant difference in
temperature distribution between Figures 4 and 12 except near the singular points (0,0) and
(0,1), where Gibbs’ phenomenon from the infinite series solution is shown in Figure 4. Also,
when comparing Figures 5 and 13, it can be seen that the 2D projection of temperature
distribution is the same.

LH=1

T 5)

des {). Y .

v

I

\
\

Figure 13. The 2D temperature distribution from the calculation of the right-hand side of Equation (30).

Moreover, considering the singular behavior near the origin, where (%, %) = (%, yﬁ*) —
(0,0), Equation (30) becomes
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4T, ©  q ginh L) 2T, *
lim T(x,y) = <O> lim -3 —__sin Y 5220 jim tan~! y—* (31)
x — x* T ) x — x*n=135,. 1 sinh™= H T x* =0 x
y—=y y—=y y =0

From (31), it can be proven that for a rectangular domain, there is source-type sin-
gular behavior near the origin in Figure 3. In the numerical calculation near that sin-
gular point, the convergence is very slow due to the source-type singular behavior in
(31). Of course, there is more source-type singular behavior near the singular point at

(£,1-4) = (%,1 — %) — (0,1), as shown in Figure 5.

2.3. First-Quadrant Domain

For the first-quadrant domain 0 < x < o0, 0 < y < oo shown in Figure 14, Laplace’s
equation is expressed as

T  0°T
W+87y2:0’0<x<00’0<y<00 (32)
BCs
_ B To,0 <y <a
Ty =) = { @y Srse) )
T(x,0) = 0,T(c0,y) — 0, T(x,00) — 0 (34)

where T(x, y) is the temperature in the domain, and T is a constant.

-‘.
=0
| d0°T 0°T
RN p——
dx? 0dy?
a
,I'ZTO |
| > \
=0

Figure 14. Laplace’s equation in the first-quadrant domain.

As H — oo, from the closed-form solution T (x, y) in Equation (20) of the semi-infinite
strip domain, we can find the following forms:

T, sin 7Y T,
2% lim tan™? (sin H > — ;Otan_l% (35)

(o)) _
ZT—O lim tan~! <Slan> — Etarﬁ1 =y (36)
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To . ~y ((sin T To, —1a+y
— lim t ——t 37
27IH1£<1>0 an ( sinh 7 27 an X 37)
_2mx . 2wy 2my
T e H sin=# T Yoy T
=9 lim tan~! T H2 — =2 lim tan™" H ;x — Van1Y (38)
7T H—o0 1—€_TCOS% 7T H—o0 1_(1_T+> T x
—2mx . 27(a—y)
Ty .. 1 e~ H sin——g Ty La-y
2, I ) | ™ x (39)
1—e™H cos=—g*
_2xx . 2m(a+y)
Ty . 1 e” H sin=— > To, _qa+y
2rA " e B VAR (40
1—e™H cos=—g~*

Substituting from Equation (35) to Equation (40) into Equation (20), we obtain the
similarity solution Ts(x, y) in the first-quadrant domain:

2T T —
Toy) = ~Pan ot Dtan MY ) )
To, 1 2xy Ty 1 2xy
Llry) = Zrtan™ 5= 2 ¢ tan m) (42)
T 242
Ts(x/y) = *Otani1 5 211 *y ; (43)
& (2" +y?) +a%(x" —y?)
From the trigonometric relation, we have
1 7T
tan 1A +tan 1= = = m
an + tan " 5 (44)

Then, the similarity solution Ts(x, y) in Equation (43) can be expressed as

(7497) +a2(x2-?)
2a2xy

Ts(x,y) = To [% - %tan_1
(45)

tan~"y7) = £ (1)

Jl=

= To(%—

2
(x2+y2) + a? (x> —y?)

where the similarity variable 7 (x,y) = ,—00 < 11 < oo, and the similarity

2a2xy
function f(#) satisfies the second-order ordinary equation.
f , df
2\ 47T 4 _ o _
(1+;7)d772+2;7d77 0,—00 <1 < o0 (46)
BCs
f(=00) =T, f(e0) =0 (47)

The singular similarity solution of Equation (46) is shown in Equation (45). Then, the
dimensionless similarity solution for temperature T; (1) is

Ts(x,y) 1 1

* _ _ (> _ = -1 _
TS () = T —(2 ntan 7),—00 <15 < o0 (48)

The plot of T; (1) for Equation (48) is shown in Figure 15 for —10 < 77 < 10.
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=10<5<10
T

0.9~

0.8

0.7

0.6 -

T (m)
o
Cd
T

0.4

0.2~

0.1~

-0 -8 -6
(n)

Figure 15. Dimensionless singular similarity solution, T; (1) in Equation (48).
The 3D plot of Equation (45) with L — 0o, H— o0, a=1, Ty = 10is shown in

Figure 16, and the 2D plot of Equation (45) with L -0, H -+ o0, a=1, Tg =10is
plotted in Figure 17.

Figure 16. The 3D distribution of temperature from Equation (45).

From Equation (43), there is a source-type singular solution near the origin (x,y) =
(x*,y*) — (0, 0), as shown below:

. . _ 2 . _ 2x*y*
lim Ty(x,y)= 2 lim tan ' 20 xy — T lim tan! =Y
X — x* S( y) T X — x* (x2+y2)% + a?(x2—y?) T 50 (x*2 — y2)
—y* —y* *—=0
y—y gT y ' - y (49)
— =2 lim tan" 3
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0.1

‘!

0.1

x 4 5 6 7

Figure 17. The 2D distribution of temperature from Equation (45).

Of course, from Equation (43), there is another source-type singular solution near the
singular point (x,y) = (x*,a —y*) — (0,a), as shown below:

2. % *
lim Ts(x,y) = I lim tan~! 207" (a—y")
x — x* o) T xoxt 12 +(a=y* ] +a2[x 2~ (a—y*)’]
—a—y* —a—y*
Y Y A (50)
— 2 lim tan™ " %
y
x*—=0
y*—0

The similarity solution (Equation (45)) in the first-quadrant domain can also be solved
by the Fourier sine transform [11-13].
2Ty [® (1 —cosan) _, .
T =— | —e ™ 1
(x,y) < . e ““sinayda (51)
When comparing Equation (51) with Equation (42), the complicated integral solution
in Equation (51) can easily be found analytically as

T(x,y) = %fo‘” (1_i05“) e~ **sin ayda

T 2 T 2 52)
— X — X
= LYtan~! xZ—yyZ — Y(tan 1x27y2y+a2)
Carefully investigating the integral solution [14] for Equation (52) yields
T x| 1. 4 2xy Y
/0 “ sin zxyd(x = Etan W = tan ; (53)
®CoSaAX 0y . 1. 4 2xy
/O [x e sin DCydDC Zitan m (54)

The integral results of Equations (53) and (54) can be verified from reference [14].
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Now, considering T;(x, y) from Equation (43), we also have the following result [13,14]:

© (1— 1 24°
/ ﬂe*“sinayda = “tan! il
0

p 2 2+ 122+ a2(x2 — ) (35)

As a — oo, from Equation (43), we obtain the fundamental singular similarity solution.

Ti 1 2x 2T _ 2T -
Ts(x,y) = ;Otan ! 2 _yyz = 70tan ! % = ?Otan Yy=rn) (56)

with the similarity variable 7 (x,y) = £,0 < 17 < c.
Near the origin (x,y) = (x*,y*) — (0,0), and from Equation (56), we have

2T *
lim Ty(x,y) = =2 lim tan—' L (57)
x — x* T x* 50 X
y—=y y*—=0

Therefore, there is only one source-type singular solution near the origin in Equation (56)
with Ty = 1, as shown in Figure 18.

i

T=1 (n=») T=05n=10

T =0.667,n = 1.047

T =0.333,7 = 0.524

— — >
=0 (y=0)

Figure 18. The 2D contour of the temperature distribution in Equation (56).

Note that the singular similarity solution in Equation (45) for the first-quadrant domain
can also be found via Fourier transform and the method of images [13]. However, in this
study, it is proven that the analytical singular similarity solution can be derived in a more
powerful and easier way through direct application of the basic method of separation of
variables for a rectangular domain.

3. Conclusions

The traditional solution to Laplace’s equation for the temperature distribution in a
confined domain with discontinuous boundary conditions can be obtained by applying the
method of separation of variables. Numerical computation is applied to find the infinite
series solution in a very slowly convergent way accompanied by Gibbs” phenomenon,
especially near certain singular points in the domain. In this study, the temperature
distribution solutions in terms of the closed form and similarity solution show no oscillation
phenomenon near the singular points.

The singular similarity solution derived from the infinite series of the rectangular
domain, by extending the domain into a semi-infinite domain, offers a better approach
than the closed form of a semi-infinite strip solution obtained through the method of
conformal mapping.
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By extending the rectangular domain into the first-quadrant domain, the singular simi-
larity solution can be derived from the infinite series solution in a more powerful and direct
way than Fourier transform, the method of images, or the method of conformal mapping.
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