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Abstract

Heat transfer in a wall with temperature dependent thermal conductivity and internal
heat generation is considered. We first focus on the steady state models followed by the
transient heat transfer models. It turns out that the models considered are non-linear.
We deliberately omit the group-classification of the arbitrary functions appearing in
the models, but rather select forms of physical importance. In one case, thermal
conductivity and internal heat generation are both given by the exponential function
and in the other case they are given by the power law. We employ the classical Lie
point symmetry analysis to determine the exact solutions, while also determining the
optimal system for each case. The exact solutions for the transient models are difficult
to construct. However, we first use the obtained exact solution for the steady state case
as a benchmark for the 1D Differential Transform Method (DTM). Since confidence
in DTM is established, we construct steady state approximate series solutions. We
apply the 2D DTM to the transient problem. Lastly we determine the conservation
laws using the direct method and the associated Lie point symmetries for the transient

problem.
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Chapter 1

Introduction

In this dissertation, a focus is on the study of heat transfer in a hot body and in par-
ticular across a plane wall. Here, the restriction is the analysis of steady and transient
heat transfer in a planar region. The similar analysis may be applied to cylindrical
and spherical geometries. The study of heat transfer in hot bodies enjoys applications
in heat transfer in slabs, solids or plane walls [1], heat transfer with application in bi-
ology such as heat transfer through the human head [2] and regulation of temperature
through elephant ears [3] or through animal and human skin [4], and thermal energy
storage [5]. The study of heat transfer in human body is also important in terms of

development of new medical treatments [6].

Most models describing heat transfer in slabs assume constant thermal conductiv-
ity and internal heat generation is neglected or assumed to be constant (see e.g. [4]).
Few exact solutions exist particularly when the thermal conductivity and internal heat
generation are temperature dependent. This is because the resulting models are non-
linear and harder to solve exactly. In fact, only general solutions that do not satisfy

the boundary conditions may be obtained.



1.1 Literature Review

The problem being considered is an investigation to determine the group invariant so-
lutions for heat transfer in a hot body with internal heat generation, and to discover

and explore possible physical events where these solutions will be useful.

We intend employing Lie point symmetry methods to construct exact solutions. Heat
transfer problems have been considered by many symmetry analysts (for example
[5,7,8]). In [8], group classification was performed to determine the form of a source
or sink term, for which the non-linear heat equation admitted extra symmetries. Here,
we aim to construct solutions which satisfy the boundary conditions; that is, we focus

on boundary value problems. Asymmetric and symmetric cases are considered.

Exact solutions can be easily obtained for cases when the thermal conductivity and
internal heat generation are both constant. Here, the cases where thermal conductiv-
ity and internal heat generation are temperature dependent will be investigated. This
results in the equation becoming non-linear and difficult to solve exactly. However,
numerical methods will be implemented to obtain approximate solutions, which will

be compared to our exact solutions obtained for special cases.

The aim of [9] was to transform the equation governing the one-dimensional heat
conduction with non-linear internal heat generation from a boundary value problem
to an initial value problem by means of previously established methods. Here, we will
attempt to reduce the partial differential equation to an ordinary differential equation,
and hopefully solve the reduced ordinary differential equation analytically. Either the

method of differential invariants or canonical coordinates will be employed to analyse



the ordinary differential equations.

A number of techniques have been employed to solve non-linear problems associated
with heat transfer. In [10], the 1D Differential Transform Method (DTM) was used
to construct solutions of the non-linear ordinary differential equations (ODEs) arising
in extended surface heat transfer. While the 2D DTM was applied to solve non-linear

Gas Dynamic and Klein-Gordon equations, [11].

1.2 Aim and Objective

The aim of this dissertation is to obtain solutions for heat transfer in a hot body, in
particular heat transfer through a plane wall, and to analyse these solutions so as to
make a contribution to the understanding of heat transfer problems. First we consider
the steady state problem, where thermal conductivity and internal heat generation
are dependent on temperature, the problem is one-dimensional and non-linear. Then
we obtain the Lie algebra of the governing equation by implementing the classical Lie
symmetry approach. Thereafter, we classify the family of group invariant solutions by
means of finding the one-dimensional optimal system of subalgebras for the obtained
Lie algebra. It turned out that exact group invariant solution satisfied the bound-
ary conditions only for special cases. In the case where exact solutions could not be
obtained, we then apply the Differential Transform Method (DTM) to our problem.
Firstly, the 1D DTM will be applied to the non-linear steady state problems, where its
performance is compared to the known exact group invariant solutions for these cases.
This is followed by applying the 2D DTM to the non-linear transient state problems.
We then construct conservation laws using the direct method and derive the Lie point

symmetries associated with the conserved vectors.



1.3 Outline

An outline of the dissertation is as follows

e Chapter 2 introduces the basic concepts and definitions of the mathematical tools
used in this dissertation. We discuss the Lie point symmetry techniques, explain
the procedure for the DTM, and we present the direct method used to construct

conservation laws.

e In Chapter 3, we present mathematical models, describing steady and transient
heat transfer in plane walls. We consider symmetric and asymmetric boundary

conditions.

e The Lie point symmetries for all considered cases are obtained in Chapter 4.

e In Chapter 5 the construction of the one-dimensional optimal system of subalge-

bra for the algebras obtained in Chapter 4, is provided.

e In Chapter 6, we establish confidence in the Differential Transform Method by
comparing its solutions to already known exact solutions for the steady state

problem.

e The 2D DTM provides analytical solutions when applied to the transient state
problem in Chapter 7. We only consider Power Law for thermal conductivity and
internal heat generation since this was the only case in which group invariant so-

lutions could not be obtained.



e In Chapter 8, conservation laws are constructed, using the Direct Method, as

well as the associated Lie point symmetries.

e Chapter 9 presents some concluding remarks.



Chapter 2

Methods of solution

2.1 Introduction

In this chapter we introduce a brief theory of the Lie group analysis and the differ-
ential transformation method which will be used to solve the models presented in the
next chapter. We also present a brief theory on one of the methods of constructing

conservation laws.

2.2 Lie point symmetry techniques

We introduce in brief the theory of symmetry analysis of differential equations. The
reader is referred to books such as [12, 13, 14, 15, 16] for a detailed account on this the-
ory. This section deals with the implementation of the classical Lie symmetry theory
to the governing partial differential equation (3.9). The objective of the classical Lie
symmetry approach is to obtain a transformation which leaves the governing equation

invariant. These transformations are then used to obtain their corresponding group



invariant solutions. We restrict our discussion to second order partial differential equa-
tions. For the steady state, which are given by ordinary differential equations, one may

drop one variable.
Given a second order partial differential equation (PDE)
F<t7x7970t70tt7‘99079w:p) 207 (21)

we seek transformations of the dependant variable 8 and the dependant variables ¢ and

x that have the form

t=1t(t,z,0,¢),
T =12(t,x,0,¢),
0=0(t,z,0,¢). (2.2)

This set of transformations characterize a one-parameter group with group parameter
€, chosen such that the governing equation (2.1) remains invariant. The infinitesimal
transformations can be found by considering the Taylor series expansions of the Lie

group of transformations (2.2) and can be written as

et +efl(t,z,0),
T~ x+ et x,0),
0 ~0+en(t,z0), (2.3)

with the operator

X = &Mt m, 9)2 + &%(t, x, 0)2 +n(t, z, (9)2 (2.4)

ot ox 00’



This operator is a Lie point symmetry generator of the governing equation (2.1) if and

only if the infinitesimal criterion for invariance holds:
X" (equation (2.1)) |equation (2.1)= 0. (2.5)

We act on a PDE (2.1) with the second prolongation X2 of the operator X since the

equation under examination is of the second order. This given by

0 0 0 0 0
[2] _¢1 Il 2 il - i il
0 0 0
+ Cmae—m + CttaTtt + CxtaTxt, (2.6)

where the coefficient functions of the extended infinitesimals ( are explicitly given by

Co(t,2,0) = Dy[n(t,2,0)] — 0,D,[€ (t, 2, 0)] — 0. D, [€*(t, 2,0)],

Gi(t, 2,0) = Di[n(t, z,0)] — 0, D€ (t, 2,0)] — 0D, [€*(t, 2, 0)],
Caa(t, 2, 0) = Dy[Cu(t, ,0)] = 00y Do € (¢, 2, 0)] — 0,0 D, [E2(E, 2, 6)],
Cat(t,2,0) = Dy[Go(t,2,0)] — 0 Dy (t, 2,0)] — 000 D[E2(2, 2, 0)],

Cu(t,,0) = D[¢(t, ,0)] — 04Dy [E1(t, 2, 0)] — 0, D,[E%(t, x,0))]. (2.7)

The total derivative operators are defined as:

0 0 0 0

Dt:§+gt%+0tta_9t+0xta_9x+---a
0 0 0 0 0
D, = %+'9:p%+9ma—91+9;pta—9t+ezmag—m+~- (2.8)

Equation (2.5) results in an overdetermined system of determining equations, from
which €1, €2 and 1 can be solved. By substituting these solutions for £!,£% and #n into
(2.4), the symmetries admitted by the PDE can be found. These symmetries are called

Lie point symmetries, which are local.



2.3 Differential Transform Method

2.3.1 One-Dimensional Differential Transform Method (1D-
DTM)

Let ¢(t) be an analytic function in a domain D. The Taylor series expansion function

of ¢(t) with the center located at ¢t = t; is given by [17]

OEDY ( _K!tj)n {dﬂiﬁﬂt_t ,VteD. (2.9)

xk=0 =t

The particular case of Equation (2.9) when ¢; = 0 is referred to as the Maclaurin series

expansion of ¢(t) and is expressed as,

o

o(t) = Zoi:' [%ﬁﬂ R Vt e D. (2.10)

The differential transform of ¢(t) is defined as follows;

B(t) = f: Lol [d%(t)Lo, (2.11)

K! dtr

k=0

where ¢(t) is the original analytic function and ®(¢) is the transformed function. The
differential spectrum of ®(¢) is confined within the interval ¢ € [0, H], where H is a
constant. From equations (2.10) and (2.11), the differential inverse transform of ®(¢)

is defined as follows,

o0 =3 (5) o0 212

b(t) = Z (%) B(1). (2.13)



It is clear that the concept of differential transformation is based upon the Taylor series
expansion. The values of the function ®(k) are referred to as discrete, i.e., available,
it is possible to restore the unknown function more precisely. The function ¢(¢) con-
sists of the T-function ®(x), and its value is given by the sum of the T-function with
(t/H)" as its coefficient. In real applications, at the right choice of the constant H,

the discrete values of the spectrum reduce rapidly with larger values of argument « [18].

Below are some of the theorems used when applying the one-dimensional differential

transform method.

Theorem 2.1 If ¢(t) = z(t) £+

z(t), then ®(k)=X(k)=*x Z(k).

Theorem 2.2 T 6(t) — az(t), then B(x) = aX(x).

Theorem 2.3 1f ¢(t) — >, then  ®(x) = (s + 1)d(x + 1).

Theorem 2.4 If¢(t):d2dtg), then @(k) = (k+1)(k+2)P(k +2).
Theorem 2.5 If 6(t) — dsdt(), then ®(k) = (k4 1)(k+2)... (5 +8)D(x +5).

Theorem 2.6 If ¢(t) = z(t)z(t), then &(x ZX (k —1)

Theorem 2.7 If ¢(t) = z(t)y(t)z(t), then &(x i i X( (k—1—1).
i=0 1=0

Theorem 2.8 If ¢(t) =t°, then &(k)=4d(k—s).

Theorem 2.9 If ¢(t) = exp(A\t), then @(k)= %

Theorem 2.10 If ¢(¢t) = (1 +1¢)°, then &(k)= s(s= Dls = 2/1{ (s=r=1)

Theorem 2.11 If ¢(¢) =sin(wt + ), then P(k) = O;—T sin (7;—/7 + oz) :

Theorem 2.12 If ¢(t) = cos(wt + «), then P(k)= %T cos (% + a) :

10



The Kronecker delta function d(k — s) is given by

1 if, k=3,

0 if, K # s.

d(rk—3s)=

2.3.2 Two-Dimensional Differential Transform Method (2D-
DTM)

Based on the one-dimensional differential transform method, the basic definitions of

the two-dimensional transform are defined as follows

B(x. 5) = e 1 [8n+s¢(t,x)](oo)’ (2.14)

| ol K s
e il s ot0x

where ¢(t, x) is the original function and ®(t, z) is the transformed function.

The differential inverse transform of ®(¢, z) is defined as

o(t,x) = Z Z O(k, s)t"x®. (2.15)

k=0 s=0

From equations (2.14) and (2.15) it can be concluded that

[S S INe o]

1 [0"Fg(t, x) . s
o(t,x) = O l T LO O)t x®. (2.16)

k=0 s=0

In real applications, the function ¢(t, x) is approximated by a finite series, and equation

(2.15) can be written as

o(t,x) = Z Z O (K, s)t"z®. (2.17)

k=0 s=0

11



Equation (2.17) implies that

o(t,x) = Z Z O(k, s)t"x?, (2.18)

rk=m+1 s=n+1

is negligibly small.

Below are some of the theorems used when applying the two-dimensional differential

transform method.

Theorem 2.12 If ¢(t,z) = x(t,z) £ 2(t,z), then &(k,s)= X(k,s)=x Z(k,s).

Theorem 2.13 If ¢(¢,z) = ax(t,z), then &(k,s)=aX(k,s).

Theorem 2.14 1If ¢(¢t,z) = &B(att’ :v), then ®(k,s) = (k+1)P(k+1,s).
t
Theorem 2.15 If ¢(¢,z) = 6mé ,w)’ then @(k,s) = (s+1)P(k,s+1).
T
o tax(t, x)
Th 2.16 If =" h
eorem 2.16 If ¢(¢,x) S o then

Q(k,s) =(k+1)(k+2)...(k+7r)(s+1)(s+2)...(s+q)P(k+ 71,5+ q).
Theorem 2.17 If ¢(¢t,x) = z(t,x)z(t,x), then

®(k,s) = Z ZX(Z; s—j)Z(k —1i,7).

Theorem 2.18 If ¢(¢,z) =t"a", then &(k,s)=3d(k—m)i(s—n).
~ Ox(t,x) 0z(t, x)

Theorem 2.19 If ¢(t,x) = e e then
O(r,8) =Y > (s—j+ D)+ DX (i,s —j+1)Z(k—i,5+1).
i=0 j=0
~ Ox(t,x) 0z(t, x)
Theorem 2.20 If ¢(t,x) = oy e then
O(r,s) =Y Y (k—i+1)(s—j+1)X(k—i+1,5)Z(3,s—j+1).

i=0 j=0

12



Theorem 2.21 If ¢(¢t,z) = z(t,z) z2(t,x) w(t,x), then

=
=
L
»
i
<

P(k,s) = ' X(i,s—j7—q) Z(p,j) W(k —i—p,q).

0z(t,x) Jw(t,x)
oz or

Theorem 2.22 If ¢(t,x) = z(t, x) then

K Kk—t S8 S8—J

Ok, ) =D > > Y G+ D@+ D)X (i,s—j—q) Z(p,j+1) W(k—i—p,q+1).

i=0 p=0 57=0 ¢=0
O?w(t, )

Theorem 2.23 If ¢(t,z) = z(t,z) 2(t,x) 57
x

, then

kK K—1 § 8§—J

Ok, 8)=> > Y D (q+Dqg+2)X(i,s—j—q) Z(p,j) Wk —i—p,q+2).

i=0 p=0 j=0 ¢=0

Theorem 2.24 1If ¢(t,x) = z(t,z) 2(t,x) w(t,x) v(t, x), then
K Kk—i k—i—p s 8—j s—j—

CP(F&,S):Z ‘ X(i,s—=j—q=1)Zp,j) W(z,q) V(k—i—p—2z]l).

Q

Theorem 2.25 If ¢(t,x) = 2™ exp(At), then &(k,s) = §5(/§ —m).
Theorem 2.26 If ¢(¢t,z) = 2™ sin(wt + «), then
®(k,s) = (:—'Sé(lf —m) sin (f + a) :
Theorem 2.27 If ¢(¢,z) = 2™ cos(wt + «), then
O(k,s) = w—'sé(/-i — m) cos <S—7T + a) :

S

The Kronecker delta function 6(k — m) is given by

1 if, k=mand s =n,
d(k—m)=
0 otherwise.
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2.4 Conservation Laws

Consider a kth order differential equation,
F(x,@,é(l),e@,...,Q(k)) :O, (2.19)

where x denotes n independent variables, u denotes the dependent variable and ;) de-
notes all the partial derivatives of order 7. For an arbitrary partial differential equation

we write

D;(T") =0, (2.20)

where T" are differential functions of finite order. We define equation (2.20) as a

conservation law for equation (2.19) if it satisfies the following equation
Di [Ti(X, 0, 9(1), 9(2), cee ,0(1))} =0. (2.21)

This can also be written as

D;T" |p—o= 0. (2.22)

The vector T = (T, T?,...,T") is called a conserved vector.

A Lie Point symmetry generator

: 0 0
X =8(x0)5~ 0)-- 2.2
€c.0)-2 4 nfxc.0) 2 229
is said to be associated with the conserved vector T" = (T, ... T™) for equation (2.19)
if [19]
X(THY+T'Di(E)-T'Dy(e) =0, i=1,...,n. (2.24)

In equation (2.24), X is prolonged appropriately. Using equation (2.24) we can deter-

mine the conserved vectors, [20].
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We determine conservation laws using the Direct Method, which gives all local conser-
vation laws. Equation (2.20) is a conservation law. The Direct Method uses equation
(2.20) subject to equation (2.19) being satisfied as the determining equation for the
conserved vectors. The components T, ..., T™ are obtained by separating the resulting

equation according to powers and products of the derivatives of 6.

2.5 Concluding remarks

In this chapter, we have provided brief accounts of the methods used in this dissertation.

The reader is referred to text and citation as provided.
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Chapter 3

Description of mathematical models

In this dissertation we consider heat transfer across a wall. Here thermal conductivity
and internal heat generation of the wall are temperature dependent. We consider two
scenarios, first the temperature being different at either end of the wall, for example in
a heated house, temperature being higher inside the house than outside. And secondly,
we consider the case where the temperature gradient at the center of the cross-sectional

center of the wall is zero.

chapter.

More details will be provided on these scenarios in this

’ Variable \ Description Unit
k Thermal conductivity | W/(m-K)
a Thermal diffusivity m?/s
P) Density kg/m?
p Specific heat capacity J/K
Q Internal heat generation | W /m?
T Temperature K
x Length m
t Time s

Table 3.1: Nomenclature

16




We begin with the one-dimensional heat equation with constant internal heat genera-

tion and thermal conductivity given by

T 10T Q
7 oot Tk (3:1)
where
k
- (3.2)
Equation (3.1) may be rewritten as
o ( oT oTr

Notice that & and @ are constant in (3.3). Now, we assume that thermal conductivity
and the internal heat generation to be functions depending on 7', which gives the

non-linear partial differential equation

The imposed boundary conditions are given by

T
Two=0  T0-D=-T=TCL. @5
in one case and by
T(t, —L) = Tl, T(t, L) - Tg, (36)

in the other case. Here T} # T3, and the initial condition is given by

T(O,:C) = f(a:),

where f(x) is some initial heat profile.

The boundary condition (3.5) is symmetric whilst (3.6) is the asymmetric condition.

17



In (3.5), studies may be carried out for = € [0, L]. It can be seen in (3.6) that heat

may flow from higher to lower temperatures as expected.

3.1 Dimensional Analysis

Introducing the non-dimensional variables and parameters

x T
r = — 9:—
S T,
ng, ;{;:kﬁ,
Ga a
_ tk,
t = .

where [ is the characteristic length in the x-direction, T}, is the characteristic temper-

ature, g, is the characteristic internal heat generation, k, is the characteristic thermal
2

conductivity and 2 2’;1 is the characteristic time, we obtain the dimensionless equation
o (-,,.00 00
— | k(0)— | — —= + Ngq(f) = 0. 3.8
o (Horge ) - 5+ Neat) (3.5)
Gal® . : . .
Here Ng = T the coefficient of the internal heat generation term. It is assumed

that Ng > 0. Notice that if Ng < 0, then equation (3.9) represents heat transfer in a
straight fin, whereby ¢(f) is now interpreted as the heat transfer coefficient. We neglect

the bars in further work for notational convenience, so the governing equation is given

by

0 00 00
Subject to the boundary conditions
00
- = 1)=1 1

18



for a wall with identical temperatures at the boundaries, and

0(t,—1)=0.1,  6(t1) =1, (3.11)

for a wall with varying temperatures at the boundaries.

Along with initial condition:

0(0,z) = f(x). (3.12)

Heat generation

|

|

|

|

[

|

= Symmetry
line

Figure 3.1: This figure shows heat transfer in a wall with internal heat generation.
Here, the maximum temperature occurs at the center of the wall due to the symmetrical
nature of the wall and uniformity of the initial heat generated. T is denoted to be the
temperature at both boundaries of the wall, [21].
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.
Tw’z
>
L., |
X=.L x=L

Figure 3.2: This figure shows heat transfer in a wall with different temperatures at
each of the boundaries, [21].

3.2 Concluding remarks

In this chapter, we have presented the models for heat transfer across a wall. Thermal
conductivity and internal heat generation are given as functions of temperature in this

dissertation.
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Chapter 4

Lie Point Symmetry Analysis

Using symmetry analysis it is possible to classify equation (3.9); that is, to determine
all cases of the arbitrary functions for which this equation admits extra symmetries
either by direct methods [12, 22] or preliminary group classification [23] or enhance
group classification [24]. In this section we firstly consider obtaining ¢!, €2 and 7 for
general k(6) and ¢(f). Later, we focus on the exponential and power law cases of
k(0) and ¢(f). We do not claim group classification. However, in many engineering
applications thermal conductivity is given by these cases. We thus concentrate on
linearizable models (see e.g. [25]). The exact solutions obtained in this section will be

used to benchmark the 1D DTM. We consider the cases listed below

k(0) q(0)
(a) e e
(b)y o™ ot
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4.1 Case: General k(f) and ¢(0)

Assuming the general form, namely
k=k(0), and  q=q(0),

the employment of the second prolongation X2 onto equation (3.9) yields the deter-

mining equation

+n (—9_3]{:”(6’) — exxk/(0> — Ng q,(e)) ) |equation(3.9): 0. (41>

The application of the operators in equation (2.8) onto the extended infinitesimals (;;’s

defined in equation (2.7) leads to

o=+ 00 (o — &) — &0, — & (0 — £50,0, (4.2)

Co =1 + 0, (0 — &) — 100 = 5 (0,)" — &6.0,, (4.3)
Cow =Maw — Ena0r + (2000 — €22) O + (00 — E29) (02)” — 26290,0,
— & (02)" = €301 (02)" + (np — 262) Oue — 261010 — E50,01

We then substitute the expansions for the coefficient functions obtained in equations
(4.2) - (4.4) into the determining equation (4.1). The unknown functions &', &% and

n are independent of the derivatives of € as well as powers and products of their
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derivatives. Hence, we can separate the resulting determining equations with respect
to the powers and products of the derivatives of 6. Applying this process and making
further simplifications leads to an overdetermined system of linear homogeneous partial

differential equations given by
exfc(ew)Q : /{(9)2559 + k(Q)f;k’/(@) =0, (4.5)

Ouallz 1 2k(0)E,K'(0) + 2k(0)€5 + 2k (0)*E1p = 0, (4.6)

Oue + —k'(0) — Ng k(0)&pa(0)

— k(0)¢; + 2k(0)€5 + k(0)%¢,, =0, (4.7)

0.0, : 2k(0)¢5 = 0, (4.8)
O : 2k(0)EL =0, (4.9)
(0:)" : k(0)&aok' (0) + E5K'(0)* = 0, (4.10)
(0.)° : K(0)€5o + E5K'(0) + 26,K'(0)” + 2k(0)E,0K(0) = 0, (4.11)

(6:)* : —k(0)mg0 + Ng k(0)q(0)Eg9 — k" (0) — 1ok’ (8) — &K' (6)
+ 282K (0) + k(0)EL K (0) + 2k(0)£2, = 0, (4.12)

0, : 2Ng q(0)&,K'(0) — 20,k (6) + 2Ng k(6)q(0)& 29 — 2k(0) 1120

+k(0)&2, — Ng &5q(0) — & =0, (4.13)
1: Ng k(0)q(0)EL, — k(0)n.. — (Ng)? £59(A)? — nNg ¢'(6)
+ Ng n9g(0) — Ng q(0)&} + n, = 0. (4.14)

with the remainder of the equations being satisfied.

Equations (4.8) and (4.9) give the result

& =& (4.15)
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Using the result of equation (4.15) with equation (4.6) gives

& =&t x). (4.16)

Equations (4.15) and (4.16) satisfy equations (4.5), (4.10) and (4.11), and simplify
equations (4.7), (4.12), (4.13) and (4.14) to the following:

—nk'(0) — k(0)&; +2k(0)E2 = 0, (4.17)
— k(0)n00 — nk"(0) — mok'(0) — EK'(0) + 263K'(0) = 0, (4.18)
— 21K (0) — 2k(0)m.0 + K(0)E3, — & =0, (4.19)
— k()12 — 1Ng ¢ (8) + Ng199(0) — Ng q(0)¢; + 1 = 0. (4.20)

We can solve for n using equation (4.17),

S~—
<
—
s

Substituting this result in equation (4.21) we have equations (4.18), (4.19) and (4.20)

becoming:

P(k) (26 — &) =0, (4.22)

Qk)&, — & =0, (4.23)

" 1

k k k k k
Ng |— ¢ — 2| & —2Ng | = ¢ —q| &
g k,q+(k,>2q Q]ft g[k,qu(k,)zq q| &

k2,

(k,>2 TTT

k k
Kok e ~0. (4.24)
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where

]{32 ]{Z”/ k?2 (k//>2 ]{? k//

P(k) - (k’)2 -2 (k;’)3 + L
k’2k‘”
Qk) = 4(%’)2 — 7k.
It can be shown that
1 dQ K
P(k) = 1 [@ — EQ] . (4.25)

Thus when Q(k) = 0 then P(k) = 0 and (4.22) is identically satisfied. Equation (4.22)

places no condition on 2¢2 — &/

Also from equation (4.25), P(k) =0 if

T
that is, if
@ _«Q
dk Kk’
that is, if
Q(k) = ok,

if k(0) = o™ then Qk) = —— ",

if k() = e™? then Q(k) = —3k.
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Hence if k() = 6™ or k(#) = €™’ then for any m # 0, P(k) = 0 and (4.22) is identically

satisfied. Equation (4.22) places no condition on 2£2 — £}.

It can be checked by direct substitution that if
k(@) =0m or

then for any m # 0, P(k) = 0.

If €2, # 0 then (4.23) can be written as

42// 2
LA
(k/)2 2

rxr

and differentiating both sides by 6 gives

4K2E"
e — Tk =c,
where ¢ is a constant. Thus
& =cél,
There are two cases.
Case (i) &2, #0:
4K2E"
Q(k) = (k’,)Q - 7k = C,
& =cél,

In this dissertation only the special case ¢ = 0 is considered and

Qk) =0, & =0.

26
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It follows that

Q(k) = _ P(k)=0. (4.27)

Case (i) &2, =0:

rxr

& =0. (from (4.23)) (4.28)

Then Q(k) and P(k) are not determined without further assumptions.

Equations (4.26), (4.27) and (4.28) simplify (4.24) to

/" / " /

k k k
Ng {q’ + pq - 2% } ftl — 2Ng {q’ + Fq — %4 5923 - 5t1t - Qkfim =0. (4.29)

So from here, we will use equation (4.29) to solve for ¢! and £2, and then use equation
(4.21) to solve for 1. Equation (4.22) needs to be considered for general k(#). Thus,
finding the symmetries of equation (3.9) for any given k() and ¢(6).

Note, these equations can only be used to find symmetries for cases where £'(6) # 0.

A complete group classification is not performed here. We may as an open question

consider enhanced group classification (see for example [22, 24]).

4.2 Case: k() =™ and ¢(6) = e

We assume the exponential form of k(6) and ¢(#). Notice that k(6) is not of the form

in equation (4.27), so we consider case (ii), that is

&, =0, (4.30)
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which gives

& =+ o (4.31)

Now we substitute our choices for k() and ¢(#) into equation (4.29). This simplifies
to

" Ng (ng} —2ne; —mé&l) — &, =0 (4.32)

Since the term &}, is independent of 6 we can split (4.32) as follows

gtlt - 07
that is, & = cst + cy, (4.33)
and nes — 2nep —mes = 0. (4.34)

We can solve for ¢; in terms of ¢3 using equation (4.34),

e = W (4.35)

As a result, the infinitesimals become

£ = cst + ey, (4.36)
€= 63(?”;; m)x +es (4.37)
C3
=——. 4.38
n=- (4.38)

As such the Lie point symmetry generator admitted by equation (3.9) with exponential

case is

0 - 0 0
X = (cst + ¢yq) 5 + {(%) c3T + 02} g + (—%) £k (4.39)

By setting each constant ¢; = 1 with ¢; = 0 (4,7 = 1,2, 3) in the infinitesimal generator

in equation (4.39), we obtain a three-dimensional Lie algebra which is generated by
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the operators

0
lea_xa
0
X2 &7
0 n—m 0 2 0

Note that when m = n, we obtain the following operators

0
X =—
1 ax7
0
X. —
2 ata
0 10

4.3 Case: k(0) = 0™ and ¢(0) = 0"}

(4.40)

(4.41)

In this section we will consider four sub-cases. Once again we will use equations (4.21)

and (4.29) to determine the symmetries for each of the following sub-cases.

4
4.3.1 Case (i): Ng#0, m = ~3 and n =0

Here, k(6) is of the form in equation (4.27), so we cannot assume &2, = 0.

We get the following equation after substituting k() and ¢(6) into (4.29)

_ 4
= 2072, + N &l =0

Txrxr 3

29
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We can now split equation (4.42) as follows

> . =0, and (4.43)

Txrxr

4
— &+ 5Ng gl =0, (4.44)

From equations (4.43) and (4.44) we get

3e3Netc,
s S 445
Ne 2 (4.45)
€ = 2%cs5 + ey + c3, (4.46)
30
n=-7 (43:65 +2¢c4 — e%Ngtq) . (4.47)

The coefficients of the infinitesimals &', €2 and 7 above are substituted into the Lie

point symmetry generator defined in equation (2.4) to obtain

éNgt
X = (364ng;61 + 02> % + (£E205 + zcy + 03) % — 34—9 <4xc5 + 2¢c4 — e%Ngtq) %
(4.48)

By setting each constant ¢; = 1 with ¢; =0 (4, j = 1,2, 3) in the infinitesimal generator

in equation (4.48), we obtain a five-dimensional Lie algebra which is generated by the

operators
X, = %@
X e
X3 = Zx% = 39%,
Xy = x2(,% — 3«930%,
aNgt
X5 = GNZ % + ee‘“sgt% (4.49)



4 4
4.3.2 Case (ii): Ng#0, m = —3 n # —3 and n # 0

Again, in this case k(6) is of the form in equation (4.27), so we cannot assume &2 = 0.
We get the following simplified equation after substituting k(6) and ¢(¢) into (4.29)
4 4
Ng " <n53 —ong? 4 553) —g-20ie, —0, (4.50)

We can now split equation (4.50) as follows

& =0, (4.51)
4

né& — 2ng? + 553 =0, (4.52)

2.=0 (4.53)

Equations (4.51) and (4.53) give

&= et + (4.54)

€2 = 52’ + cu1 + c3, (4.55)

respectively, and substituting this result into equation (4.52) gives

3 4
( nt ) c1 —4nesr — 2ney = 0. (4.56)

We can split equation (4.56) with respect to x, since all the constants are independent

of x, it follows that

cs =0, and (4.57)
3 4
( n;— ) ¢ — 2ncy = 0. (4.58)
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3n+4

We can solve for ¢, in terms of ¢; to get ¢y = 5 1.
n
So in summary, we get the following:
¢ =it + o, (4.59)
3n+4
2 = 4.60
19 o c1 T+ cs, ( )
901

= ——. 4.61
U " (4.61)

The coefficients of the infinitesimals £!, €2 and 7 above are substituted into the Lie

point symmetry generator defined in equation (2.4) to obtain

0

X_(Clt—i‘CQ)&‘i‘(

3n+4 0 ‘961 0
6n 1T+ Cg) % — 7% (462)

By setting each constant ¢; = 1 with ¢; = 0 (4,7 = 1,2, 3) in the infinitesimal generator
in equation (4.62), we obtain a three-dimensional Lie algebra which is generated by

the operators

0
X = —
1 ax’
0
X. —
2 at’
0 3n+4 0 0 0

4
4.3.3 Case (iii): Ng # 0, m # 3 m #0and n =0

We notice that k() is not of the form in equation (4.27), so we consider case (ii),

&e = 0. (4.64)



Equation (4.64) gives
& =+ o (4.65)

Now we substitute our choices for k() and ¢(#) into equation (4.29). This simplifies

to
—Ngg&lm — €} = 0. (4.66)
From equation (4.66) we get
—mNgt
= —— : 4.67
£ mNg (4.67)

Using equations (4.21), (4.65) and (4.67) we get

~ 20c e~mNetgc, (4.68)

m m

The coefficients of the infinitesimals &', €2 and 7 above are substituted into the Lie

point symmetry generator defined in equation (2.4) to obtain

- a5 (469)

—mNgt i B
X = (—u—l—q) —+(ar+c) — +
m m

20c; e ™83\ 0
mNg ot ox

By setting each constant ¢; = 1 with ¢; = 0 (4,7 = 1, 2, 3) in the infinitesimal generator

in equation (4.69), we obtain a four-dimensional Lie algebra which is generated by the

operators
0
X, = —
1 8:13"
0
X, = —
2 at?
o 200
=t e
6megt a N 8
_ . —mNgt ~



4
4.3.4 Case (iv): Ng #0, m # —pm #0and n #0

Again, we notice that k() is not of the form in equation (4.27), so we consider case
(i),
£, =0. (4.71)

Equation (4.71) gives
& =car+ o (4.72)

Now we substitute our choices for k() and ¢(#) into equation (4.29). This simplifies
to

Ngb" (&n — 2ein — &m) — &, = 0. (4.73)

Since the term &}, is independent of 6 we can split (4.73) as follows

gtlt = 07
that is, ¢ =gt + ey, (4.74)
and csn — 2cin — csm = 0. (4.75)

We can also solve for ¢; in terms of ¢z using equation (4.75),

e = %;m) (4.76)

So we have our infinitesimals reduce to

€' = st + ca, (4.77)

€ = 03(n2; m)x Lo (4.78)
903

= —— 4.79

Ul " (4.79)
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The coefficients of the infinitesimals £!, €2 and 7 above are substituted into the Lie

point symmetry generator defined in equation (2.4) to obtain

0 — 0 0 0
X = (egt 1) 5 + <C3(n2—nm)x + Cz) = - (%) =5 (4.80)

By setting each constant ¢; = 1 with ¢; =0 (4, j = 1,2, 3) in the infinitesimal generator
in equation (4.80), we obtain a three-dimensional Lie algebra which is generated by

the operators

0
Xlzaa
0
X2:§7
0 n—m o 60

Note that when m = n, we obtain the following operators

0
X, = —
1 ax7
0
Xo = —
2 at’
o 00

4.4 Concluding remarks

In this chapter a number of cases have been observed for which the equation in question
admits Lie point symmetries. Two cases of the thermal conductivity and the internal

heat generation have been chosen, namely the exponential and power law depending
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on temperature by this thermal parameter.
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Chapter 5

Classification of group invariant

solutions

In this chapter we construct the one-dimensional optimal systems of subalgebras of the
algebras admitted in Chapter 4. This technique helps us in classifying group invariant
solutions of differential equations and it was first considered by Ovsiannikov [26]. We

will follow the approach as set out by Olver in [15].

In theory, a family of group invariant solutions that correspond to a subgroup of the
symmetries admitted by a differential equation can be constructed [27]. However, the
thought of listing all the group invariant solutions seems impractical since the possible
number of those subgroups is infinite in most cases. In view of that, we seek to obtain
optimal systems of subalgebras of the Lie algebra which provide a useful and methodical

way of classifying these group invariant solutions.
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5.1 Optimal System

5.1.1 Case: k() =™ and ¢(6) = e

We begin by computing the commutators of the three-dimensional Lie algebra spanned
by the base vectors X, X and Xj specified in equation (4.40). These are obtained by

applying the commutation relation

[Xi7Xj] :XZXj —Xin, Z,j = 1,...,n, (5].)
where
and
1X;, X, = 0. (5.3)

This results in
(X1, Xo] = XiXo — XoX

_ 9 (o\_9 (9
oz \ ot ot \ 0z

= 0, (5.4)
and

(X2, X5] = XoX5— X3X,

0y w0 20
ot ot n Jr ndb
0 (m—m)x 0 20 0
- {%a* n %—m} (a)
— 92X, (5.5)
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and

(X1, X3] = XiX3— X3X,
o n or noo

d (n—m)xd 20 0
B {Qtw—n a—w} (a—)

= X. (5.6)

For convenience, we will display the commutators of the Lie algebra in the form of a

commutator table where the (7, j)th entry is [X;, X;]. This is shown in Table 5.1 below:

X, X] X X, X,
X 0 o | =My
X, 0 0 2X,
X; (m; ", | —ax, 0

Table 5.1: Commutator table of the three-dimensional Lie algebra (4.40).

Next, we calculate the adjoint representation using the commutator table given in

Table 5.1 as well as the Lie series [15] given by

1
Ad(eEXi)Xj = Xj - €[X1,Xj] + 5 2[Xi7 [XHXJ]]

€
2!
1
where
Z?.] = 17 7n
Note that
Ad(e*) X; = X, (5.8)



As examples,

and

Ad(@exl )Xg

1
X3 — E[Xl,Xg] + EEZ[Xla [X1>X3]]

Ad(6€X3)X1

3!

X1 — €[X3,X1] +
1

3!

(-
!

€

3!

ut

m—-n

Loty X X, Xl +

2!

X3, [Xs, [ X3, Xall] + ...,

62

)5
Yo
)

m—n m-—-n

n

(

n

n

n—m

n

L, (X5, X))

;

(5.10)

The remainder of the adjoint representations are found in a similar fashion. We con-

struct an adjoint table for the symmetry generators (4.40) where the (i,j)th entry

indicates Ad(e“X#)X;. As a result, we have the adjoint representation given by Table

5.2 below:

Ad X, X X3

X, X, Xy | Xg—e (”;m) X,
X, X, X, X3 — 2eX,

X3 | exp (e <n ;m)) X | X, X3

Table 5.2: Adjoint table for the symmetry generators (4.40).
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This is followed by considering the non-zero vector
X = a1X1 + a2X2 + Cngg, a; € R. (511)

We are tasked with simplifying the coefficients a; as much as we can through a number
of well-judged applications of adjoint maps to X. To start with, we consider the
scenario when az # 0. We can choose a3 = 1 for the purposes of scaling and so X is

now

X = CL1X1 —+ (IQXQ -+ X3. (512)

With reference to Table 5.2, we can act on X by Ad(e“*?) which returns
X = Gle + (CLQ - ZE)XQ -+ X3. (513)

Further, we can make the coefficient ay disappear for the distinct value of € = ay/2.
Accordingly,
X = CL1X1 + X3. (514)

Now, if we act on X by Ad(e“*1) which returns

X = (al—e(n;m))Xl—i—Xg (5.15)

n
Again, we can make the coefficient a; disappear for the distinct value of € = a4 < ) .

n—m
Thus it results in

X = Xs. (5.16)

On the other hand, choosing az = 0 in the vector (5.11) gives that

X = a1X1 -+ GQXQ. (517)
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We now consider all possible situations for the coefficient ay. We can first set as # 0

and again, by means of scaling as = 1, the vector X directly above becomes
X = CL1X1 + XQ. (518)
Using Table 5.2, we can now act on this vector X by Ad(e“X?) to get that

X =ayexp <e (n _ m)) X + e* X,
n

and with manipulation X can be written as

X = ajexp ((—: (n _ m) — 26) X + Xo. (5.19)
n

Specifying that a; # 0 gives rise to two cases: a; > 0 or a; < 0 and as such,

X =Xo+ X, (5.20)

However, if we had chosen a; = 0, then the vector X in equation (5.17) would be

X =X, (5.21)

The last choice is ag = 0 and this results in

X=X, (5.22)
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All constants simplified, an optimal system of one-dimensional subalgebras of the Lie

algebra (4.40) is given by

X, £ X (5.23)

The same approach is performed for the rest of the cases. Only the Commutator table,

Adjoint table and Optimal system will be shown for the remaining cases.

5.1.2 Case: k() = 0™ and ¢(f) = 0"+!
5.1.2.1 Case (i): Ng#0, m = —% and n =0

We will not consider the optimal system for this case because this case was found to
have 5 symmetries and the optimal system of one-dimensional subalgebras of the Lie

algebra (4.49) would include too many combinations to consider.

4
5.1.2.2 Case (ii): Ng#0, m = ~3 and n # 0

We will display the commutators of the Lie algebra in the form of a commutator table
where the (4, j)th entry is [X;, Xj|. This is shown in Table 5.3 below:

We construct an adjoint table for the symmetry generators (4.63) where the (i, 7)th
entry indicates Ad(e“X?)X;. As a result, we have the adjoint representation given by

Table 5.4 below:

43



(X, X X1 X5 X3
X1 0 0 | X,
X 0 0 X
X5 |-y —x,| 0

Table 5.3: Commutator table of the three-dimensional Lie algebra (4.63).

Ad X3 Xo X3

X X Xo Xg—E(%) X1
X5 X Xo X3 —eXo
X3 | exp (e (%))Xl e X, X3

Table 5.4: Adjoint table for the symmetry generators (4.63).

With reference to Table 5.4, an optimal system of one-dimensional subalgebras of the

Lie algebra (4.63) is given by those generated by

le
X27
X37

X, + X,. (5.24)

4
5.1.2.3 Case (iii): Ng # 0, m # —g m #0and n=0

We will display the commutators of the Lie algebra in the form of a commutator table
where the (7, j)th entry is [X;, X;]. This is shown in Table 5.5 below:
We construct an adjoint table for the symmetry generators (4.70) where the (7, j)th

entry indicates Ad(e“*")X;. As a result, we have the adjoint representation given by
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X, X Xo X3 Xy
X 0 X 0
X5 0 0 | —mNgX,
X3 -X 0 0 0
Xy mNgXy, | 0 0

Table 5.5: Commutator table of the four-dimensional Lie algebra (4.70).

Table 5.6 below:

Ad| X, X X3 Xy
X, | X X5 X3 —eX; Xy
Xo | Xy X5 X3 emNe X,
X3 | e X, X5 X3 Xy
Xy | Xy | Xo—emNgXy X3 Xy

Table 5.6: Adjoint table for the symmetry generators (4.70).

With reference to Table 5.6, an optimal system of one-dimensional subalgebras of the

Lie algebra (4.70) is given by those generated by

Xl + aX47
X2 + CLXl,
X3 + CZXQ,

Xy.
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4
5.1.2.4 Case (iv): Ng # 0, m # —p M #0and n#0

We will display the commutators of the Lie algebra in the form of a commutator table

where the (7, j)th entry is [X;, X;]. This is shown in Table 5.7 below:

[Xi, X;] X1 X X3
X, 0 |0 |mmx
X 0 0 X
Xy |-mmX X, | 0

Table 5.7: Commutator table of the three-dimensional Lie algebra (4.81).

We construct an adjoint table for the symmetry generators (4.81) where the (7, j)th
entry indicates Ad(e“*?)X;. As a result, we have the adjoint representation given by

Table 5.8 below:

Ad X1 Xo X3

X, X, Xy | Xs—emmX,
X X X X3 —€eX;
X; | exp (e (%2)) Xy | exp (€) Xo X3

Table 5.8: Adjoint table for the symmetry generators (4.81).

With reference to Table 5.8, an optimal system of one-dimensional subalgebras of the

Lie algebra (4.81) is given by those generated by

Xl + aX27
X27

X3+ aXo. (5.26)
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5.2 Group invariant solutions

In this section we construct the group invariant solutions for the governing equation
(3.9). It turns out that the exact solutions obtained are more general. One may seek

approximate solutions.

5.2.1 Case: k() =™ and ¢(f) = e
5.2.1.1 Steady state solution

We begin by considering the group invariant solution under the time-translational

symmetry generator

of the optimal system (5.23), with n = m.

The Lagrangian system provides the corresponding differential equations of charac-

teristic curves which are given by

dt dx df
- 5.28
1 0 0 ( )
We see that both z and 0 are invariant and as a result
x=1 and 0=1I, (5.29)

where I; and I, are constants.
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Note: The terms %x and %9 in equation (5.28) do not represent division by 0. In

fact, they are written to note that the variables x and 6 are invariant for the charac-

teristic system under consideration.

We write I = F(I;), and find that the invariant solution admitted by the genera-

tor X5 is the steady state solution
O(t,z) = F(x). (5.30)

Substituting the invariant solution in equation (5.30) into the governing equation (3.9)

results in the following second-order non-linear ordinary differential equation in terms

of F(x)
m ef@m(F(2))? + eF@m P (1) 4 Ng el @m = 0. (5.31)
Solving this ODE gives following solution

F(x) = + co. (5.32)

The resulting invariant boundary conditions are obtained by applying the invariant
solution in equation (5.30) onto the two sets of boundary conditions, namely equations

(3.10) and (3.11).

We obtain F'(0) = 0 and F(1) = 1 when equation (5.30) is applied to equation

(3.10), which gives the exact solution for the steady case

_In (cos (v/my/Ng z)) — In (cos (y/m+/Ng)) + m

F(z) =

(5.33)

The solution in equation (5.33) is depicted in Figures 5.1, 5.2, 5.3 and 5.4.
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— m=1
— m=2
— m=3
— m=4

— m=5

-1.0 -0.5 0.5 1.0

Figure 5.1: Temperature in a wall with exponential thermal conductivity and exponen-
tial internal heat generation and varying values of m, for when m > 0, using boundary
condition (3.10). Here Ng = 0.5 is kept fixed.
6
20+

— Ng=0.5
— Ng=1
— Ng=1.5

-1.0 -0.5 - 0.5 1.0

Figure 5.2: Temperature in a wall with exponential thermal conductivity and expo-

nential internal heat generation and varying values of Ng, using boundary condition
(3.10). Here m = 2 is kept fixed.
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i — m=-1
r — m=-2
1.47 — m=-3
I .
12| — m=-5

1.0
-1.0 -0.5 0.0 0.5 1.0

X

Figure 5.3: Temperature in a wall with exponential thermal conductivity and exponen-
tial internal heat generation and varying values of m, for when m < 0, using boundary
condition (3.10). Here Ng = 2 is kept fixed.

6

— Ng=1
—— Ng=5
— Ng=10

. . . oy
-1.0 -0.5 0.0 0.5 1.0

Figure 5.4: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of Ng, using boundary condition
(3.10). Here m = —2 is kept fixed.

The exact solution using equation (3.11) could not be found.
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5.2.1.2 Group invariant solution via subgroup generated by Xj3

Here, we consider the group invariant solution corresponding to the operator X3 of the

optimal system (5.23), with n = m, which is given by

X, 2 LO (5.34)

We see that z is invariant and so we write
x =1, (5.36)

where [; is a constant.

Now, the first and last terms of the characteristic system (5.35) can be written as

a variable separable ordinary differential equation given by

%:—mw. (5.37)

Integrating both sides gives

In(t) = —m 6 + In(1ls),
In(t) +m 6 = In(1y),

tem? =1, (5.38)
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We write Iy = F'(I;), and find that the invariant solution admitted by the generator

X3 is given by

o(t,z) = M (5.39)

Substituting the invariant solution in equation (5.39) into the governing equation (3.9)
results in the following second-order non-linear ordinary differential equation in terms

of F(x)

F"(x) + mNgF(x) + 1

=0 5.40
L , (540)

which has general solution

1

F(z) = cysin (\/m\/N_gx> + ¢1 cos (ﬂ\/N_gx> " Ng (5.41)

So now we have

t

o(t,z) = . (5.42)

m

n (cz sin(ﬁJng:c)—&-cl cos(\/rin\/Nigx)—m#Ng) )

The solution in equation (5.42) using boundary condition (3.10) is depicted in Fig-
ures 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, while the solution in equation (5.42) using boundary
condition (3.11) is depicted in Figures 5.11, 5.12, 5.13, 5.14, 5.15 and 5.16.
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— t=0.1
— t=0.2
— t=0.5
— t=1

— steady state

: - . . X
-1.0 -05 05 1.0
Figure 5.5: Temperature in a wall with exponential thermal conductivity and exponen-
tial internal heat generation and varying values of ¢, using boundary condition (3.10).
Here Ng = 0.5 and m = 2 are kept fixed.

X

-1.0 -0.5 0.5 1.0

Figure 5.6: Temperature in a wall with exponential thermal conductivity and exponen-
tial internal heat generation and varying values of m, for when m > 0, using boundary
condition (3.10). Here Ng = 0.5 and ¢ = 0.5 are kept fixed.
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— Ng=0.5
—— Ng=1
— Ng=1.5

. . . Loy
-1.0 -0.5 0.5 1.0

Figure 5.7: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of Ng, using boundary condition
(3.10). Here m =2 and t = 0.5 are kept fixed.

0

— 1=0.1

— t=0.5

— t=1

— t=1.5

— Steady state

X

-1.0 -0.5 0.5 1.0

Figure 5.8: Temperature in a wall with exponential thermal conductivity and exponen-
tial internal heat generation and varying values of ¢, using boundary condition (3.10).
Here Ng =5 and m = —2 are kept fixed.
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— m:_
— m=-2
— m=-3

—_— M=—

— m=-5

! ! ! ! X
-1.0 -05 05 1.0
Figure 5.9: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of m, for m < 0, using boundary
condition (3.10). Here Ng =5 and ¢t = 1.5 are kept fixed.

| | | -
-1.0 -0.5 0.5 1.0

Figure 5.10: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of Ng, using boundary condition
(3.10). Here m = —2 and t = 1.5 are kept fixed.
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— t=0.1

— t=0.2

— t=0.5

— t=1

—— Steady state

! ' ! ! X
-1.0 -0.5 0.5 1.0
Figure 5.11: Temperature in a wall with exponential thermal conductivity and ex-
ponential internal heat generation and varying values of ¢, using boundary condition
(3.11). Here Ng = 0.5 and m = 2 are kept fixed.
0

| R{ o
— m=2
— m=3

0.5¢
— m=4
— m=5

! X
-1.0 -0.5 0.5 1.0

Figure 5.12: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of m, when m > 0, using boundary
condition (3.11). Here Ng = 2 and t = 0.5 are kept fixed.
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15
— Ng=0.5
1.0 Ng
— Ng=1
— Ng=1.5
0.5F
! ! ! ! X
-1.0 -05 0.5 | 10

Figure 5.13: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of Ng, using boundary condition
(3.11). Here t = 0.5 and m = 2 are kept fixed.

— 1=0.1

— t=0.5

— t=1

— t=1.5

— Steady state

-1.0 -0.5 0.5 1.0

Figure 5.14: Temperature in a wall with exponential thermal conductivity and ex-
ponential internal heat generation and varying values of ¢, using boundary condition
(3.11). Here Ng =5 and m = —2 are kept fixed.
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1.5¢
— m=-1

1.0 — m==2
— m=-3
— m=-4

051 — m=-5

‘ ‘ ‘ .
-1.0 -0.5 0.5 1.0

Figure 5.15: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of m, when m < 0, using boundary
condition (3.11). Here ¢t = 1.5 and Ng = 5 are kept fixed.

6

— Ng=0.5
— Ng=1
— Ng=2
— Ng=3
— Ng=5

-1.0 -0.5 0.5 1.0

X

Figure 5.16: Temperature in a wall with exponential thermal conductivity and expo-
nential internal heat generation and varying values of Ng, using boundary condition
(3.11). Here t = 1.5 and m = —2 are kept fixed.
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5.2.2 Case: k() = 0™ and ¢(f) = 0"+
5.2.2.1 Steady state solution

We begin by considering the group invariant solution under the time-translational

symmetry generator
Xog=— (5.43)

of the optimal system (5.26), with n = m.

The Lagrangian system provides the corresponding differential equations of charac-

teristic curves which are given by

dt dx db
- 44
1 0 0 (5-44)
We see that both z and 6 are invariant and as a result
x=1 and 0=I, (5.45)

where I; and I, are constants.

We write I = F(I;), and find that the invariant solution admitted by the genera-

tor X is the steady state solution

O(t,z) = F(x). (5.46)

Substituting the invariant solution in equation (5.46) into the governing equation (3.9)

results in the following second-order non-linear ordinary differential equation in terms
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of F(x)
F(z)™ " (F(z) (F"(z) + NgF(z)) + mF'(z)?) = 0. (5.47)
Solving this ODE using DSolve in Mathematica gives the following solution
F(z) =cy (cos (\/m—Jrl\/N_g(m - cﬁ))mil : (5.48)

The resulting invariant boundary conditions are obtained by applying the invariant

solution in equation (5.46) onto the two sets of boundary conditions, namely equations

(3.10) and (3.11).

We obtain F’(0) = 0 and F(1) = 1 when equation (5.46) is applied to equation
(3.10), which gives the exact solution for the steady case

F(z) = (cos (\/mi—i—l\/N_;(g))_mlH <COS (\/m——f—1\/ﬁggn>>m1+1 . (5.49)

The solution in equation (5.49) is depicted in Figures 5.17, 5.18, 5.19 and 5.20.
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— m=1
— m=2
— m=3

— m=4

-1.0 -0.5 0.5 1.0

Figure 5.17: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of m, for when m > —1, using boundary
condition (3.10). Here Ng = 0.5 is kept fixed.

— Ng=0.25
— Ng=0.5
— Ng=1

-1.0 -0.5 0.5 1.0

Figure 5.18: Temperature in a wall with power law thermal conductivity and power

law internal heat generation and varying values of Ng, using boundary condition (3.10).
Here m = 2 is kept fixed.
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— m=-2
— m=-3
— m=-4
— m=-5

ST R R S Ly
-1.0 -0.5 0.5 1.0

Figure 5.19: Temperature in a wall with power law thermal conductivity and power
law internal heat generation and varying values of m, for m < —1, using boundary
condition (3.10). Here Ng = 2 is kept fixed.

— Ng=1
— Ng=5
— Ng=10

1 1 1 1 1 1 1 1 1 1 [ 1 1 1 1 1 1 1 1 1 1 X
-1.0 -0.5 0.5 1.0

Figure 5.20: Temperature in a wall with power law thermal conductivity and power
law internal heat generation and varying values of Ng, using boundary condition (3.10).
Here m = —2 is kept fixed.

The exact solution using equation (3.11) could not be found.
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5.2.2.2 Group invariant solution via subgroup generated by Xj3

Here, we consider the group invariant solution corresponding to the operator X3 of the

optimal system (5.26), with n = m and a = 0, which is given by

X, =1 200 (5.50)
m

P bl
t 0 0 (5.51)
We see that z is invariant and so we write

where [; is a constant.

Now, the first and last terms of the characteristic system (5.51) can be written as

a variable separable ordinary differential equation given by

dt do

Integrating both sides gives

In(t) = —mIn(0) + In(1s),
In(t) + In(6™) = In(ly),

tom = I, (5.54)
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We write Iy = F'(I;), and find that the invariant solution admitted by the generator
X3 is given by

o(t,z) = (F(‘”)) . . (5.55)

t

Substituting the invariant solution in equation (5.55) into the governing equation (3.9)

results in the following second-order non-linear ordinary differential equation in terms

of F(x)

(52) ™ (F@) (mF (@) (F'(2) + mNgF(@) + F')’) + mF(@)?)

t

=0, (5.56)

mt?

which has no exact solution. Since it is hard to construct group invariant (exact)
solutions which satisfy the boundary conditions, we resort to approximate methods for

solution.

5.3 Discussion of results

In Figures 5.1 and 5.2, we see that the temperature increases with increasing values
of m and Ng. However, it seems that for certain values of m and Ng the temperature
in the wall is too high and the solutions do not have meaning. We found there to be
a threshold for Ng in terms of m that prevent excessive temperatures. The threshold
value was found to be

2
Ng = : (5.57)

—~
B
~—

3

for m > 0.

Figures 5.3 and 5.4 show the temperature profile for when we consider m < 0. Here,

no threshold value for Ng was needed as the temperature in the wall does not get
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excessively high in these cases. Again, an increase in m and Ng results in an increase

in temperature.

Figures 5.5, 5.6 and 5.7 show the transient temperature profile for when we consider
m > 0. In Figure 5.5, we see that temperature decreases with time. This transient
temperature profile approaches the steady state solution as time evolves. Figures 5.6
and 5.7 behave identically to Figures 5.1 and 5.2, where the temperature increases with

increasing values of m and Ng. The threshold value for Ng is the same as in equation

(5.57).

Figures 5.8, 5.9 and 5.10 show the transient temperature profile for when we con-
sider m < 0. We see that the behaviour of the graphs change, depending on the values

for t, m and Ng. We found this relation to be

—m

e

Leritical = N y (558)

g(—=m)

for m < 0. This implies that for a given choice of Ng and m, any ¢ value which is
less than the t..icq; value from equation (5.58) will result in the graph representing
heat transfer in a fin, while any ¢ value which is greater than the ¢, value from
equation (5.58) will result in the graph representing heat transfer with internal heat
generation. We also notice that by considering m < 0, temperature now increases with

increasing time, while an increase in m and Ng also result in an increase in temperature.

Figures 5.11 - 5.16 show the solutions using boundary condition (3.11). As in Fig-
ure 5.5, Figure 5.11 shows that the temperature decreases with time, and that the
transient temperature profile approaches the steady state as time evolves. Figures 5.12
and 5.13 behave similarly to Figures 5.1, 5.2, 5.6 and 5.7, with the threshold value for
Ng being the same as in equation (5.57).
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Figures 5.14, 5.15 and 5.16 show the transient temperature profile for when we consider
m < 0, while also using boundary condition (3.11). These graphs behave similarly to

Figures 5.8, 5.9 and 5.10, however we were unable to find a relation for this case.

Figures 5.17, 5.18, 5.19 and 5.20 look at the case where thermal conductivity and
internal heat generation are represented by the power law. We see that Figures 5.17
and 5.18 behave similarly to Figures 5.1 and 5.2, however the threshold for Ng was
found to be

_ Gy
Ng = L (5.59)

for m > —1.

Figures 5.19 and 5.20 show the temperature profile for when we consider m < —1.
Here, no threshold value for Ng was needed as the temperature in the wall does not get
excessively high in these cases. Again, an increase in m and Ng results in an increase

in temperature, similar to Figures 5.3 and 5.4.

5.4 Concluding remarks

In this chapter we have constructed the one-dimensional optimal systems for the ex-
ponential and power law cases and sub-cases within. Group invariant solutions were
found for both cases by using the obtained optimal systems. Firstly, the steady state
solution was found followed by the transient solution. Graphs were depicted to show
the solution behaviour as variables changed. It can be seen that we were able to obtain
the steady state solutions for both cases although only using the symmetric boundary
conditions. We also managed to find the transient solution for the exponential case,
using both sets of boundary conditions. We were unable to obtain the transient solu-

tion for the power law case. We resort to another method of solution in the following

66



chapters to solve for the transient solution for the power law case.
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Chapter 6

1D DTM solutions for steady heat
transfer given the power law
thermal conductivity and internal

heat generation

6.1 Introduction

In this chapter we consider the steady state model describing the temperature profile
in a hot body such as across a wall with both thermal conductivity and internal heat

generation being functions of temperature given by the power law, that is

0 06
mZ7 Ng g+l = 1
pe <6 8x> + Ng6 0, (6.1)
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subject to

do

z=0— Y, 6.2
dx‘o (6.2)

(1) = 1. (6.3)

Note that exact solutions exist only if m = n. A simple transformation w = 6™+ will
linearize equation (6.1) as such we may construct an exact solution. This solution is

special, since it is possible when m = n only.

6.2 Comparison of DTM and exact solutions

The exact solution of equation (6.1) subject to equations (6.2) and (6.3), when m =n

is given by
0(x) = w% Mﬂm+wﬂ Mi m# —1. (6.4)
Ccos ( Ng (m + 1))

Notice that we restrict Ng > 0, otherwise the equation will represent heat transfer in
a straight fin (see for example [25]). Furthermore, for the same reason we consider
m < —1. This restriction implies that we consider heat transfer in a planar region

(across a wall).
We use this exact solution as a benchmark for the DTM. The exact and approxi-

mate analytical solutions will be compared, using results for the cases m = —2 and

m = —3, keeping Ng fixed.
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6.2.1 Casem=-2and n= -2

Applying the DTM to equation (6.1), given H, we obtain the recurrence relation given
by

2+ )P+ 1)(k—i+ 1)P(k—i+1)

7

t(k—i+1)(k—i+2)®(k — i+ 2)d(i) + D(i)®(k — i) Ng] = 0. (6.5)

Applying DTM to the boundary condition (6.2) at a point = = 0 yields

o(0) = ¢, (6.7)

where ¢ is a constant to be determined. We use the iterative equation (6.5) to construct

the power series solution

(2) = —— (6.8)
®(3) = (6.9)
B(a) = ° l\f ¢ (6.10)
B(5) =0 (6.11)
o(6) —6171\;% ¢ (6.12)
B(7) =0 (6.13)
B(8) = 27; (l)ii < (6.14)
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®(9) =0 (6.15)

50 521 Ng° ¢
P(10) = ————=>— 6.16
(10) 3 628 800 (6.16)
®(11) =0 (6.17)
540 553 Ng° ¢
P(12) = ———=>— 1
(12) 95 800 320 (6.18)
®(13) =0 (6.19)
199 360 981 Ng’
O(14) = — & ¢ (6.20)

87 178 291 200

These terms may be taken as far as desired. Substituting equations (6.6) to (6.20) into

equation (2.12), we obtain the following series solution

5Ng? ¢ 4_61Ng3c$6+277Ng4c 8

Ngc
0(z) = c — —2— 22 ——° -
(p)=c——— '+ — —= 720 8 064
50 521 Ng° 540 553 Ng® 199 360 981 Ng”’
_ 0Ll T8 € oy 2TUOO B € ap & €1y . (6.21)
3 628 800 95 800 320 87 178 291 200

We need to obtain the value of ¢, so we use the boundary condition (6.3) at the point

x = 1. Thus, we get

Nge B5Ng?c  61Ngdc 277 Ngte

1) =
1) === 24 720 8 064
50521 Ng’ ¢ 540 553 Ng® ¢ 199 360 981 Ng' ¢ 9 (6.22)
3 628 800 95 800 320 87 178 291 200 o '

We then substitute the obtained value of ¢ into equation (6.21) to obtain the expression

for 0(x).

We compare the above obtained solution for 6(x) to the exact solution, given by equa-
tion (6.4) with m = —2
cosh (\/Ng)

~ ok (VN ] (6.23)
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We present Table 6.1 which shows a comparison between the exact solution and solution
given by DTM for the case m = —2. We see that the absolute errors between the results
are very slight. Additionally, Figure 6.1 displays the comparison of the exact solution
and the solution given by DTM.

6.2.2 Case m=-3and n= -3

Applying the DTM to equation (6.1), given H, we obtain the recurrence relation given
by

=3+ 1)P(i+1)(k—i+1)P(k—i+1)

(2

(k= i+ 1)k —i+2)®(k —i+2)0() + 0(i)®(k —i) Ng =0.  (6.24)

Substituting equations (6.6) and (6.7) into equation (6.24), and solving for the rest of

the terms we get the following series solution

_Nge , 7TNg’c , 139Ng’c  5473Ngle

0 —
(7)=c———= o1 7 720 ¢ 40 320
5L103Ngle 34988647 Nelc , 4T84061619Ngc
518 400 479 001 600 87 178 291 200

(6.25)

Again, we can solve for ¢ using equation (6.3).

We compare the above obtained solution for 6(x) to the exact solution, given by equa-

tion (6.4) with m = —3

0(z) = ( cosh (/2 Ng) >2 ‘ (6.26)

cosh (/2 Ng z)
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We present Table 6.2 which shows a comparison between the exact solution and solu-
tion given by DTM for the case m = —3. We see that the absolute errors between the
results are again very slight. Additionally, Figure 6.2 displays the comparison of the

exact solution and the solution given by DTM.

Table 6.1: Results of the DTM and Exact solutions for m = —2 and n = —2, with

Ng = 0.5.

DTM

Exact

Error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.2605908671
1.2574459422
1.2480891602
1.2327498266
1.2117950566
1.1857088919
1.1550661851
1.1205037463
1.0826912454
1.0423040737
1

1.2605918365
1.2574469092
1.2480901199
1.2327507746
1.2117959884
1.1857098037
1.1550670732
1.1205046066
1.0826920632
1.0423047560
1

0.0000009694
0.0000009670
0.0000009598
0.0000009480
0.0000009319
0.0000009118
0.0000008881
0.0000008603
0.0000008178
0.0000006823
0
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Figure 6.1: Comparison of the DTM and Exact solutions with m = —2, n = —2 and

Ng = 0.5.

Table 6.2: Results of the DTM and Exact solutions for m = —3 and n = —3, with

Ng = 0.35.

1

0.2

1

0.4

1 L L L 1

0.6 0.8

L 1 X
1.0

DTM

Exact

Error

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.1708512740
1.1688064584
1.1627216350
1.1527423065
1.1391001833
1.1220984590
1.1020938127
1.0794771186
1.0546547291
1.0280319148
1

1.1708539860
1.1688091654
1.1627243279
1.1527449763
1.1391028214
1.1221010578
1.1020963649
1.0794796145
1.0546571265
1.0280339335
1

0.0000027117
0.0000027070
0.0000026929
0.0000026698
0.0000026382
0.0000025988
0.0000025522
0.0000024959
0.0000023974
0.0000020187
0
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L 1 L L L 1 L L L 1 L L L 1 L L L ”.J X
0.2 0.4 0.6 0.8 1.0

Figure 6.2: Comparison of the DTM and Exact solutions with m = —3, n = —3 and
Ng = 0.35.

6.3 Distinct exponents, m # n

6.3.1 Case m=-2and n= -3

Applying the DTM to equation (6.1), given H, we obtain the recurrence relation given
by

20+ )P+ 1)(k—i+1)P(k—i+1)

(2

H(k—i+1)(k—i+2)®(k—i+2)P(>i)] + (k) Ng = 0. (6.27)

75



Substituting equations (6.6) and (6.7) into equation (6.27), and solving for the rest of

the terms we get the following series solution

Ng Ng? Ng* 19 Ng*
0 —p_ O 2 o 4 6 3
(@) = T TR T 10083
29 Ng® |, 59Ng® ., 3641Ng" |,

T U536 T T 272166 U T 4953 31266

(6.28)

We can solve for ¢ using equation (6.3). Figure 6.3 shows the 1D DTM solution with

varying values of Ng for when m = —2 and n = —3.

6
— Ng=0.5
Ng=1

— Ng=3
— Ng=4

Sl S S
-1.0 -0.5 0.5 1.0

Figure 6.3: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of Ng, using boundary condition (3.10).
Here m = —2 and n = —3.

6.3.2 Case m=-3and n=—4

Applying the DTM to equation (6.1), given H, we obtain the recurrence relation given
by

> [-3(+ D)@+ 1)(k —i+ D)k —i+1)

=0

d(k— i+ 1)(k —i+2)®(k —i+2)®(i)] + (k) Ng = 0. (6.29)
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Substituting equations (6.6) and (6.7) into equation (6.29), and solving for the rest of

the terms we get the following series solution

Ng Ng? 3 Ng? 27 Ng*
6 — p_ O 2 o 4 6 8
(z) = 2 " i 1c " 202 i 2803

179 Ng° L0, 5323 Ng® L2 6381 Ng” .,
2 800c¢4 123 200¢ 215 600c°

(6.30)

Again, we can solve for ¢ using equation (6.3). Figure 6.4 shows the 1D DTM solution

with varying values of Ng for when m = —3 and n = —4.

— Ng=0.1
Ng=0.5

— Ng=1

— Ng=1.5

-1.0 -0.5 0.5 1.0

Figure 6.4: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of Ng, using boundary condition (3.10).
Here m = —3 and n = —4.

6.4 Discussion of results

In this chapter, we have considered heat transfer in a hot body where the thermal
conductivity and internal heat generation are given by the power law. We have seen
from Figures 6.1 and 6.2 that the solutions obtained using the 1D DTM compare very
well with the exact solutions, namely equations (6.23) and (6.26). Furthermore, from

Table 6.1 we notice an absolute error of approximately 9.7e — 007, while in Table 6.2
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we see an absolute error of approximately 2.7e — 006. This confirms that the DTM can

provide accurate results with little computational effort.

Figures 6.3 and 6.4 show the 1D DTM solution for distinct exponents. In both figures
we see that temperature increases as we increase Ng. We noticed in Figure 6.3 that
when we considered Ng > 5 the solution did not represent that of heat transfer in a
wall. An identical observation was made in Figure 6.4, but with Ng > 1.5. This might
be due to the order of our Taylor series solution not being high enough, or possibly a

threshold for Ng also exists when we have m # n.

6.5 Concluding remarks

In this chapter we employed the 1D DTM to construct the approximate analytical
solution, for the cases where exact solutions could not be obtained. First we established
confidence in DTM by comparing the special exact solution to the DTM solution.

Approximate solutions were constructed for the case m # n.

78



Chapter 7

2D DTM solution for transient heat
transfer given the power law
thermal conductivity and internal

heat generation

7.1 Introduction

In this chapter we consider the transient model describing the temperature profile in
a hot body such as across a wall with both thermal conductivity and internal heat

generation being functions of temperature given by the power law, that is

80 _ a m% n+1
5= oo (9 8x> + Ng o™+, (7.1)
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subject to symmetric boundary conditions given by

00
= o= (72)
0(t,1) =1, (7.3)
with initial condition
0(0,2) =0, 0 <z <1. (7.4)

We have established confidence in the DTM although applied to steady state problem.

A slight modification in the code allows solution for the transient problem.

7.2 Case: m=—-2and n= -2

Applying the 2D DTM on equation (7.1) with m = —2 and n = —2, we obtain the

following recurrence relation

k—i k—i—p s s—j s—j—q

DI DI Q)k—i—p—z+1)(i,s—j—q—1)

=0 p=0 2z=0 5=0 ¢=0 1[=0

@

k s
XOk—i—p—z+1,1)=-2) > (G+1)(s—j+ 1)k —ij+1)B(i,s —j+1)
i=0 j=0
k s

EYTS G DG+ 20— i+ 20805 — )+ g S0k~ )05 ),

i=0 j=0 =0 7=0

where ®(k, s) is the differential transform of 6(¢, ).

Applying the 2D differential transform on the initial condition (7.4) and boundary
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conditions (7.2) and (7.3) we obtain the following transformations respectively

®(0,s) =0, s=0,1,2,... (7.6)
d(k,1)=0, k=0,1,2,... (7.7)
®(k,0)=c, ceR, k=1,2,3,..., (7.8)

where ¢ is a constant. We use equations (7.6) - (7.8) and the iterative equation (7.5)

to construct the power series solution

Ngc

0(1,2) = -~ (7.9)

D(2,2) = % (7.10)

D(3,2) = ZLC?)_TNgC (7.11)
2

B(1,4) = ii ¢ (7.12)

(I)(274>:_12Ngc32;5Ng2c (7.13)

B(3.4) 8c® — 48 Ng223+5Ng20 (7.14)

These terms may be taken as far as desired. Substituting equations (7.6) to (7.14) into

equation (2.17), we obtain the following series solution

N 5N 4¢® — N
O(t,z) =ct + ct? + ct® + ctt — %Ctﬁ + CTgct?x? 420 T T8Oy
5 1\52 c,a_ 12Ng 032; 5 Ng? Cprh 8¢S — 48 Nng + 5 Ng? Cppt
(7.15)

81



We need to obtain the value of ¢, so we use the boundary condition (7.3) at the point

x = 1. Thus, we get

Ng ¢ c3—Ngct2+4c3—Ngc

0(t, 1) =ct + ct® + ct® + ct* — St 5 £3
5 Ng? c, 12 Ng ¢ — 5 Ng? ct2+805—48Ng03+5Ng20t3+“.:1'
24 24 24
(7.16)

We then substitute the obtained value of ¢ into equation (7.15) to obtain the expression
for O(t,x). Using the first 24 terms of the power series solution we plot the solution for

equation (7.15) for various parameters as shown in Figures 7.1 and 7.2.

— t=1.2
t=1.5
—— Steady state

1 L L L L 1 L L L L L L L L 1 L L L L 1 X
-1.0 -0.5 0.5 1.0

Figure 7.1: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of ¢, using boundary condition (3.10). Here
Ng = 0.2 is kept fixed.
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1.08

1.06 — Ng=0.1

I Ng=0.2
1.04

— Ng=0.3
1.02
1.00

1 I I I I 1 I I I I I I I I 1 I I I I 1 X
-1.0 -05 0.5 1.0

Figure 7.2: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of Ng, using boundary condition (3.10).
Here t = 1.2 is kept fixed.

7.3 Case: m=—-3and n= -3

Applying the 2D DTM on equation (7.1) with m = —3 and n = —3, we obtain the

following recurrence relation

> ®(p,j)2(z, )®(w,l)(k—i—p—z—w+1)

k s
XP(i,s—j—q—1l—v)P(k—i—p—z—w+1,0v) :—BZZ(j+1)(s—j+1)
i=0 j=0
k s
X Bk —i,j+ )03, s—j+1)+> Y (G+ 1) +2)0(k —i,j+2)@(, s — j)
i=0 j=0
k s
+Ng ) Y bk —i,j)0(,s — ), (7.17)
i=0 j=0

where ®(k, s) is the differential transform of 6(t, ).

Applying the 2D DTM on the initial condition (7.4) and boundary conditions (7.2)
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and (7.3) we obtain the following transformations respectively

o(0,5) =0, s=0,1,2,... (7.18)
B(k,1) =0, k=0,1,2,... (7.19)
®(k,0)=c, ceR, k=1,2,3,..., (7.20)

where ¢ is a constant. We use equations (7.18) - (7.20) and the iterative equation (7.17)

to construct the power series solution

Ngc

®(1,2) = —— (7.21)
D(2,2) = @ (7.22)
0(3,2) = i ;Ng ¢ (7.23)
B(1,4) = 1\5 ¢ (7.24)
(2,4) = _12Ng c32; 5Ng® ¢ (7.25)
®(3’4)_805—48N§403+5Ng2c (7.26)

These terms may be taken as far as desired. Substituting equations (7.18) to (7.26)

into equation (2.17), we obtain the following series solution

N 5N 48 — N
O(t,z) =ct + ct? + ct® + ctt — %Cta:? + CTgct%ﬁ 0 T B Oy
5 Ng? Coa 12 Ng ¢* — 5 Ng? Cprd 8 ¢® — 48 Ng ¢® + 5 Ng? €
24 24 24 e
(7.27)
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We need to obtain the value of ¢, so we use the boundary condition (7.3) at the point

x = 1. Thus, we get

N - N 4c* — N
9(t71)20t+ct2+ct3+ct4— g0t+c 2g0t2+ C . gct3
Ng? 12 Ng ¢* — 5 Ng” 5 _ 48 No ¢ + 5 No?
+5 g, gc —5Ng ct2+8c 8 Ng ¢” +5 Ng CpL 1
(7.28)

We then substitute the obtained value of ¢ into equation (7.27) to obtain the expression
for O(t,x). Using the first 24 terms of the power series solution we plot the solution for

equation (7.27) for various parameters as shown in Figures 7.5 and 7.6.

— t=1
t=1.2
—— Steady state

1.00
-1.0 -0.5 0.0 0.5 1.0

X

Figure 7.3: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of ¢, using boundary condition (3.10). Here
Ng = 0.2 is kept fixed.
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142
1.10
108 — Ng=0.1
1.06 Ng=0.2
Ng=0.3
1.04
1.02\
1.00
-1.0 -0.5 0.5 1.0

Figure 7.4: Temperature in a wall with power law thermal conductivity and power law
internal heat generation and varying values of Ng, using boundary condition (3.10).
Here t = 1 is kept fixed.

7.4 Discussion of results

In Figures 7.1 and 7.2, we see that the temperature increases with increasing time and
increasing Ng values, as expected from what we obtained in Chapter 5 when consid-
ering m < 0. We compared this DTM solution to that of the steady state found in
Chapter 5, and noticed that when evaluating the solution using Ng ~ 0.5 the results
varied slightly, hence we focused on Ng < 0.5 for the DTM solution. We also noticed
that the DTM solution becomes the steady state at around ¢ ~ 2.

Figures 7.3 and 7.4 behave similarly to Figures 7.1 and 7.2, however, the steady state
was reached quicker in Figure 7.3 than in Figure 7.1. Additionally, the steady state

temperature found in Figures 7.1 and 7.3 are almost identical.

A possible reason for similar temperatures and for reaching the steady state in a very

short time could be the result of choosing a small Ng value. We mentioned above
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that when focusing on the steady state 2D DTM solution and the steady state solution
found in section 5.2.2.1, we noticed a value of Ng > 0.5 gave us some differences. These
differences might be the result of the order of our Taylor series expansion being too
low, and therefore we would need to find more terms in order to investigate solutions

using larger Ng values.

A problem arises when we consider the asymmetric boundary conditions as we need to
solve for two constants. In most cases we found that if the order of our Taylor series
solution exceeded 6 then no real values for the constants were obtained. So we limited
our Taylor series solution to have an order of 5. However, these solutions represented

heat transfer in a longitudinal fin.

7.5 Concluding remarks

In this chapter, we have successfully employed the 2D DTM to transient heat conduc-
tion problems for heat transfer across a wall where thermal conductivity and internal
heat generation are given by the power law. We presented results which approached

the steady state as time evolves.
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Chapter 8

Conservation laws and associated

Lie point symmetries

8.1 Conservation laws

In this chapter we construct conservation laws for the transient heat equation with
internal heat generation. A number of methods to construct conservation laws exist,
namely the direct method, the multiplier method and the characteristic method. A
good comparison of these methods was given in [28]. Since these methods yield the

same results, we shall just use one, the direct method.

8.1.1 Case: General k(f) and ¢(0)

Consider the governing equation (3.9),

% - a% (k(@)%) + Ng q(0). (8.1)
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A conservation law for equation (8.1) satisfies
Z)t111 + DITQ |equation(8.l): 0, (82)

where D, and D, are the total derivatives given in (2.8).

For simplicity and convenience we seek conserved vectors of the form
T =Tt 2,0,0,), T? =T?(t,x,0,0,). (8.3)
Substituting equation (8.3) into equation (8.2) we obtain the following partial differ-

ential equation

oTt oTt ort  or? oT*? oT*?
W + etW + etx 89x + O + 993 90 + 6‘9:9: aex ’equation(&l): 0. (84)

Expanding equation (8.4) we get

ore ., or' T
o1? or? or?
T or 0o Ty, =0 (8:5)

Since T and T are independent of the second derivatives of §, we can separate equation

(8.5) by second derivatives of 6 as follows

ort  oT*
oT!
O - o =0 (8.7)
ort L, OT" oTt  oT* 07"
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From equation (8.7) we get T' = T*(t,z,0). We now integrate equation (8.6) with

respect to 6, to get an explicit expression for 72

1
T = —k(e)%egﬁ +A(t,2,0). (8.9)

Substituting 72 into equation (8.8) we get

oT! oT? O*T? 0A orTt ., 0A
e + Ng q(@)m — k(&)mﬁx + i k(0) 502 (0:)° + Qm% =0. (8.10)
We now separate equation (8.10) by 6, as follows
O*T?
2. _ _
(0:)° : —k(9) 502 0, (8.11)
0*Tt  0A
0, : _k(e)&r@é’ + 20 0, (8.12)
oT? oTt  0A

We get an explicit expression for T by integrating equation (8.11) twice with respect
to 6
T' = B(t,z)0 + C(t,x), (8.14)

assuming k() # 0.

From this, equation (8.12) becomes

OB  0A

~k(@)5—+ 55 =0. (8.15)

We get an explicit expression for A by integrating equation (8.15) with respect to

[/
Alt, 2,60) = @a—f/l k(0%) d0 + D(t, z), (8.16)
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where D(t,x) = A(t,z,1).

Substituting A and 7" into equation (8.13) we get

OB  oC *B [° oD
=0—+ — + Ngq(0)B(t — [ Kk(0")do" + —. 1
0= 0% + 5 +Nea@)B(t) + o [ ke + 2 )
We will use equation (8.17) and 7" and T?
T' = B(t,7)0 + C(t, z), (8.18)
2 83 ’ * *
T = —k(0)B(t,z)0, + a7 k(0%) do* + D(t, x), (8.19)
1

to solve for the conserved vectors for different cases of k(6) and ¢(¢). When substituting
our choices for k(#) and ¢(f) into equation (8.17) we will be able to split the equation
with respect to powers of 6, allowing us to find B(¢,z), C(t,x) and D(t, z).

8.1.2 Case: k() =e™ and q(f) = e

Consider the partial differential equation

9 _ 9 [ 00
ot~ oz \© oz

) + Ng . (8.20)

Substituting our choices for k(#) and ¢(0) into equation (8.17) we get

oB oC O*B (em™ 1 oD
— 92 2 Ne B T2 Zem) 22 21
0 68t+8t+ ge (t,x)+ax2(m —e >+8x (8.21)

We now consider two cases to separate equation (8.21).
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8.1.2.1 Case: m #n, m#0

0?°B 1

mo . Bl
s =, (8.22)
e" : Ng B(t,z) =0, (8.23)
0B
C— = .24
0: 57 =0, (8.24)
oc 0 1 9B

Equation (8.24) implies that B = B(z) and equation (8.22) implies that B = ¢z + ¢s.
Since equation (8.25) is satisfied independently of the PDE (8.20), it follows that

C(t,z) and D(t,z) — —e™—(t, z)

are the components of a trivial conserved vector. We therefore set

Clt.x) =0, D(t.x)— %emg—f(t, ) = 0.

Equation (8.23) implies that Ng = 0 or B = 0. If B = 0 then we get trivial conservation
laws. So for non-trivial conservation laws given Ng = 0 we obtain
mo

Dt [(clx + Cg)e] + Dw —eme(clac + 62)91 + CIW = 0. (826)

A conserved vector of equation (8.20) with Ng = 0 is therefore a linear combination of

the two conserved vectors

em@

(i) T' = 0, T? = —e™ 20, + W’ (8.27)

(i3) T' = 0, T2 = —e™,. (8.28)
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8.1.2.2 Case: m=n, m#0

B 1

™. ——— 4+ NgB =
e 8:62m+ g B(t,z) =0,
0B
9-5—07
oc 0 1 , 0B
l:—+—|D—-—e"— | =0.
8t+8x( m* 895) 0

(8.29)
(8.30)

(8.31)

Equation (8.30) implies that B = B(x). Since equation (8.31) is satisfied independently

of the PDE (8.20), it follows that

C(t,x) and D(t,x)—iemaa—B(t,x)
m T

are the components of a trivial conserved vector. We therefore set

Cltw) =0,  D(t,z)— —em?B

m Oz

(t,z) =0.
Consider first m > 0. The general solution of equation (8.29) is

B(z) = ¢1 cos(y/mNg x) + cosin(y/mNg z).

For non-trivial conservation laws we get

D, [(cl cos(y/mNg x) + ¢y sin(y/mNg x)) 9}
— ™ <01 cos(y/mNg x) + ¢y sin(y/mNg ZU)) 0,

+ D,

+ @me\/% <02 cos(y/mNg x) — ¢; sin(y/mNg x)) ] =0.
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The non-trivial conserved vectors are

(i) T' = cos(wx)8,

(ii) T* = sin(wz),

where w = /m Ng.

Consider next m < 0. Then

7% = —e™ cos(wz)b,

_emt Y sin(wz),
m

T? = —e™ sin(wz)b,

+emt Y cos(wx),

B(z) = cieV miNg = 4 o e=VImiNg @

and the corresponding conservation laws have the form

(i) T" = &9,

(ii) T = e™“"0,

where w = /|m| Ng.

94

2 mb+wx
T° = —e 0,
w
6
+ Eem +wac,
2 ml—wzx
T° = —e 0,
ml—wz
m© ’

(8.34)

(8.35)

(8.36)

(8.37)

(8.38)



8.1.3 Case: k() = 0™ and ¢(0) = 6""', where m # —1

Consider the partial differential equation

a0 9 (.00 gl

Substituting our choices for k(#) and ¢(6) into equation (8.17) we get

aB aC - LB 0 1 0B

We now consider two cases to separate equation (8.40) by powers of 6.

8.1.3.1 Case: m#*n,m#—-1,m=#0and n+#0

0*’B 1
gt = 41
or2m+1 0 (841)
0" Ng B(t,z) = 0, (8.42)
OB
0: 5 =0, (8.43)
ocC 9 1 0B
1: WJra_x(D_—mHa_x): (8.44)

Equation (8.43) implies that B = B(x) and equation (8.41) implies that B = ¢1x + ¢».
Since equation (8.44) is satisfied independently of the PDE (8.39) it follows that

1 0B

C(t,l‘) and D(t,l‘) — m——H%

(¢, 2)

are the components of a trivial conserved vector. We therefore set

183

—(t,z) =0.
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Equation (8.42) implies that Ng = 0 or B = 0. If B = 0 then we get trivial conservation

laws. So for non-trivial conservation laws given Ng = 0 we obtain

m+1

m—+1

D [(c1x 4 ¢2)0] + Dy | —0™ (12 + ¢2)0, + 1 =0. (8.45)

A conserved vector of equation (8.39) with Ng = 0 is therefore a linear combination of

the two conserved vectors

9m+1

DT = 26 T? = —0"20, + —— 8.46
(2) b, 0zt (8.46)
(i) Tt = 0, % = —0"0,. (8.47)

8.1.3.2 Case: m=n,n# —1, m#0 and m # —1
9’B 1
mtl. -~ ~ 4 NgB = A4
0 Gt Ne (t,z) =0, (8.48)
OB
f:—=0 8.49
at ) ( )
oc 0 1 0B
l:—+—(D-——==") =0. .
6t+8as< m—l—lax) 0 (8.50)

Equation (8.49) implies that B = B(x). Since equation (8.50) is satisfied independently
of the PDE (8.39) it follows that

1 0B

C(t,x) and D(t,]?) — m——|-18_x

(t,z)
are the components of a trivial conserved vector. We therefore set

C(t,z) =0, D(t,z) — ———(t,z) = 0.
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Consider first m 4+ 1 > 0. The general solution of equation (8.48) is

B(x)zcm@s( (m+1)Ngm)+CQSin< (m + 1)Ng )

For non-trivial conservation laws we get

D, [(cl cos ( (m +1)Ng x) + co8in ( (m +1)Ng :c)) 6]

+ D, —0m<clcos< (m+1)Ng:1:>+CQSin( (m+1)Ngm>>0$

72 enon (VG D ) v (VG D8 ) | <.

The non-trivial conserved vectors are

(i) T" = cos(wx)8, T? = —0™ cos(wz)0,

em—l—l
T sin(wz),

m +

(ii) T* = sin(wx)6, T? = —0™ sin(wx)b,
0m+1

o 1wcos(wx),

where w = y/(m + 1) Ng.
Consider next m + 1 < 0. Then

B(x) — Cle\/\m-l-l\Ngx + Cze—w/\m-l—l\Ngx’
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and the corresponding conservation laws have the form

(i) T = "0, T2 = —gmeny,

9m+1

+ wewx)
m+1

(i1) T" = e~"*0), T? = —0™e "0,

m+1
0 we v

m+1

where w = 4/|m + 1|Ng.

8.2 Associated Lie point symmetries

Y

(8.56)

(8.57)

We have derived conserved vectors for both cases of the transient models, using the

direct method. We now focus on finding Lie point symmetries associated with the

conserved vectors from the previous section.

The determining equation for the Lie point symmetries X associated with the con-

served vector T = (T",T?) is given by [20]

where

X(TH+T'Dy(E) =T'Dy(¢) =0, i=1,...,n, (8.58)
o) 0 %) %)
_ ¢l 7 2 7 s o
X=¢ 8t+§ ax+7789+€“60x+"" (8.59)
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Equation (8.58) consists of two components
X(T") + T'D,o(€%) = T*D, (') = 0, (8.60)

X(T?) +T?Dy(€") — T'Dy(£%) = 0. (8.61)

We consider the exponential and power law cases as in the previous chapters. It turned
out that the governing equation with the exponential case does not admit the asso-
ciated Lie point symmetries. However, the power law case yielded some interesting

results, as observed below.

Consider n =m and m +1 < 0.

Substituting the elementary conserved vector (8.56) into equations (8.60) and (8.61)

gives
852 852 ‘gm-&-l 851 gm-i-l 851
wx ¢2 wx wx wx wx - ew?
W0 e e 0 e ey 1Y ar  mt 1Y g
o¢! ¢!
+ 070 2 +9m(9 )2et 2 =0, (8.62)
00
and
2
2 w m—+1 wz m _wx wx Hm m—1 _wx _gm wx@
19 —m+10 — E200M e 0, + nweTO™ — mnd™ e 0, — O™e pe
m wx an m _wWT 851 m OJI 51 m OJCE 52 m _wWx 28€2
= 07 g 07 0 O 00 e (6,)
B T A T A L R TS
e, % _ g (8.63)
oo '

99



Separating equation (8.62) by derivatives of 6 we find

o
2 . gm _wx —
(0,)° : 0Me 20 0,
Wt 52 wx m+1 agl v magl o
b O pg —we m+189+ "o =0
an em—i—l 851
1- 2 wT wx wT o wT
Ewe 0 + ne*” + e Fri——— e

Separating equation (8.63) by derivatives of € we find

o¢?

(0,)% : 0" 20 0,
O, 1 —wl™eTEE — mnf" e T — g gz +0me” %ﬁj 0" "
1 m+1 1 2
1: mw—_ilgewrﬁmﬂ + nwe“* 0" — Hmem% + rim—lirll 68&;:

From equations (8.64), (8.65) and (8.67) we get

and

with equation (8.69) being satisfied.
By reducing equation (8.66) we get

0€?
= &%) — 0=
K fw ox’

100

=0.

851 B
o = O
ot

(8.64)
(8.65)

(8.66)

(8.67)
(8.68)
(8.69)

=0.

(8.70)

(8.71)

(8.72)

(8.73)



and

Substituting equations (8.73) and (8.74) into equation (8.70) we get
m“’—jlgem“ + (—§2w9 — 9%—5) wd™ — o™ (—%—fu& - 6%?22)
imjlwdd—f - 988—5; = 0. (8.75)
Separating equation (8.75) by powers of 6 gives
0 : 68_i2 =0, = 2 = (2), (8.76)
Differentiating equation (8.77) with respect to ¢ and solving for &' we get
E(t) = at + o, (8.78)

where ¢; and ¢y are arbitrary constants. Substituting £! into equation (8.68) and

solving for &2 gives

~L + c3exp (—ﬁ—%x) . m#E =2

&) = (8.79)

<
mw’

m = —2

Substitute (8.79) into the remaining determining equation (8.77). Equation (8.77) is
identically satisfied for m = —2 and m = —4/3. It is satisfied for m # —2 and
m # —4/3 provided c3 = 0.
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Thus we are left with

& =at+ e, (8.80)
4
o mt
&= (8.81)
S e (<) m =
)
- (8.82)
80— cogttonp (). m—

\

The Lie point symmetries associated with the conserved vectors (8.56) are given by

The associated Lie point symmetry (8.84) applies for n = m

0

Xi=o, (8.83)
9] 1 9 60

X3 = exp(2(,uac)3 — 3w exp(?wm)&g. (8.85)

ox 00

# —4/3, m+1<0. The

associated Lie point symmetry (8.85) applies for m = —4/3.

8.3 Concluding remarks

In this chapter we have constructed the conservation laws for equation (8.1) with ex-

ponential and power law cases of thermal conductivity and internal heat generation. It

turned out that conserved vectors may be constructed for the simple case of the nonlin-

ear heat equation given the exponential case. Some interesting new conservation laws

and associated Lie point symmetries are obtained when the internal heat generation

and thermal conductivity are given as power law functions of temperature. There are
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a number of open questions that may be explored from this chapter. Also, one may

use the double reduction method by Sjoberg [29] to construct exact solutions.
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Chapter 9

Conclusions

This dissertation focused on obtaining solutions for heat transfer in a hot body with
various functional forms of thermal conductivity and internal heat generation. We
began by calculating the Lie point symmetries for when thermal conductivity and
internal heat generation were given by exponential functions, firstly, and then given
by the power law. Using these Lie point symmetries, we found the optimal system
for various cases. From the optimal systems, we constructed group invariant solutions
for each case, namely the steady state solution and the transient solution. For the
exponential case, analytical solutions for both the steady state and the transient state
were found. However, for the power law case the steady state solution was found but
we were unable to find the transient solution analytically. So the Differential Transform
Method (DTM) was employed to construct analytical series solutions for cases where
our Lie point symmetries failed to obtain a solution, namely for the power law case.
The 1D DTM was used to solve the steady state ordinary differential equations. We
made a comparison with the DTM solution and the group invariant solution and found
that these solutions agreed with one another, hence confidence was established in the
DTM. The 2D DTM was then used for the transient state problem of the power law
case. Lastly, we constructed conservation laws, using the direct method, and derived

associated Lie point symmetries.
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