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Abstract

This dissertation investigates the numerical solution of similarity solution of
the Porous Medium and the Thin Film equations. Scaling transformations are
introduced to reduce the original equations to ordinary differential equations.
Self-similar solutions are found for all n > 0 in the case of the Porous Medium
equation, but only for n = 1 in the Thin Film equation. The ordinary differential
equations are solved numerically and the numerical results are compared with
the self-similar solutions to verify the accuracy of the numerical schemes used.
The main idea is to find a numerical self-similar solution for n > 1 in the Thin

Film equation.
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Chapter 1

Introduction

1.1 Idea of Similarity

The study of time-dependent partial differential equations (PDEs) has had a
sporadic history up to the present time. Such equations arise in many branches
of applied mathematics. For example, in physical sciences, PDEs are used to
describe phenomena such as the propagation of sound or heat, fluid flow, and
laws such as the conservation of mass, energy and momentum. Their solutions
give an insight into the physical processes they are modelling, with some initial
information provided on a given domain. Although there are methods for solv-
ing the underlying model equations, sometimes the solution (either general or
particular) is difficult, if not impossible, to find.

When dealing with a linear PDE, various techniques including integral trans-
forms and eigenfunction expansions help to reduce the equation into an ordi-
nary differential equation (ODE), which can be easily solved. Such techniques
are much less prevalent when they come to non-linear PDEs. However, there
is an approach which identifies equations for which the solution depends on

appropriate groupings of the independent variables.

One way of grouping these independent variables to obtain analytic solu-
tions is by similarity. This method works under (group) transformations of the
original independent variables into new independent variables, called similarity
variables, leaving the equation in question invariant. This process was systema-
tised in the early 20th century by Lie who observed that groupings of variables
in many partial differential problems made effective transformed variables [5].

The solutions are termed similarity solutions, which often satisfy much simpler



equations than the original PDE. The importance of similarity solutions lies in
their ease of calculation, the fact that they often act as attractors for the more
general solutions of the PDE.

The examples below show different types of PDEs for which they are invari-
ant under certain groups of transformations [1].

Example 1: Fisher’s equation, given by
Up = Ugy + u(l — u), u € C*(oc0, —00)

plays an important role in the study of mathematical biology and in probability.
It is invariant under:

i. translations in time, t — ¢ + A

ii. translations in space, x — x + A

iii. reflexions in x, * — —x

Example 2: The universal heat equation
Up = Ugy, u € C*(00, —00)

is invariant under the same transformations as in Example 1, and also the

stretching groups given by

t — A,

1
r — A2z,

where A > 0 is arbitrary.
Example 3: The blow-up equation, of the form

Uy = Ugy + U, u € C*(00, —00)

is used in modelling combustion processes in which materials become hot very
quickly. It is invariant under the action of the same groups as in Example 2,

with an additional stretching group given by

o
u— —.
A



1.2 Scale Invariance

Scale invariance is a basic idea which originates from the analysis of the conse-
quences of changes of units of measurement on the mathematical form of the laws
of physics. It is viewed as a particular aspect of study of differential equations
under groups of transformations [7].

Basically, this type of transformation maps all the variables in the original
differential equation (DE) to newly transformed variables by different scaling
parameters for each of the original variables. The DE is then said to be scale-

invariant if the system remains unchanged by the transformations.

1.2.1 Scaling Invariance on an ODE

Suppose a ODE is given by

Z—Z = F(z,y). (1.1)

Introduce a mapping from the original system (x,y) to a new system (z,9)

by the transformations

T = Qax

By (1.2)

and

<
I

where a and [ are the scaling parameters.

Substituting (1.2) into equation (1.1), the left-hand side becomes

oy 4(3)

dx d (z)

and the right-hand side gives

F(x,y):F(

Q| &I
™|
N—

The new system is therefore

dy
dz

o | &l
=<
~_



The definition of invariance is then

EF (i Q) =F(z,7).

a \a' B
1.2.2 Scaling Invariance on a PDE

Consider a PDE of general form
up = [, U, Ugy Uy -2 ). (1.3)

A scaling transformation is described by a mapping of (u,x,t) to (@, ,t)
such that

t = M,
r = Mz,
u = MNu, (1.4)

for an arbitrary parameter A > 0 and scaling powers 3, .

It is an observed fact that scaling relationships have wide applications in
science and in engineering. Such scalings give evidence of deep properties of the
phenomena they represent. They can be found in fluid mechanics, turbulence,
mathematical biology and structural geology, to name a few. Scaling invariance

is also closely related to the theories of fractals and dimensional analysis [6].

1.3 Self-Similar Solutions

A time-dependent phenomenon is called self-similar if the spatial distributions
at different moments in time can be derived from one another by a similarity
transform [6]. The self-similarity of the solutions of time-dependent PDEs has
allowed their reduction to ODEs, which simplifies matters, and hence they had

attracted attention, due to the simplicity of obtaining and analyzing them.

1.3.1 Self-Similarity for an ODE

Rearranging (1.2) results in

o
I
SHRS]



and

50
z

Assuming there exists a functional relationship between o and 3 such that
B = B(a), self-similar solutions can be found to satisfy the ODE in (1.1), which

is invariant under the transformations in (1.2).

1.3.2 Self-Similarity for a PDE

Making A the subject from (1.4), we have

L, 1
>
ar t o 7
Define similarity variables to be
U U
T z
— T2 — =3 16
f= = (1.6)

which are independent of A and hence scale-invariant under (1.4).

A functional relationship between the similarity variables is assumed to take
the form n = n(£). We can then find self-similar solutions satisfying the ODE,
that is derived by the transformation of the original PDE into the variables 7

and £ with scaling exponents § and 7.

1.4 Outline of Dissertation

In Chapter Two, we look at non-linear diffusion equation and its applications.
An illustration of the method of similarity under scaling transformation to this
equation is presented. A detailed account of the construction of similarity vari-
ables to obtain self-similar solutions are shown for both the Porous Medium
equation, for all n, and the Thin Film equation, in the case of n = 1, with given
initial conditions. We then go on to consider the applications of both diffusion
equations. Furthermore, we develop another approach to solving both equations
by including the time variable in the relationship between the new transformed
variables. This results in scale-invariant but not self-similarity solutions. It

was hoped that when method is run to convergence, within some tolerance, the



solutions would converge to give the numerical self-similar solutions for both
equations. In practice, we found another way of achieving our aims so this was
left to further work.

Chapter Three provides various numerical methods in solving the simplified
ODE, in terms of the transformed variables, for the Porous Medium equation.
The numerical results are then verified with the self-similar solutions for all val-
ues of n. We also implement numerical scheme to the second approach using
time-stepping. The program is run to finite time to obtain non-self-smilar so-
lutions. Then we include some tolerence so that the solutions converge to give
self-similar solutions. Graphs are produced to show these different solutions.

In Chapter Four, we apply the same methods to solving the Thin Film equa-
tion. In this case, we introduce a new variable so that the ODE looks similar to
that of transformed Porous Medium equation. We compare the result from the
numerical scheme with that from self-similar, for n = 1. As for the other values
of n, we find the solutions numerically.

Finally, we end with conclusions and possible areas of further work.



Chapter 2
Non-Linear Diffusion

We focus mainly on non-linear diffusion equations of general form

ou m O 0%y

o = (D" (u W) , (2.1)

where u™ represents the diffusion coefficient and n > 0 is a diffusion growth
exponent. It describes many physical processes such as heat conduction in a
solid body, insect population dispersion, radiation hydrodynamics, and many

others.

Transforming the left-hand side of equation (2.1) under the mapping de-

scribed in (1.4) into the variables (4, Z,t) gives

ou_oWa) _ 00

EAIED ot (22)

and the right-hand side becomes

8 a2m+1u 8 82m+1 ()\'yﬂ)
_ m = n o m nyn
0" g () = 0" i (7 )

" . —(om a _n82m+1u
= (=1)"AHD-C +2)5% (u 8x2m+1) . (2.3)

Hence, the transformed general PDE is

., 9a PN BN, cLos
w18 (it O (u W) (2.4)

For the original equation (2.1) to be invariant under the transformation (1.4),

7



we require
y—=1=(Mn+1)y—(2m+2)p. (2.5)

To determine v and  we need another equation. Integrating equation (2.1)

over the domain gives

b(t) ou b(t) ) o2ty
“dr = "™ = (e ) d
/a(t) ot v /a(t) ( ) ox <u 8x2m+1> “

which simplifies to

d b(t)

H2m+1 u} b(t)
dt [l(t)

u S
2m—+1
ox alt)

wdr = (—1)" {

Taking the boundary conditions at u(a(t)) = u(b(t)) = 0, we have

d b(t)
dt a(t)

b(t)
/ udr =k, (2.6)
a(t)

where k is a constant. This shows that mass is conserved over the whole domain.

udr =0

and therefore

Transforming the integral in (2.6) to the variables (u, Z, t), by (1.4), we obtain

b(t)
/ Nu d(Mz) = k
a(t)

b(t)
A8 / adr = M\k.
a(t)

For (2.6) to be invariant under the transformation (1.4), we require

v+ B =0. (2.7)

Solving (2.5) and (2.7) simultaneously, we find that

-1
T n+ (2m + 2)
1



By (1.5) and (1.6), the self-similar solutions for non-linear diffusion equations

are of the form

n = )
ie. u(z,t) = t'n <t%> (2.9)

under the scalings v and 3 defined in (2.8).

2.1 The Porous Medium Equation

In the case when m = 0, equation (2.1) becomes the Porous Medium equation

(PME), a second-order non-linear diffusion equation. It has the form

ou 0 ou

= = 2.10

ot~ ox (“ ax) ’ (2.10)
where n is as described in equation (2.1), with u = u”% = 0 at the boundaries.

Such problems with zero boundary conditions are degenerate in the sense that

u = 0 is a sufficient boundary condition.

Equation (2.10) has been widely used to model many different applications.
In physical problems, it is used to model the flow in thin saturated region in a
porous medium, the percolation of gas through porous media, the spreading of
thin viscous spreading under gravity over a horizontal plane, and many other

processes [2],[10].

Further applications of the second-order case arise in the modelling of bac-
terial growth on agar plates and in medicine. An example for the latter is the
development of a tumour inside a human body. The tumour gains nutrients and
oxygen for growth by diffusion from already existing vasculature surrounding
them. Thus the size of the tumour is limited by diffusion through a porous

medium [3].



> X

a(t,) a(t,) alty) #i,) H5) Hi,)

Figure 2.1: Evolution of PME at Different Times for a fixed n

The above figure represents a self-similar solution at three points in time.
The solution at time ¢, is transformed onto the solution at a different time, say

at time t; by the scaling transformation in equation (1.4).

2.1.1 Self-Similar Solutions

From (2.8), v and S for the second-order equation (2.10) are

—1
T = iy
8 = (n—li-2)' (2.11)

To construct self-similar solutions in the form given in (2.9), we first derive
the ODE in terms of the similarity variables n = n(§) and &, which are defined
in (1.5) and (1.6).

10



The left-hand side of equation (2.10) gives

Ou 9 (nt7)
ot ot

on
= -y 2
me ot

_ dn d§
— Pl w2
et (G )

a dn —px
— v—1 SN il
= gyt 4t (dﬁxtﬁﬂ)

d _
= gt 4+t (d—z x g)
dn
d¢

= Tt = BT (2.12)

and the right-hand side becomes

o ( ,0u ocd ( ,..,0udnd
ox Ox Ox d€ on d€ Ox
1

et d (dn
= 25 g\ ue

= t”””_%% (n”fl—g : (2.13)

Substituting (2.12) and (2.13) into equation (2.10), we have

dn d d
t’yfl . t’yfl _ t7n+772,3 n
my B £_d§ 2\ e

d d d

d d [ .d
ny — ﬁéd—z = ﬂ”*l—?ﬁd—g <77”d—2) : (2.14)

From (2.11), we see that 8 = —~, therefore the exponent of ¢ can be simpli-
fied,

yn+1—-28 = ynm+1+2y

= ((n_+n2)+1) - (n—2|-2)
~ 0 (2.15)

11



and hence

N _ 4 udn
- = i (1)
_ 4 .y
”(’”%) B df( di)
d ( ,dn

—B 5(775) d_g( dg) (2.16)

which is a second-order ODE in the function 7(§) with boundary conditions
n=0at ==l

In order to solve the ODE, we integrate (2.16) to get

dn
d£

where (' is an integration constant. Since n = 0 at the boundary, C' = 0 and
thus

—B(né) +

dn

" =P (n€) -
Dividing through by 7 knowing that 7 is non-zero, gives
dn
1% _ .
=

Separating the variables,

[ = -5 [ ea

n _ 2
o =B VK
n 2

where K is a constant of integration. Applying the zero boundary conditions

again,
" _ B¢ B
n 2 2

Bearing in mind that v = ¢ in (1.5), we make 7 the subject and setting
4, —
n 2

6n£2) "

n(§) = (An ~

Hence, there exists the following self-similar solution in terms of 77 and £ with

12



zero boundary conditions,

1
(An - ﬂn§2> ! 6252 < Arw

2
0 Pl > A,

Mapping this back to the original variables u,x and ¢ using the definitions in
(1.5) and (1.6) with 5 and ~ given by (2.11), we obtain

(o) = —— (An _ ”—xQ> " (2.17)
2(

1 2
t +2) n 4+ 2)t(n+2) N

where the notation ()J%r indicates that we take the positive solution of the argu-
ment. Equation (2.17) is a self-similar solution of the original PME with u = 0
at the boundaries, for all values of n > 0. The original derivation is due to
Barenblatt[6].

n®

070 q

060 4

Figure 2.2: Self-Similar Solutions of the transformed PME for n = 1,2,3 when
t=1
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Figure 2.3: Self-Similar Solutions of the original PME when n = 1 at different

times

2.1.2 Non-Self-Similar Solutions

More generally, the equation (2.10) can be solved with 7 as a function of £ and

the time t, giving scale-invariant solutions but not self-similarity. This results

in an additional term to the tranformed left-hand side expressed in (2.12),

Ou _ 9(nt")
o ot
on
— y—1 vy
Nyt +1 BT
on
— y—1 v [ XL
Nyt +1 (85

on

X =+ —

¢  0On
dt ot

—fu 3n)

— t'Y_l t'y _ X — —
e (6&' e

_ on —BS  On
_ y—1 v 2L s 77
nyt' " 41 (GSX ; +6t
0 0
nq%”1«—,8t71gzig-+—t7;§g. (2.18)

The right-hand side has the same transformed expression as in (2.13),

oz

ou _og O an
nZ" ) _ 4ty 28~ n~'
! ax) T (’7 86)'

(2.19)

14



Equating (2.18) and (2.19), we have

-1 _ 1 87) . n 258 n@
me e 5*” = e ()
(9 8 0
y — Bﬁ f an = tm“‘”a% (U"G—D (2.20)

Using (2.11) and that § = —v, and because of (2.15), gives

9 (o
= Bfa_g* o (%( a&)

on 0 [ ,0n
-0 (ne §>”_ - (%)

Iy

0 onp 90 ( ,0n
—58—5(77§)+ta = 8_§< 6_§>
am 9 (., om
= b0+ g (rgr). e

which is a PDE for the function n(&, t), with chosen domain |{| < 1 and boundary
conditions 7 = 0. This PDE can be solved numerically.

2.2 The Thin Film Equation

The Thin Film equation (TFE) is a fourth-order non-linear diffusion equation,

ou 0 83

where n is as stated in equation (2.1), and with zero boundary conditions. This

given by

is when m = 1 in equation (2.1). When n = 1, the equation is used to describe
flow in a Hele-Shaw cell. The fluid placed between two parallel plates moves
in response to pressure gradients due to surface tension and other externally
imposed forces.

With n = 3, it models the lubrication of a surface tension driven thin viscous
liquid on a horizontal surface with a no-slip condition at the interface. However,
the no-slip condition implies that an infinite force occurs at the interface; but
this can be avoided by having more realistic models allowing slip, which are of

Navier-type slip condition type [8]. Other applications involve the spreading of

15



fluid on textiles and the overflow of rainwater over soils.

2.2.1 Self-Similar Solutions

Similarly, we follow the same procedure in finding self-similar solutions for TFE.

v and ( defined in (2.8) become

-1
T+
1
and B = CFg (2.23)

A similarity solution of the form n = n(&) is sought, by obtaining an ODE
for n in terms of £. The transformed left-hand side of (2.22) is the same as in

(2.12),

ou d
= mt - ﬁt’”id—z (2.24)

To transform the right-hand side, first consider

ou _ oudyo
or  Ondéox
L

dé th

— t’Y—ﬁ@

dg

from which,

0%u t’Y*ﬁ@ %
Ox? dg? Ox



and

O’u t’Y—Qﬁd?)_n%
ox3 d&? Ox
t7—25d3_77i
g3 th
t7*3ﬁd3_n
g3’

Then
O (Y | 0 (i
ox ox3 Ox d§ dgs

- _ l i nnt’mt’y—i’)/j @
174 d€ dg3

— _t'yn+vf45i nn@ )
dg \" d&?

Equating (2.24) with (2.25) gives

_ _,.dn a5 d d®n
-1 gt = _pyntyAB 2 [
Ul IG120S i i \" e
_ dn 5 d d®n
1 Bt = 4B (et
(m 613 d£> ANTE
dn g d d3n

— -1 _ _t'ynJrl 48 = nZ 1Y
ny — B¢ i AL

From (2.23), since § = —v, the power of ¢ in (2.27) becomes

m+1—-48 = yn+1+4y

S
and hence
s - (%)
(i) - i (rF)
—66%(776) = —d% (n"%),

17
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a fourth-order ODE for 7 in terms of £&. We impose boundary conditions n = 0
and ‘;—Z = 0 over our chosen domain [{| < 1. Integrating (2.28) once, we get
2400

— D,

—Bné) =

where D is a constant of integration. Substituting the boundary conditions,
D = 0 and thus

nd’n
—B M) =-n s
We divide through by n # 0, gives
d3
2.2
G = (2:29)

It is stated in [9] that TFE admits similarity solution only for n = 1. Sub-
stituting this value of n into (2.23) for the value of § and into (2.29) results in
the following ODE,

dn ¢
—_— ==, 2.30
We integrate (2.30) thrice,
& K&
= K K.
n 120 + 9 + 25 + A3,

where K, K5, and K3 are integration constants. Using the boundary conditions

at n =0 and d” = 0, results in

K2 = 0
and therefore
¢
== — > + Ks.
=10 "6 "

Mapping this back to the original variables u,z and ¢ using the definitions
n (1.5) and (1.6) with 8 and v given by (2.23), we have

1 4 2
U(:B,t) - _1( - xz‘{'KS)
t5 \120t5  60¢t3

1 (1 [(22\° 1 (22
= _é<1_20( ) —@<t—§>+K3>. (2.31)

18




To evaluate K3, we note that

0 at E==+1
= +1. (2.32)

n

=
| =

=0 at

|
<~
=

t

Substituting (2.32) into (2.31) gives K3 = 135. Hence the self-similar solution
of the original TFE for n =1 is

u(z,t) =

1 22\ 2
120t4 (1 B t_i) ' (2.33)

For values of n > 1, we find their approximate solutions from the numerical

schemes presented in the next chapter.

u(x, )

1.00

— = ]
—t = G

0.40
t=10

0.20

T T L= EELE T T T 1 X

-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 16

Figure 2.4: Self-Similar Solutions of original TFE when n = 1 at different times

2.2.2 Non-Self-Similar Solutions

We can also find the solutions of equation (2.22) with 7 as a function of £ and
t, again giving scale-invariant solutions but not self-similarity. The transformed
expression of the left-hand side in (2.24) now has an extra term,

ou on

(977
_ y—1 y—1
N =gyt = BT o€

o (2.34)

19



The right-hand side is transformed into the same expression as in (2.25),

0 ( Pu s O (O

Equating (2.34) and (2.35), gives

7777571—575’71522_1_757077 _ _t7n+w4ﬁ% (nni’g)
- (m B€—§+ @) = ﬂ"ﬂ—‘*ﬂa% (nn%)
Y - 6§—£+t@ = _tvnﬂ—w% (nngigg)‘ (2.36)
Deducing from (2.23) that 3 = —, and because of (2.27),
—np — 5£a—€+t@ = _a% (n”%)
—ﬁ<n+€ £)+t@ = _a%( Z;>
B () + 5] = —a%( g;)
ﬂgg (775)+8%( g;) = —t%, (2.37)

which is a PDE in the function 7(&,t). We choose the domain to be [£| < 1 with
zero boundary conditions. The numerical solutions are presented in chapter

Four.

20



Chapter 3

Numerical Results for the

Porous Medium Equation

In this chapter, we compare numerical results obtained for PME with the sim-
ilarity solutions found earlier, in order to check the accuracy of the numerical

methods, in approximating nonlinear diffusion.

3.1 Self-Similar Solutions
Discretising equation (2.16) using a finite difference method, we have

3 ((i + Dniyr — (i — 1)?%1)

2h

_ N1 + 0\ Miv1 — M (i i " —niea
2 h? 2 h?

N 026((i+1)77i+12—h(i—1)77i—1>+

Nigr + 0\ ( Mit1 — Wi _
2 h?

M+ nie1\ (M — i1
2 h?

where h is the distance between adjacent points in & space.

The system can be represented in a matrix form

A(n)n =0, (3.1)

21



where 5 = [, 72, ..., in—1]" with known boundary conditions 7y = 0 and ny = 0,
and N represents the number of uniformly spaced intervals between —1 < & < 1.

From the matrix system in (3.1), 1 is non-unique and one of the solutions
for n is zero. To remedy this, we use symmetry and solve on 0 < ¢ < 1 instead
with boundary conditions n = 0 at £ = 1 and ne = 0 at { = 0. Using the fact
that n_; = n; (by symmetry) and 79 # 0, we obtain a non-singular system of
non-linear equations for all the 7); in terms of 7y. Knowing that n = 0 at the last
point ¢ = N, we then have an equation for 7., which is non-linear. A good way
to go is by the method of bisection.

The matrix yields an infinite number of solutions owing to its singularity. The
problem can be solved by removing any one row in the matrix and replacing it
by

1 1
5770+?72+...+§77N =1, (3.2)

which is equivalent to stating that the total mass = [nd{ = 1, using the
Trapezoidal rule. This is similar to what we obtained in (2.6) in terms of the
original variables.

We now consider another way of solving equation (2.16) numerically, by first

integrating it once to give

dn

n”d—f = —Bne¢)
dy B¢
d& - nnfl

and applying the 2nd-order Runga-Kutta method, also known as the Improved

Euler method. The explicit form is

h
Nig1 = N; + 5 (k1 + ko)

where 5
kl - nnfl
and
L _—PE+h)
(n+ h/ﬁ)nil

in which k; and ks are evaluated at the previous &;.
By symmetry, we solve on 0 < £ < 1 starting from £ = 0 and the bisection
method is employed to get the zero value of n at £ = 0. This method starts by

22



choosing two initial values at £ = 0 such that the solutions of 1 at the boundary
¢ = 1 will result in a positive n and a negative n at the last point.

For n = 1, the value of  at £ = 0 is the same regardless of the number of
intervals between £ = 1 and ¢ = 0 for a fixed value of tolerance. This is because
the solution is a quadratic. The numerical method used, Runga-Kutta of order

2, is exact for approximating a quadratic curve.

n2

018 4
=—tolerance = 0.01

0.12 m—tolerance = 0.001
0.06 1
0.00 . : : : N E

olo 0.2 04 a6 08 10
-0.06 -

Figure 3.1: Numerical Solution of PME for n = 1 at different tolerances

Comparing two different tolerance values of 0.01 and 0.001, we see that
7 = 0.1580 and n = 0.1664 respectively.

n&

0.18 4

— = 100
i oy = 200
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0.00 T E

=
0|0 0.2 04 06 08 1.0
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Figure 3.2: Numerical Solution of PME for n = 1 for different number of intervals

Comparing two different numbers of intervals, 100 and 200, the values of n

is the same.
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For n = 2, the values of n at £ = 0 are similar for different tolerances but
fixed number of intervals. As the number of intervals increases, 1 converges to

a value of 0.50. Comparing two different tolerance values of 0.01 and 0.001,

(&)

054 4

048 -
042
0.36
0.30 A
024 -
0.18
012
006 -
0.00
-0.06 o0 02 04
.12 -

m—tolerance =0.01

=—tglerance = 0.001

fnid

Figure 3.3: Numerical Solution of PME for n = 2 at different tolerances

1n = 0.4881916 and n = 0.4881922 respectively.
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Figure 3.4: Numerical Solution of PME for n = 2 for different number of intervals

Comparing two different numbers of intervals of 100 and 200, the values of

7 are converging.
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Similarly, for n = 3, the values of n at £ = 0 are almost the same for different
tolerances but fixed number of intervals. 7 converges to a value of 0.67 as we

increase the number of intervals. Comparing two different tolerance values of

N

0725
0.66
0.60 4
0.54 A
048
042 4
0.36
0.30 4
0.24 A
0.18 A
0.12 A
0.06
Q.00

m——tolerance = 0.01

—tolerance = 0.001

fin

0.0 0.2 0.4 0.6 0.8 10

Figure 3.5: Numerical Solution of PME for n = 3 at different tolerances

0.01 and 0.001, n = 0.66814 and n = 0.66811 respectively.

— =100

—m =200
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Figure 3.6: Numerical Solution of PME for n = 3 for different number of intervals

Comparing two different numbers of intervals of 100 and 200, the values of

7 are converging.
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Another approach of obtaining the solution is by solving (2.21) and run it to

convergence, which we look at next.

3.2 Another Approach via Non-Self-Similar Equation

We discretise the equation (2.21) to give

kel _ g, At (i + D)migr — (i — 1)mig
e S ()

A [ (g +1\" (i1 — 0 miAnia\" (m—m1\]"
5 K > 72 > 72 33

where k represents the time level and At is the local distance between time steps.

We regard (3.3) as an interation and perform two iterative methods, Jacobi and
Gauss-Seidel. We run the program for a few time steps for each of n = 1,2, 3.

The evolutions are shown below:

0.100
f”t; ~
P
0075 ¥ Y
[ iy
P A I t=10
/ \\ t=15
I b1
0050 - :‘;." l\ G t=20
i i
.I.“ ."
Fig iy
0025 1 !
J 4
L
|
/
0.000 \'

-1.00 -0.50 0.00 0.50 1.00

Figure 3.7: Evolution of Self-Similar Solution of PME for n =1

If we run this program to convergence, that is when n**! = n¥, within some

tolerance, we can then find solutions for equation (2.16). The Gauss-Seidel
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Figure 3.8: Evolution of Self-Similar Solution of PME for n = 2

method converges about twice as fast as Jacobi does because we use updated

values of n; and n;_;.
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Figure 3.9: Evolution of Self-Similar Solution of PME for n = 3

We check the results against the exact solutions and they both have the give

same graphs.
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Figure 3.10: Exact and Approximate Solutions for PME for n = 1

3.3 Accuracy

We then investigated the accuracy of the method used in finding self-similar
solutions by evaluating the sum of the global errors taken at all points for differ-
ent number of intervals with value of n fixed. The global error is the difference
between the exact and the approximate (self-similar) solutions at &;. Table 1

below shows the total error at intervals of 200, 400, and 800. The error can be

’ No. of Intervals H Total Exact \ Total Approx \ Total Global Errors ‘

200 112.5393 112.0696 0.4725
400 225.2001 224.7100 0.4913
800 0.0000 0.0000 0.0000

represented graphically as given below:
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Figure 3.12: Exact and Approximate Solutions for PME for n = 3
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Figure 3.13: Error Analysis for PME for n = 3
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Chapter 4

Numerical Results for the Thin
Film Equation

Here, we present numerical results for the TFE and check against the solution
for n = 1 in chapter Two. This is to see whether the numerical schemes are

accurate enough to produce the same solutions.

4.1 Self-Similar Solutions

The method to find the numerical solutions to equation (2.28) works in a similar

way as that for solving equation (2.16). This time we introduce a new variable,

d277

and hence the new expression is
d d dx
B = — (2. 4.2

Disretising (4.1) and (4.2) gives

(i = 2mi + i)
Xi = 3

Niv1 + 0\ [ Xit1 — Xi (it "X = Xi n
2 h? 2 h?

32

and




3 ((i + 1)7Ii+12—h(i - 1)7h‘1> _o.

From equation (4.2), integrating it once gives

n dX
—Bng =—n ae
Subtituting (4.1), we have
247N
png = n e
s _
nnfl d£3 :
We introduce 4
n
a (4.3)
and J
14
Therefore,
dv BE
d_g — T’n—l . (45)

Applying the 2nd-order Runga-Kutta method to each of (4.3), (4.4), and
(4.5) with the explicit form

h
Vit1 = V; + = (lﬁ + /{Zg)

2
where
fy = Véi
and
_ BE+h)
kp =
(V + hkl)

in which k; and ks are evaluated at the previous &;.

By symmetry, we solve on —1 < ¢ < 0 starting from £ = —1 and the
bisection method is employed to get the value of n at £ = 0. This method starts
by choosing two initial values at & = —1 such that the solutions of p at the
boundary ¢ = 0 will result in a positive ¢ and a negative p at the last point
(remembering that we need p = 0).

We can also find the solution by iterating equation (2.37) numerically and

33



running it to convergence.
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Figure 4.1: Numerical Solution of TFE at for n =1
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Figure 4.2: Numerical Solution of TFE at for n = 2

4.2 Another Approach via Non-Self-Similar Equa-

tion

Substituting (4.1) into equation (2.37), we have

9 o (.0x\_ o
_63_5 (77€>+8—§ (77 3_5) = t(?t' (4.6)

Then we discretise (4.6) and this gives a similar expression with that for equation
(2.21) but with y. Before running the program, the boundary values of x are

determined by linear extrapolation, that is

Xo = 2x1— Xo
2Xn—1 = Xn-2-

We run the program for a few time steps for each n = 1, 2, 3 using self-similar

solution as initial conditions. The evolutions are shown below:
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Figure 4.3: Numerical Solution of TFE for n = 3
However, when running this program to convergence, that is when n**! = ¥,

within some tolerance, we find that the numerical solutions were unstable. If we

had more time, we could refine the method by using smaller At.
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Figure 4.4: Evolution of Self-Similar Solution of TFE at n =1
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Figure 4.5: Evolution of Self-Similar Solution of TFE at n = 2
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Figure 4.6: Evolution of Self-Similar Solution of TFE at n = 3
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Chapter 5

Conclusions and Further Work

5.1 Summary

This chapter summarises the work carried out in this dissertation. We then
discuss some of the results and suggest possible improvements to this work.

In this dissertation, we implemented similarity method under the action of
scaling transformations to non-linear diffusion equations, paying particular at-
tention to PME and TFE. These equations were reduced to ODEs, which are
then used to find self-similar solutions.

In Chapter Two, some applications of both diffusion equations were consid-
ered. The derivation of self-similarity variables which led to the transformed
ODEs were shown. The ODEs were solved analytically to give self-similar so-
lutions for all n > 0 for PME and n = 1 for TFE. In principle, the diffusion
equations could be solved by iterating a time-stepping scheme. In this scheme,
we had time as an extra variable apart from the two similarity variables.

In Chapter Three, a different numerical method for solving the transformed
ODE for PME was presented. The ODE was then solved numerically and the
results were checked with the self-similar solutions. As for the time-stepping
method, the evolutions of the solutions at different times were shown on graphs.
By running this method to convergence, we obtained the same self-similar solu-
tions for all n.

In Chapter Four, the same numerical schemes were applied to the ODE for
TFE to get self-similar solution for n = 1. In addition, in order to obtain the
numerical self-similar solutions for n > 1, the time-stepping scheme was also

run to finite time to see the evolutions of the solutions and then to convergence.
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Unfortunately, the solutions blew up.

5.2 Further Work

We could implement the Crank-Nicolson method to solve equations (2.37) and
(3.3) by passing to a limit as ¢ — oo to obtain self-similar solutions. This could
produce results in a shorter time as when compared to the iterative methods
used. Another area of improvement includes solving the matrix system (3.1) by
Crank-Nicolson to be solved for 7.

One other approach is by attempting a sequence of increasingly accurate
guesses to solving the transformed ODE in (2.16) of PME, known as the shooting
method. This method could be applied to the transformed ODE of TFE, which
is given in (2.28), by solving a system of three equations.

The total global errors can be used to find the ratio of 61641 for the different
values of space step h in order to check the order of convergence of the errors.
We use the formula

error o< h?

where p, the order of convergence, is to be found.
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