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Abstract

The group transformation theoretic approach is applied to present an analytic study
of the steady state temperature distribution in a general triangular region, €2, for given
boundary conditions, along two boundaries, in a form of polynomial functions in any

[39we b

degree “n”, as well as the study of heat flux along the third boundary. The Laplace’s
equation has been reduced to a second order linear ordinary differential equation with
appropriate boundary conditions. Analytical solution has been obtained for different
shapes of ) and different boundary conditions.

1 Introduction

The Laplace’s equation arises in many branches of physics attracts a wide band of re-
searchers. Electrostatic potential, temperature in the case of a steady state heat conduc-
tion, velocity potential in the case of steady irrotational flow of ideal fluid, concentration
of a substance that is diffusing through solid, and displacements of a two-dimensional
membrane in equilibrium state, are counter examples in which the Laplace’s equation is
satisfied.

The mathematical technique used in the present analysis is the parameter-group trans-
formation. The group methods, as a class of methods which lead to reduction of the
number of independent variables, were first introduced by Birkhoff [4] in 1948, where he
made use of one-parameter transformation groups. In 1952, Morgan [6] presented a the-
ory which has led to improvements over earlier similarity methods. The method has been
applied intensively by Abd-el-Malek et al. [1-3].

In this work, we present a general procedure for applying a one-parameter group trans-
formation to the Laplace’s equation in a triangular domain. Under the transformation, the
partial differential equation with boundary conditions in polynomial form, of any degree,
is reduced to an ordinary differential equation with the appropriate corresponding condi-
tions. The equation is then solved analytically for some forms of the triangular domain
and boundary conditions.
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2 Mathematical formulation

The governing equation, for the distribution of temperature T'(x,y), is given

T T
W—i_(‘?—yz =0, (z,y) € Q (2.1)

with the following boundary conditions:
(12) T(z,y) =Pz", (z,y) € Lo,

We seek for the distribution of the temperature T'(x,y) inside the domain € and the heat
flux across L3 with

(2.2)

Li: y=xtan Py,
Ly y= —xtan ®q,
Ly: y=xtan®3+b, b#D0,

n € {0,1,2,3,...}, a, § are constants.
Write

T(z,y) = w(z,y)q(x),  qlz)#0in Q.
Hence, (2.1) and (2.2) take the form:

0? 0w ow dq d%q
- 4+ 2= - — L = 2.
a(w) <85L‘2 * 8y2> + O dx +wd:l:2 0 (23)
with the boundary conditions:
. ax™
(Z) w(x,y): ) (xvy) €L17
%(x) (2.4)
" '
) w(x,y) = , x,y) € Lo.

3 Solution of the problem

The method of solution depends on the application of a one-parameter group transforma-
tion to the partial differential equation (2.1). Under this transformation, two independent
variables will be reduced by one and the differential equation (2.1) transforms into an
ordinary differential equation in only one independent variable, which is the similarity
variable.

3.1 The group systematic formulation

The procedure is initiated with the group G, a class of transformation of one-parameter

“a” of the form

G: S=C%a)S+ K*(a), (3.1)

where S stands for x, y, w, ¢ and the C’s and K’s are real-valued and at least differentiable
in the real argument “a”.
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3.2 The invariance analysis

To transform the differential equation, transformations of the derivatives are obtained
from G via chain-rule operations:

e - cs _ ‘
S; = (E) s S;; = (m) Sij7 =Y, =Y,

where S stands for w and q.
Equation (2.3) is said to be invariantly transformed whenever

1(Wrz + Wyy) + 205 + Wzz = Hi(a) [g(wer + wyy) + 20s4s + wGas] (3.2)

for some function Hj(a) which may be a constant.
Substitution from equations (3.1) into equation (3.2) for the independent variables, the
functions and their partial derivatives yields

e ([%] Wag + [%} wyy) +2 [%} Wa Gy + {%] Wz + &1(a) =
Hi(a) [q(was + wyy) + 2Weqe + W] ,

(3.3)

where

ate) = 00 (5 + ) + | oo oo

The invariance of (3.3) implies & (a) = 0. This is satisfied by putting
Ki=K"=0

and

)= 1] = o

which yields
c* =(Cv.
Moreover, the boundary conditions (2.4) are also invariant in form, that implies
K*=K1=K" =0, and CICY = (C")".

Finally, we get the one-parameter group G which transforms invariantly the differential
equation (2.3) and the boundary conditions (2.4). The group G is of the form

T=C%

y=C%+ KY
G:{w=C%w

_ (C:B)TL
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3.3 The complete set of absolute invariants

Our aim is to make use of group methods to represent the problem in the form of an
ordinary differential equation (similarity representation) in a single independent variable
(similarity variable). Then we have to proceed in our analysis to obtain a complete set
of absolute invariants. In addition to the absolute invariants of the independent variable,
there are two absolute invariant of the dependent variables w and gq.

If n = n(x,y) is the absolute invariant of independent variables, then

are two absolute invariants corresponding to w and g. The application of a basic theorem
in group theory, see [5], states that: function g(x,y;w,q) is an absolute invariant of a
one-parameter group if it satisfies the following first-order linear differential equation

4
0
D (i + B g =0 (3.4)

i=1
where S; stands for x, y, w and q, respectively, and

oc% oK%
i = T = ) = 1725 747
« 5 (a”) and [ 5 (a”) i 3

where a® denotes the value of “a” which yields the identity element of the group.

From which we get: a3 = as and 81 = 83 = 64 = 0. We take 85 = 0.

At first, we seek the absolute invariants of independent variables. Owing to equa-
tion (3.4), n(z,y) is an absolute invariant if it satisfies the first-order partial differential
equation

dn  On
m%+y8—y_0’

which has a solution in the form

n(z,y) = % (3.5)

The second step is to obtain the absolute invariant of the dependent variables w and q.
Applying (3.4), we get q(z) = R(z)0(n).

Since g(x) and R(x) are independent of y, while 7 is a function of = and y, then 6(n)
must be a constant, say #(n) = 1, and from which

q(z) = R(z), (3.6)

and the second absolute invariant is:

w(z,y) =T(x)F(n). (3.7)
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4 The reduction to an ordinary differential equation

As the general analysis proceeds, the established forms of the dependent and independent
absolute invariants are used to an obtain ordinary differential equation. Generally, the
absolute invariant 7(z,y) has the form given in (3.5).

Substituting from (3.6), (3.7) into equation (2.3) yields

d’F 1dl'  1dR dF
i) —= -2 (=—F+=—)z—1| —
(" + )d772 g deJerx * d77+

4.1
{m?r 2 dRdl ldQ_R (41)

22F = 0.

fw—i_RFdzdx_’—Rdxz

For (4.1) to be reduced to an expression in the single independent invariant 7, the
coefficients in (4.1) should be constants or functions of 7. Thus,

1dl’ 1dR

2 2

<%%+%%%+%%> 2% = Cy. (4.3)
It follows, then, from (4.2) that:

[(z)R(z) = C3z°.
Also, from (4.2) and (4.3) we can show that

Cy = C1(C1 —1).
By taking C3 = 1 and C] = n, we get

(n? + 1)F" —2n(n — 1)F' +n(n—1)F = 0. (4.4)
Under the similarity variable 7, the boundary conditions are:

F(tan®;) = a, F(—tan ®9) = 3, (4.5)

such that the boundary L; or Ly does not coincide with the vertical axis.

5 Analytic solution

Solution corresponds to: n =10

Equation (4.4) takes the form:
(N + 1)F" +2nF' = 0.

Its solution with the aid of boundary conditions (4.5) is presented as

1

Flp) = —
(n) b1+ Py

[(a = B) tan~" 0+ B + ady]
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and from which

1
T(z,y) = o (o — B) tan™" (%) + B®; + oz%] .
Heat flux across Ls:
oT oT oT
= = ——sin®3 + — cos 3.
o (z,y) L 5y S0 @3 + ay cos @3

Hence, we get:

oT . 08—« Y oa— 0 T
gl — _sin® P .
o), = s () () v (i) (w5

Solution corresponds to: n > 1

(3] (23]
_ E(T 2k ﬁ k n 2k+1
R =803 (1) (o )™+ 2 o 0" (5%, ) (5.1
and from which we get
0, ,, 122 )
_ Y 2%, n—2k , 0L Y 2%+1, n—2k—1
Tog) =0 31 (5, )P+ S ot ()
k=0 k=0
orT ) by .
%(.%,y) . = bo[— sin q)gM()’l + cos (I>3M0’2] + E[— sin (I>3M1’1 + cos (I>3M1’2].
3
Applying the boundary conditions (4.5), we get:
b
a = bozp,1 + Elzl,lj (5.2)
by
B =boz02 + —212 (5.3)
n
where
25 )
k 2k, n—2k—1
Moy = > (=1)"(n - 2k) <2k ) x ,
k=0
257 )
_ k(e oL 2k-+1, n—2k—2

My = Z(—l)k@k) <2T;€ ) ka—lxn—2k7
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3 3
S [ Y e

k=0 k=0

o ) )
20,2 = Z(_l)k <2k ) tan?* @y, 212 = Z(—l)k <2k 1 > tanZFt1 @,

k=0 k=0

Solving (5.2) and (5.3) for the given value of “n” we get by and b;.

6 Special Cases

Case 1: Boundary conditions with different degrees of polynomials
The governing equation is given as

0*T 9T
- - D [¢)

with the following boundary conditions:

(i) T(z,y) =azb (2,9) € L,
(”) T(x,y) - 61'57 (.1‘, y) € Lo,

and (I)l == 600, (I)Q = 450, (I)g =0°.
From the principle of superposition, write
T(CC, y) = Tl(x7 y) + TZ(xv y)7

where the boundary conditions for T} (z,y) are:

(i) T(z,y) =azb (2,y)€ L,
(”) T(x7y) = Ov (.TU, y) € Lg,

and the boundary conditions for Th(z,y) are:

(Z) T(x7y) = 07 (l’,y) € Lla
(“) T(:I:hy) = 6‘7357 (.T,y) € Lo.

Setting n = 6 in the general solution (5.1), we get:

a
Ti(w,y) = g (2" = 15yt 4+ 15y"2” — ),
— = ———(bx” — 10b b*).

Setting n = 5 in the general solution (5.1), we get:
Ty(x,y) = 4(1_ﬁ\/§) V3(2® — 10y%° + 5y*a) + (sya? — 10y%0% + 7)),
T, 50
8—n($, y) L3: m [—4b\/§($3 — bzl') + ($4 — 6()21'2 =+ b4)i| .
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Hence, the analytic solution has the form

T(x,y) = 6%(?66 — 15y%a* + 15y"2* — %)+

& V3(25 2.3 4 4 3,2 .5
—— |V3(z® — 10y“z” + by ) + (byx™ — 10y°z* + ,
4(1_\/5){ ( y y'z) + (5y y y)}
and
or _ 3ab,,_ 4 9 9 . 4
o (x,y) LS T3 (5z™ — 10b°z" 4+ b*)+
50
— | —4bV3(a® — bP2) + (¢t — 602 4+ bY)| .
4(1—/3) ( )+ )]

Case 2: One of the boundaries is vertical

The governing equation is given by

o*T  8°T
- 42 0 1
a2 T =0 Wye (6.1)

with the following boundary conditions:
(,L) T(x7y) = ay”? (-’B,y) € Ll: (62)
(i) T(z,y)=pPz", (z,y) € Lo,

and &, = g

Write

T(x,y) =w(@,y)q(y), aly) Z0 in Q.
Hence, (6.1) and (6.2) take the form:

Pw  Pw ow dq d?q
o7 72 ~ 2 =0 6.3
q(y)<8x2+ay2>+ ydy TP (6.3)
with the boundary conditions:
. ay”
1) w(x,y) = , x,y) € Ly,
g pBx"
1) w(x,y) = —r, x,y) € Lo.

Applying the invariant analysis, we get:

T

T=C%
y=C%
G:{w=C%

and the absolute invariant n(x,y) is:

n(z,y) = " (6.4)
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The complete set of the absolute invariant corresponding to w and ¢ are:

q(y) = R(y), (6.5)

w(z,y) = L(y)F(n). (6.6)
Substituting (6.4)—(6.6) in (6.3), with I'(y)R(y) = y", we get:

(n? + 1)F" —2n(n — 1)F' +n(n—1)F = 0. (6.7)
Under the similarity variable 7, the boundary conditions are:

F(0) = a, (6.8)

F(—cot g) = (— cot P2)" 0.
For n = 0: Solution of (6.7) with the boundary conditions (6.8) is:

T(x,y) = f-a tan™! <§> + a.

5 + @2
The heat flux across Ls is:
oT a—_

1
= (ysin @3 + x cos P3).

For n > 1: Solution of (6.7) with the boundary conditions (6.8) is:
(5] " 2\ 2 by [%57] n 2\ 21
T =0 >0 (5 ) (2) e 2 et (0 ) (B) e
k=0 k=0
where
bo = a, (6.9)
g E( T 2k b1 = k+1 n 2k+1
B(—cot Po)" = by ;0(—1) <2/~€ > cot (I)2+E kz_o (—1)FF (2k: 1 > cot?* 1 ®4.(6.10)

Solving (6.9) and (6.10) for the given value of “n” we get by and b;.
The heat flux across L3 is:

oT b
8—(93, y)| = bo[—sin ®3No 1 + cos P3Ngo] + — [~ sin® — 3N 1 + cos P3Ny o] ,
n L3 n
where
3]
k 2k—1_ n—2k
Nos =3 (-1t (57 ) e
k=0
(5]
_ _1\k 2k, n—2k—1
k=0
(5] .
_ _1\k(, 2k, n—2k—1
Noz= Y (-1)*n 2k)<2k>a: y ,
k=0
[52]

n n—2k—
Nig = Z (-1 —2k—1) <2k 41 >:U2k+1y k=2,
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Case 3: (1)1:@2:%, CI)3:0

From (5.2), (5.3) and ®; = &3 = %, we find that n = 2.

The governing equation is given by

T | T _

922 + o 0, (z,y) € Q (6.11)

with the following boundary conditions:

(i) T(z,y) = az?, (z,y) € L1,

() Tlw,y)=—as,  (5,9) € La. (6.12)
Write
T(x,y) =w(z,y)q(x),  qx)#0 n €
Hence, (6.11) and (6.12) take the form:
Pw 0w ow dq d%q
gw, vw bt | 21 .
a() <8x2 * 8y2) 0z dz Va2 (6.13)
with the boundary conditions:
() wiew) =2 @a)el
3 = 1 z, )
Y 2(z) Y 1
2
ax
1) wIr,y) = ———, xz,y) € Lo.
Applying the invariant analysis, we get:
T=C%
y=C"+ KY
G:{w=C"w
_ (Cx)2
and the absolute invariant n(z,y) is:
Y
n(z,y) = =. (6.14)
x
The complete set of the absolute invariants corresponding to w and ¢ is:
q(z) = R(z), (6.15)
w(a,y) = D(@)F ). (6.16)

Substituting (6.14)—(6.16) in (6.13), with T'(z)R(z) = 2%, we get:

(? +1)F" —2nF' +2F = 0. (6.17)
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Under the similarity variable 7, the boundary conditions are:

F(-1) = —a,

P (6.18)

2

It is clear that two conditions in (6.18) are identical. Hence, to find the second condition,
assume that the heat flux across L3 takes the form:
oT

— = 1
3y L, ¥+ ax, (6.19)

where v is a constant.
Solution of (6.17) with the boundary conditions (6.18) and (6.19) is:

Y

T(z,y) = = (y> — 2*) + azy.
2b
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